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ABSTRACT: The Larvatron completely automates the labor-intensive task of maintaining large-scale 
factorial experiments on planktonic animals, using up to 200 rearing vessels. Experiments involving a 
range of salinities, temperatures, food types and/or food densities can be conducted. The device is 
controlled by a personal computer, and experimental conditions required in each rearing vessel are 
defined in a computer file. The rearing vessels are moved continuously around a closed-circuit spiral 
track. On each circuit, as each vessel reaches a sampling station, a portion of the culture medium is 
withdrawn and replaced with fresh medium made up under computer control with the appropriate 
salinity, temperature and food concentration. The Larvatron has the following advantages complete 
flexibility in experimental design, since the treatments are specified only by software; no position 
effects; minimal labor requirements; and no variability due to manual handling. Two experiments were 
undertaken with a 20-vessel prototype to test and validate the system These examined the effects of 
temperature, salinity and food concentration on growth and survival of larval Penaeus meryuiensis and 
P. esculentus. 

INTRODUCTION 

Studies of the physical and biological needs of 
planktonic animals generally place 2 requirements on 
the experimental apparatus. Firstly, several variables 
should be studied in factorial combination. There is lit- 
tle value in studying the effects of a single variable in 
isolation, since synergistic or antagonistic interactions 
of variables are likely (Underwood 1981, Robert et al. 
1988). However, even relatively modest factorial ex- 
periments typically require a large number of experi- 
mental treatments to be set up and maintained. In 
many studies using factorial experimental designs, it 
has not been possible to study the effects of all condi- 
tions simultaneously because of the size and complex- 
ity of the experiment. In these cases, subsets of the 
total experimental design have been run at different 
times (e.g. Kuban et al. 1985, Cadman & Weinstein 
1988). However, this procedure is not valid unless 
some animals are maintained under the same condi- 
tions during each successive experiment (e.g. Johns 

1981), since other (non-experimental) factors such as 
water or food quality may also change between exper- 
iments. Other studies have included non-orthogonal 
experiments, which do not examine the full range 
of combinations of the experimental variables (e.g. 
Dawirs 1979, Teshima & Kanazawa 1983). Such 
designs are difficult to interpret and may not reveal 
important interactions between experimental factors. 

The second requirement is to adequately replicate 
each experimental treatment. The growth and survival 
of planktonic animals can be influenced by many fac- 
tors that are not part of the experimental design (e.g. 
disease, individual variation). Experimental results can 
be variable and difficult to repeat, therefore as many 
as 5 replicates have been recommended in order to 
obtain reliable and statistically significant results from 
factorial experiments (Wilkenfeld et al. 1983). 

Many experimental systems have been used. Some 
studies have been performed with pilot or hatchery- 
scale equipment, although this is generally only feasi- 
ble with simple experimental designs (Hirata et al. 
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1975, Tobias-Quinitio & Villegas 1982). Most studies 
use small containers (e .g .  Bookhout & Costlow 1974, 
Laughlin & Neff 1979, Rothlisberg 1979, Teshima et al. 
1986, Diaz 1987, Kurmaly et al. 1989). Wilkenfeld et al. 
(1983) described a protocol for rearing shrimp larvae 
which uses an array of up to 50 l-litre Imhoff cones. 
These containers were chosen on the basis of small 
volume (allowing full water exchange and convenient 
monitoring), and a shape that reduces the settling of 
larval food. This system is a valuable attempt to stan- 
dardize techniques and allow adequate replication. It 
has been used successfully in a range of small-scale 
studies on larval prawn feeding (Kuban et al. 1983, 
1985, Fuze et al. 1985, Samocha et al. 1989, Bieden- 
bach et al. 1990). Survival of larvae in these studies has 
generally been high (>80 %) under the most favour- 
able conditions, and variation between replicates has 
been low. 

Despite such recent advances, there remain many 
problems with existing methods of maintaining factor- 
ial experiments. The work involved in changing the 
water and monitoring and adding food to many sepa- 
rate containers may limit the total size of the experi- 
ment, forcing compromises in its design. The number 
of levels of each experimental vanable may be limited 
by circumstance, e.g. it may be impracticable to main- 
tain stocks of seawater at sufficient different salinities, 
or too few environmental cabinets or water baths may 
be available for the desired range of temperatures. 
Within the cabinets or baths, there may be gradients in 
temperature or light intensity that are difficult to mon- 
itor but which can influence growth and survival of the 
experimental animals or their algal food. Some animals 
may react adversely to handling stress as water is 
changed, and this may contribute to variation in 
results. Feeding and changing water daily or less fre- 
quently cycles metabolite levels and food abundance, 
with possible effects on growth or survival. Finally, the 
cost of labor to conduct such comprehensive experi- 
ments is often prohibitive. 

