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ABSTRACT: We have designed, built and operated a closed-recirculating, continuous culture system to produce microalgae
and rotifers in seawater (25% salinity) for larval fish culture. The system opens a new perspective in terms of automated
production of rotifers without labour cost. Rotifers can be easily harvested daily by a conical harvest net and there is no
routine maintenance work. This new, automated system has three components: a microalga culture, a rotifer culture and
storage with harvest, and a water treatment and re-use component. After treatment using mechanical filtration, biofiltration,
UV sterilization, ozonation, and protein skimmers, water is re-used, thus nearly eliminating the need for seawater imports to
the system. Our trial demonstrated that this culture system is capable of producing sustained and acceptable levels of rotifer
production for at least 28 days. Microalga densities and yields were quite stable, while rotifer yield varied more during our
28 day culture period. Nitrogenous waste compounds were stable and well within acceptable levels, although nitrate and
phosphate concentrations increased throughout the culture period, but did not negatively impact on rotifer production.

KEYWORDS: aquaculture

INTRODUCTION ical first step in the production of rotifers and other
live, larval fish feed. Considerable effort has gone
Live rotifers, Brachionus plicatilis are one of the into development of substitutes for live microalgae,
most important and widely used feed for larviculturebut as yet these substitutes have not proven satis-
of fish and other aquatic animals that require livdactory>®. Microalga substitutes often lack ade-
food of small size with high nutritional value. Threequate nutritional value, are difficult to maintain, or
economically important, cultured fish species in Thaihave other functional problems, especially in tropical
land requiring live rotifers during their larviculture places like Thailand. Consequently, live culture of
are seabasd tes calcarife}, grouper Epinephelus Chlorellaspp.,Nannochloropsispp., andletraselmis
coioidey, and mullet Liza subviridig®. Rotifers spp. microalgae still provide the basis for rotifer cul-
are cultured using a wide variety of culture systemdure in Asia&. Batch culture of microalgae typically
including batch, semi-continuous, and continuous culavolves a multi-step process using backups for each
ture?. In Thai hatcheries, rotifers are most ofternstep, where each step is used to inoculate the next
cultured using open, batch culture systems in tanks step leading to rotifer food production. Although
ponds with microalgae and/or yeast as food soucesthis process is conceptually simple, it does require
Although these batch culture systems are relativelyonsiderable labour, equipment, materials, and space
simple, rotifer production is often unpredictable andesources. Furthermore, it is also susceptible to
requires considerable labour to operate and maintainnpredictable ‘crashes’ caused by protozoans, alga
Rotifer production is therefore often insufficient tocontamination, and/or other causgs In addition,
meet the hatchery needs during critical larviculturdt is often difficult to operate batch culture systems
stages. Continuous, mass culture systems for nfier marine species at inland locations, or at locations
croalgae and rotifers are generally much smaller thamithout a reliable source of high quality seawater.
batch culture systems, but require more intensivimland hatcheries in Thailand typically must import
management. Chemostats are the most advandatdhne (150-200% salinity) at considerable expense
type of continuous culture used in aquaculture fofrom salt farms located in coastal areas. Effective re-
microalga productiofi®. Alga production is the crit- use of this seawater is therefore desirddfe These
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needs generated considerable interest in developmeniture medium tank was controlled by an electronic
of closed-recirculation systems for larviculture foodon-off switch (1) that regulated a small water pump
production as an alternative to open, batch culturg). A magnetic stirrer (3) kept nutrients well mixed,
system&1%14  To date, however, most of thesestarting one minute before pumping to the culture
closed systems are too costly, technically complexnedium tank. While nutrients were pumped, seawater
and difficult to operate in most commercial hatcheryvas also pumped from the water re-use tanks into the
settings. culture medium tank. The culture medium tank has
We know of no continuous, closed-recirculationa capacity of 150 | when full. Water flow from the
system for algae and rotifers that is appropriate farecycled/new water tanks was regulated by a liquid
widespread use in Thai hatcheries. Our motivatiorievel control (LLC) switch (8) that sensed water levels
therefore, was to develop such a system using minside the culture medium tank. When water volume
croalgaT. suecicaand rotiferB. plicatilis that would in the culture medium tank was reduced to 20 | (LLC
overcome the problems identified above. Our aimwitch turned on), re-used water was automatically
was to develop an efficient but simple culture systerand synchronously pumped into the culture medium
for rotifers that could produce sufficient quantities otank along with concentrated nutrients at a ratio of
rotifers on demand, while at the same time reducing50:1. When the water volume reached 10 | in the
labour, risks, and resource costs. The culture systecnlture medium tank, pumps were turned off. AllLLC
we describe herein met our objectives for both sma#iwitches were from Shin Tung Electronics Industry

and large-scale rotifer production needs. Co., Ltd., Taiwan, model ST-65AB.