These considerations led us to examine methods of 
automating the maintenance of experimental plankton 
cultures. Some workers have used computers to main- 
tain continuous-flow algal cultures (Fenaux et al. 1985, 
Hill et al. 1985, Miller 1987) and to maintain constant 
levels of turbidity in experiments on filter feeders 
(Sinnet & Davis 1983, Grecay 1989). However, these 
devices use little of the potential power of modern 
personal computers, using them merely to log data or 
implement a simple feedback control algorithm. 
Gnmsen et al. (1986) developed a rearing system in 
which juvenile lobsters were maintained in separate 
compartments and, through a computer-controlled 
device, fed with amounts calculated according to the 
individual's age. However the system was unreliable. 

The aim of thls work was to develop a fully auto- 
mated zooplankton culture facility to allow us to con- 
duct large-scale factorial experiments. We wanted to 
achieve a high degree of flexibility in experimental 
design. The resulting device, the Larvatron, takes 
advantage of the flexibility offered by a personal com- 
puter to control and monitor all aspects of the system. 
The Larvatron, and some preliminary experimental 
results achieved with a prototype device, are described 
in this paper. 

DESCRIPTION OF THE LARVATRON 

There are 3 major components in the Larvatron: the 
rearing vessels and their transport system; the culture 
media make-up and exchange system; and the per- 
sonal computer with its controlling program. These are 
described in detail below. 

Rearing vessels and transport system 

The individual rearing vessels are modified 1.5 1, 
plastic (polyethylene terephthalate), round-bottomed 
soft-drink bottles (inset, Fig. 1; B, Fig. 2). The Larva- 
tron has a capacity of 200 bottles (Fig. l ) .  It is housed in 
a temperature-controlled room, with the air tempera- 
ture set below the lowest experimental temperature. 
Therefore, all experimental temperatures are main- 
tained by heating the culture water above this ambient 
temperature. A 15 W heating element is wound around 
the lower section of each bottle (H, Fig. 2) and held in 
place by heat-resistant adhesive tape. Above the heat- 
ing element a temperature sensor (TS, Fig. 2) is 
attached to the outside of the bottle with epoxy resin. 
Both the heating element and the temperature sensor 
are wrapped in a thermal insulating layer of polyethyl- 
ene foam (inset, Fig. 1; I ,  Fig. 2). 

Each bottle is suspended by its neck from a carrier 
(C, Fig. 2). The carrier has a single wheel (W, Fig. 2), 
which rolls along a track of extruded aluminium 
(TR, Fig. 2). A custom-designed thermostat is mounted 
on each carner (T, Fig. 2), to control the water temper- 
ature in each bottle. Twenty-one carriers are joined 
together by fiberglass linkages (L, Fig. 2) to form a 
train. The first carner in each train contains a 35 V AC 
power supply, a domestic aquarium air pump modified 
to operate at 35 V AC, and a speed regulator (PS, AA & 

SRU, Fig. 2). The power supply receives 35 V AC 
power from copper braid (CB, Fig. 2) laid along the 
aluminium track and Insulated from it by a plastic strip, 
and provides a regulated voltage supply to power the 
thermostats, heating elements and air pump. The air 
pump aerates water in each of the train's bottles. 
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Fig. 2.  Schematic representation of track, carriers and first 2 
elements of tram (see text tor full explanation). A:  air tube; 
AA: modified aquarium aerator; B: soft-drink bottle; C: car- 
rier; CB: copper braid for distributing electricity supply; CC: 
connecting cable; D: detection strip; H: heating element; HC: 
hinged plastic cover; I: thermal insulating foam; L: fiberglass 
link; PS: power supply; SC: sliding contact; SRU: speed regu- 
lating unit; T. thermostat; TR: extruded aluminium track; 
TS: temperature sensor; V: hook component of hook-and-loop 

fastener (e.g. VelcroB); W: wheel 

The track has a straight inclined uphill section and a 
spiral downhill section. An electrically driven belt 
transports the bottles up the incline (Fig. 1).  The belt 
is made of the loop component of a hook-and-loop 
fastener (e.g. Velcroa); this attaches to a strip of the 
mating hook component on the top of each carrier 
(V, Fig. 2). At the top of the incline, the belt peels from 
the carriers and, once free of the belt, the train coasts 
down the spiral section. The speed regulator limits the 
downhill speed through brake shoes activated by cen- 
trifugal force. The spiral track is 34 m long, allowing 
the use of up to 10 trains (200 bottles). At present, 5 
trains are used (Fig. 1) .  

A sampling station is located on the uphill sect~on of 
track. The bottles are positioned at the sampling sta- 
tion by a plastic detection strip (D, Fig 2)  attached to 
the carrier. Detection strips are of 3 lengths to keep 
track of bottle numbers and dose sequencing. Each 
strip is detected by a series of 3 light beams. When a 
strip is detected, the transport motor stops with the bot- 
tle accurately positioned beneath the sampling station. 
A hinged plastic cover (HC, Fig. 2) over the bottle 
mouth is opened as the sampling tube is lowered into 
the bottle. The tube is fitted with a screen to exclude 

the cultured animals from the sample of culture 
medium being removed. A sensor attached to the tip of 
the sampling tube measures the water temperature in 
the bottle. A second tube further along the track deliv- 
ers replacement medium into the bottle. The sampling 
and delivery tubes are pneumatically driven by modi- 
fied bicycle pumps. 

Culture media make-up and exchange 

Water is removed from the bottles by timed opera- 
tion of a peristaltic pump  asterfl flex^, Model 7016- 
20). Water is then pumped to a flow-through fluorome- 
ter (Turnero, Model 111) before passing to waste. 
Electronic dosing pumps (Iwaki@ EX series) are used 
for making up replacement medium. These pumps 
deliver a single adjustable aliquot each time an elec- 
tronic signal is received from the computer. Culture 
medium is made up separately for each bottle at the 
time it is required, under computer control, according 
to the experimental conditions defined for the particu- 
lar bottle. The appropriate volumes of distilled water, 
seawater and algal suspension are each transferred to 
a mixing chamber by separate dosing pumps. The 
medium is heated to the appropriate temperature be- 
fore being delivered into the bottle. 

Computer control 

All operations of the Larvatron are controlled by a 
Pascal program running on a personal computer (BM@ 
PC XT equivalent). An interface card (Burr-BrownB 
PCI-20000 series) allows input and output of digltal 
signals and the measurement of analog voltages. A 
computer file (the CONDITIONS file) defines the 
temperature, salinity and feeding conditions for each 
bottle. The computer controls the following functions 
(Fig. 3): operating the phytoplankton, freshwater, 
brine and dosing pumps (1. 2, 3; Fig. 3) for the make-up 
of culture medium; heating new culture medium to the 
appropriate temperature (4, Fig. 3) before its delivery 
into the bottle; operating a peristaltic pump (6, Fig. 3) 
to remove old medium from the culture bottle; operat- 
ing a solenoid valve (7, Fig. 3) for transferring new 
medium into the bottle, raising and lowering the sam- 
pling tubes (8, Fig. 3); and starting and stopping the 
transport motor (10. Fig. 3). The computer also moni- 
tors the water temperature (9, Fig. 3) in each bottle and 
the fluorescence (5, Fig. 3) of the waste media removed 
from each bottle. These data, together with the date, 
time, bottle number and iteration number, are dis- 
played on the computer monitor and logged in a disk 
file. 
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Fig. 3.  Schematic representation 
of control system 

4. Preheater 

5. Fluorescence monitor 

7. Input solenoid LARVATRON 
8. Probe control 

9. Temperature monitor 

Control of experimental parameters 

A stock brine solution is made up by adding artificial 
sea salt (Instant OceanB Pty Ltd) to 1 pm-filtered sea- 
water, until the salinity is greater than the maximum 
required by the experiment. During an experiment, the 
desired salinity in the medium added to each bottle is 
obtained by mixing this brine solution with distilled 
water, through 2 computer-controlled dosing pumps. 
To check the accuracy of this method, salinities were 
measured using a laboratory salinometer, standard- 
ized against International Standard Seawater. Over a 
period of 3 d ,  measured salinities were always within 
1.0 %O of the nominal value. 

Algae are produced in a chemostat, and added to the 
replacement water by the algal dosing pump under 
computer control. The amount of algal suspension to 
be added is calculated using the desired concentration 
specified by the CONDITIONS file, the known con- 
centration in the algal stock solution, and the cell con- 
centration (calculated from fluorescence) of the water 
recently removed from the same bottle. 

Water temperature is initially set by manually adjust- 
ing the thermostat associated with each bottle. Then, 
each time the computer processes a bottle the tem- 
perature is measured and compared with the desired 
temperature specified in the CONDITIONS file. If the 
temperature error is greater than 0.3 "C, a warning 
message is displayed on the computer screen. A histor- 
ical temperature graph is also displayed for any bottles 
that have had deviant temperatures at any time during 
the previous 5 samplings. Therefore the bottle temper- 
atures can be continually monitored and fine-tuned, if 

necessary, by monitoring the display screen. During 
initial tests, bottle temperatures were checked with a 
calibrated mercury thermometer, and were always 
within 0.3 "C of the nominal value. 

Operation 

In normal operation, the controlling program runs 
continuously, processing experimental bottles in each 
pass through a loop (Fig. 4). The bottles are treated 
simultaneously in pairs: the first has water removed 
and monitored; the second is dosed with replacement 
seawater and food. First, the transport motor is 
switched on to move the next pair of bottles into their 
positions at the sampling station (A, Fig. 4) .  The 
lengths of the detection strips are checked with the 
light beams to ensure that the correct bottles are in 
position (B, Fig. 4). The correct number of doses of 
fresh water, brine and algae for the second bottle are 
calculated by the computer. This information is sent as 
pulses from the con~puter to the pumps, causing the 
appropriate quantities to be delivered into the mixing 
chamber (C, Fig. 4). The sampling probes are lowered, 
and 100 m1 of water is pumped from the first bottle. At 
the same time, the solenoid valve is opened to the sec- 
ond probe to deliver the fresh medium from the mixing 
chamber into the second bottle. Both temperature and 
fluorescence of the water removed from the first bottle 
are measured and logged (D, Fig. 4 )  (the fluorescence 
is then used to calculate how much algal suspension to 
add to the replacement medium when this bottle has 
been moved to the second probe). The temperature is 
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Fig. 4 .  Computer program flow diagram A to F. steps In 

operating procedure; see 'Description of the L a r ~ a t r o n  - 
Operation' 

also checked to ensure it is within the specified limlts 
and,  if not, appropriate errors are  signalled (E, Fig. 4 ) .  
The probes are raised (F, Fig. 4 )  and the bottles are 
advanced l position. After a timed delay, the pro- 
cedure IS then repeated with the next palr of bottles. 
Actual treatment of a palr of bottles takes about 3 min, 
but the delay (which is calculated according to the total 
number of bottles loaded on the Larvatron.) ensures 
that each bottle is processed 10 times each 24 h.  

In an operation which takes about 2.5 h ,  nauplii are 
then transferred into the bottles using a custom-built 
electronic counter and the bottles are installed in the 
Larvatron. 

A separate computer program enables the Larvatron 
to acclimate larvae to their experimental salinities at 
the beginning of an  experiment. This program allows 
the salinities in all bottles to be brought to the required 
value in a steady, controlled sequence by periodically 
replacing part of their water with distilled water or 
brine. Program options allow for acclimation at the 
same rate (the same salinity change is applied to all 
bottles each hour, until the experimental salinity is at- 
tained) or over the same time (salinities are altered at 
varying rates so that all bottles reach their experimen- 
tal salinlties at the same time). 

Error-checking procedures 

Many aspects of the Larvatron's operation are 
continually monitored by the controlling program, but 
only the most important are described here. The com- 
puter 1s linked to the laboratory's dlal-up telephone 
alarm system, which ensures that any problems 
receive attention even after working hours or on week- 
ends. Errors are classified as warning, severe and fatal. 
Warning errors are simply reported on the computer 
screen as they occur; severe errors activate the alarm, 
but allow the operation of the Larvatron to continue; 
fatal errors stop the Larvatron and activate the alarm. 

If any bottle temperature deviates by more than 
2.0 "C ,  a severe error is displayed and the alarm IS 

activated. In all operations where the controlling pro- 
gram is waiting for an  event such as the closure of a 
microswitch or the breaking of the light beam, only a 
reasonable amount of t ~ m e  is allowed to elapse; after 
this, a fatal error occurs, raising the alarm, and a diag- 
nostic message is written to the screen. This prevents 
damage and asslsts in diagnosing and rectifying any 
mechanical problems. 

Each tl.me a bottle is stopped at the sampling station, 
the size of ~ t s  detection strip is checked with the light 
beams. By comparing this with the information present 
in the CONDITIONS file, it is possible to detect if the 
computer program has become out of step with the 
physical positions of the bottles. In this event, a fatal 
error occurs, raising the alarm and stopping operation. 

Initial loading and salinity acclimation 
METHODS FOR EXPERIMENTS 

At the beginning of an  experiment, all bottles are 
first manually filled with seawater Salinity and tem- Before the Larvatron was constructed, 2 experiments 
perature are the same as the water in v..hich the exper- were conducted using a small-scale prototype to verlfy 
imental nauplii have been maintained since hatchlng the pnnciple of operation. The main differences 
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between the prototype Larvatron and the device 
described above were that in the prototype: the track 
was shorter, holding only 20 bottles in 2 trains; only a 
single sampling probe was used, for both removing and 
replacing rearing medium; batch-cultured rather than 
chemostat-cultured algae were used; fluorescence was 
not measured during the first experiment, and during 
the second experiment, although measured, the fluo- 
rescence was not used to calculate the amount of algal 
concentrate to add. There were also minor differences in 
the construction of the track, the power distribution 
method, and the materials used. The salinity accha t ion  
program had not been developed at the time the exper- 
iments were conducted, and larvae were manually 
acclimated to salinity as described below. 

In the first experiment, larval Penaeus merguiensis 
were reared at 2 temperatures (24 and 28 "C) and 2 
salinities (28.0 and 33.5 %D). Each salinity-temperature 
combination was replicated 5 times. Nominal food 
concentration was kept constant (2 X 104 cells ml-l). 
Tetraselmis suecica were grown in batch cultures at 
34 %O and 18 "C, and were harvested every 3 d. The 
cells were concentrated using a modified cream sepa- 
rator, and kept for up to 3 d at 4 'C. Each day, some of 
this concentrate was diluted with filtered seawater and 
used as feeding stock for the Larvatron. T. suecica 
grows well between 7 and 35 %D and between 10 and 
30 "C (Jeffrey et al. 1992), and so its quality as food is 
unlikely to be affected by the less extreme conditions 
in the Larvatron bottles. 

Gravid female prawns were trawled from commer- 
cial grounds in Moreton Bay, Queensland (27" 15'S, 
153" 15' E) .  In the laboratory, these prawns were held 
individually in 200 1 fiberglass tanks at 26 "C and 
33.5 YL. One prawn spawned on the evening of 24 
October 1989. After hatching, the nauplii were divided 
into 2 groups: one group was acclimated to the lower 
experimental salinity over 2 h; the other remained at 
the ambient salinity. Groups of 100 nauplii were then 
counted into each of the 20 bottles and the prototype 
Larvatron was started. When mysis-stage larvae were 
visible in the most advanced cultures after 6 d,  the 
experiment was terminated. All larvae were preserved 
in 5 % buffered (sodium tetraborate) formaldehyde, 
counted and staged. 

In the second experiment, Penaeus esculentus 
females were trawled from Albatross Bay in the Gulf 
of Carpentaria (12" 45' S, 14 1" 45' E). These prawns 
were transferred to the laboratory where they were 
maintained in the conditions described above, until 
one spawned on 1 November 1989. Three nominal 
concentrations of Tetraselmis suecica (1, 2 and 4 X 104 
cells ml-l) and 2 larval stocking densities (20 and 100 
larvae 1-l) were used in the experimental design; each 
set of conditions was replicated 3 times. Two controls - 

bottles with 2 X 104 cells ml-' but no larvae - were 
also included. Temperature and salinity were the same 
in all bottles (28 "C, 33.5 %o). The prototype Larvatron 
was stocked with nauplii as described above (except 
that salinity acclimation was unnecessary) on 4 Nov- 
ember, and the experiment was terminated after 5 d 
when mysis-stage larvae were evident. Once or twice 
each day, an electronic particle counter (Particle 
Dataa, Elzone 180+) was used to measure the concen- 
tration of algae in samples of water taken from each 
bottle. The fluorescence of the water removed from 
each bottle was also logged by the on-line fluorometer, 
the cuvette being cleaned twice daily by a 5 min expo- 
sure to I N  HCl; however this data was not used in 
calculating the amount of algal food to add to the 
replacement media. 

To summarize the stage of development achieved 
by a group of larvae, a growth index (modified from 
Villegas & Kanazawa 1980) was calculated as (EA/n) 
where n = total number of surviving larvae, and A is 
related to the larval substage (protozoea I,  A = 1; 
protozoea 11, A = 2; protozoea 111, A = 3; mysis I, A = 
4). For example, if a sample contained 5 protozoea 
111 and 10 mysis I ,  the growth index would be 
[ ( S  X 3) + (10 X 4)]/15 = 3.67. 

RESULTS OF EXPERIMENTS 

The first experiment studied the effect of tempera- 
ture and salinity on Penaeus merguiensis larvae. It was 
terminated after 6 d when mysis I larvae were seen in 
the 28 "C treatments. Survival ranged from 28 to 
100 %, but was highest at both temperatures at 33.5 %D 

(Fig. 5a). There was a significant effect for temperature 
X salinity interaction on survival, with a high F-value 
for salinity (2-way factorial ANOVA, Table 1) .  Low 
salinity reduced survival more at 24 "C than at  28 "C. 

Both salinity and temperature significantly affected 
growth (Table 1). Larvae grew faster at the higher 
levels of both salinity and temperature (Fig. 5b). After 
6 d ,  large numbers of mysis I were present at 28 "C and 
33.5 %o, while at 24 "C and 28.0 %a most larvae were 
still at the protozoea I1 substage. 

The second experiment studied the effects of larval 
and algal food density on survival and growth of 
Penaeus esculentus. By comparing the fluorescence 
logged by the computer with the daily Tetraselmis 
suecica cell counts, we established the following 
regression: 

where C = cell density (cells rnl-l); and F = fluores- 
cence. This regression was then used to convert the 
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0 *o 
2 3 4 5 

Days 

Fig. 6. Penaeus esculentus. Algal cell density, calculated from 
fluorescence, in 8 Larvatron bottles containing larvae over 
approximately 4 d. A. nominal cell density = 4 X 104 cells m]-'; 
B: control bottles with no larvae, nominal cell dens~ ty  = 2 X 104 
cells ml-' (note shifted y-axis); C: nominal cell denslty = 2 X 

104 cells ml-'; D: nominal cell density = 1 X 104 cells ml-l. For 
A, C and D, solid line = 20 larvae 1.'; broken line = 

100 larvae I - '  

2 8  Salinity 33.5 

Fig. 5.  Penaeus merguiensis. Mean ? l  SE of (a) percentage 
survival and (b) growth index after 6 d at  2 temperatures 
(24 and 28 "C) and 2 salin~ties (28 0 and 33 5 %o). Growth 

index = CA/n (see text for full descript~on) 

protozoea I to mysis I )  were evident (Fig. ?a ,  b) .  At 
20 larvae 1 - l  survival was between 70 and 80 % at all 
3 algal densit~es;  while at 100 larvae 1 - l  survival 
increased from 30 % at 1 X 104 cells ml-'  to over 80 % 
at  4 X 104 cells ml-'  (Fig. ?a) .  The growth index was 
higher at the lower larval stoclung density, at each of 
the 3 feeding rates (Fig. 7b).  Each increase in the 
algal concentration also resulted in a higher growth 
index. Neither larval stocking density nor food con- 
centration had a significant effect on larval survival, 
but both significantly affected growth (ANOVA, Table 
2) .  Interaction between the effects of stocking density 
and food concentration on the growth index was also 
slightly significant, because of the increase in the 
index at the highest food concentration in the highest 
stocking density. 

logged fluorescence into algal cell densities encoun- 
tered by the larvae (Fig. 6).  Initially, cell concentrations 
were close to the nominal levels defined in the CON- 
DITIONS file. However, cell concentrations declined 
with time, especially at the 2 higher nominal cell con- 
centrations (A & C, Fig. 6).  Part of this reduction can be 
attributed to grazing by the larvae, since in both cases, 
the bottles with the higher stoclung densities had the 
lower cell concentrations (broken lines at A & C, 
Fig. 6).  However, some algal cells were also lost by 
other means, presumably settling, since the control 
bottles (those with no larvae present) also showed a 
decline in density of algal cells (B, Fig. 6). 

Over 5 d,  variations in both survival (from 6 to 
100 % in individual replicates) and growth (from 

Table 1. Penaeus rnergujens~s Analys~s of variance results for survival and growth of larvae after 6 d exposure to factorial com- 
binat~ons of 2 temperatures (24 and 28 "C) and 2 salinities (28.0 and 33.5 ' ' , . ) l .  ' p < 0.05; "' p < 0.001 

Source of variation 

Survival 
Temperature 
Sahnity 
Temperature X Salin~ty 
Error 

Growth index 
Temperature 
Sdlinity 
Temperature X Sal~nity 
Error 
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1 2 4 
Algal density 

Fig. 7 Penaeus esculentus. Mean k 1 SE of (a) percentage 
survival and (b) growth index after 5 d at 3 food concentra- 
tions (1, 2 and 4 X 104 cells ml-l) and 2 stocking densities (20 
and 100 larvae I-').  Growth index = XA/n (see text for full 

description) 

DISCUSSION 

The results of the experiments verify the operation of 
the prototype Larvatron and demonstrate that the new 
device can be used to culture planktonic animals. 
Under favourable experimental conditions, survival 
through the protozoeal stages was greater than 80 %, 
similar to the survivals of controls in recent penaeid 
larval experiments using the Imhoff cone system (e.g. 
Fuze et al. 1985, Biedenbach et al. 1990). There were 
only 20 experimental containers in our prototype, and 
this limited the number of times we could rephcate 
experimental conditions. Despite this, statistically 
significant differences in growth and survival due to 

experimental manipulation of salinity, temperature 
and food density were shown. Variation between repli- 
cates was low, with best coefficients of variation about 
9 %,. This compares favourably with other recent larval 
penaeid studies where coefficients of variation in the 
control or most favourable conditions were 5 to 10 O/o 
(e.g. Fuze et al. 1985, Samocha et al. 1989). 

The Larvatron overcomes many of the difficulties 
associated with former methods of conducting factorial 
experiments on planktonic animals. Most significantly, 
it allows great flexibility in experimental design 
through its software control of experimental conditions 
and acclimation regimes. The ability to process large 
numbers of containers makes it possible to conduct 
balanced factorial experiments with greater replica- 
tion. The use of automated procedures to make up 
rearing medium and perform water exchanges, and 
the absence of position effects should lead to lower 
levels of withln-treatment variability. 

Grimsen et al. (1986) had problems with the reliabil- 
ity of their computer-controlled system for feeding 
juvenile lobsters. The humid environment degraded 
electrical contacts, and electrical interference caused 
faulty communication between the computer and the 
feeding mechanism. Any device which relies on the 
repeated operation of mechanical components will suf- 
fer from occasional breakdowns, and the Larvatron is 
no exception. However we have taken care to min- 
imise this possibility by using non-corrosive materials 
wherever possible (e.g. stainless steel, fiberglass) and 
by using non-contact electronic sensing instead of 
microswitches. We conducted early trials with an 8-bit 
microcomputer and custom-built interfaces and, like 
Grimsen et al. (1986), found the equipment to be 
extremely sensitive to electrical noise. These problems 
were overcome by using the more modern IBM- 
compatible computer, a commercially available com- 
puter interface module, and shielded cables between 
the interface and the Larvatron components. However, 

Table 2. Penaeus esculentus. Analysis of variance results for survival and growth of larvae after 5 d exposure to factorial combi- 
nations of 3 nominal densities of Tetraselmis suecica (1, 2 and 4 X 104 cells ml-l) and 2 stocking densities (20 and 100 larvae I - ' ) .  

' p < 0.05; ' " p < 0.001 

Source of vanation df SS MS F P 

Survival 
Density 
Food 
Density X Food 
Error 

Growth index 
Density 
Food 
Density X Food 
Error 
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we accept that some errors of operation will still occur. study the feeding requirements of a number of species 
Therefore we have employed comprehensive monitor- of larvae in relation to algal species, density and nutri- 
ing and error-checlung, together with a dial-up tele- tional quality, and to investigate the suitability of artifi- 
phone alarm system, to ensure that such errors will not cial feeds for prawn hatcheries. 
invalidate an experiment. 

The experiments were intended primarily to demon- 
Acknowledgements. Rex Flynn and Rod Kaden provided help the prototype Larvatron's physical o ~ e r a t i o n l  in designing and building many of the Larvatron components. 

and the small scale of the prototype dictated a limited Michele Burford provided algal cultures for the 2 experi- 
range of experimental conditions. Nevertheless, sev- ments. 
era1 important biological implications are revealed. As 
would be expected, the growth rate of Penaeus mer- 
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