Refill water passed through a 20 um filter before
MATERIALS AND METHODS entering the culture medium tank, and was then re-
Microalga and rotifer Culture cycled through an ultraviolet (UV) sterilizeFig. 1

. . . I 6) below the tank by a separate pump (7). The
Microalga (T. suecicaand rotifers B. plicatilis) were culture medium tank had two LLC switches. One

obtained from the Department of Marine SCIence’LC switch (8) controlled refill water and nutrient

Chulalongkorn University and Bangsaen Institute 0}' . . .
. 9x y >ang; . “Iinflows into the culture medium tank as described
Marine Science, Burapha University, respectively, ; .
. .~ . “apove, while the second LLC switch (5) controlled

Stock cultures of these organisms were maintaine : )
: . ; : 0zonation (27) of water in the water re-use tanks. The
using batch culture techniques at Angsila Marine Sta-

. . . > . second LLC switch (5) in the culture medium tank
tion, Chulalongkorn UniversityT. suecicavere main- turned off ozonation in the water re-use tanks when
tained using 25% Conway medidfat 28+ 2°C,

24:0 h darkllight cycle, with white fluorescent light Vt&" volume fell to 40 | (nearly empty) in the culture
. : o1 medium tank. When the water volume increased to
at an intensity of 40umol photon-frs? under con-

. ; 150 |, ozonation resumed in the water re-use tanks.
tinuous aeration. Batch cultures were scaled up

. : ._Discontinuous ozonation was necessary to prevent
20 to 30 | and cultured until reaching exponentia . .
: ozone from entering the microalga culture tank where
growth before transfer to the microalga culture tan

. it could kill algae. The ozonator was a Hailea model
of the continuous culture system. Batch culture . . :
S o i LO-810, 10 watt capacity that operated using airflow
of B. plicatilis were maintained in 25% seawater at : ! S .
o . ; . of 3.5 I/min and air stone injection. This model
28+ 2 °C with continuous aeration and f@dsuecica roduced 200 mg ghk. All tanks in the system were
daily. Batch cultures were scaled-up to 200 | ap 9 ' y

a density of 150-200 rotifers per ml before trans;femade of polyethylene, while hard pipes were of blue

to the rotifer culture tank of the continuous cultureixg plastic, and flexible pipes and tubes were of soft

system. The microalga culture tank was 72 cm in diameter

EXPERIMENTAL SETUP and 1 m in height with a volume of 260 I. The
light energy source for alga growth consisted of three
36 W white florescent lampsF{g. 1, 12) inside
Our continuous culture system consisted of threthree layers of concentric, clear acrylic tubes (11).
components; microalga culture, rotifers culture andlVater temperature in the microalga culture tank was
harvest, and water treatment and re-use componangtintained using a cooling system that consisted of
(Fig. 1). The microalga culture component includedwvater exchange between the first space created by the
a nutrient source, culture medium tank, and microalgeoncentric acrylic tubes (11) and a cooling system
culture tank. Flow of concentrated nutrient solutiortank next to the microalga culture tank. Mechanical
from the nutrient source reservoiFig. 1; 4) to the cooling was not provided in the cooling water tank,

Description of continuous culture system
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Fig. 1 Diagram of a closed-recirculating, continuous culture system for microdlgauécica and rotifers B. plicatilis).
See text for description of numbered labels on system components.

but water was circulated between the cooling wateroncentrated in a small plastic container at the cod-end
tank and the centre of the microalga tank in ordeof the net. Rotifers adhering to the net were washed
to remove heat generated by the light source. Thato this container using a hand-held sprayer (15) that
water temperature in the cooling water tank was 30 °Gperated on a separate water pump that drew water
and 27-28 °C in the microalga culture water. Roonfrom the first compartment of the water treatment
temperature was maintained at 2& °C using air tank. Effluent from the rotifer harvest tank then flowed
conditioning. In addition, two small ventilation 30 W into the water treatment tank.
fans (10, 13) circulated air through the top of the The water treatment tankFig. 1) measured
culture tank. One fan pumped outside air into thd.2 mx 0.6 mx 0.65 m (volume 300 I). It contained
culture tank, while the other fan pumped air outseveral sub-components designed to restore water
Culture medium water was pumped at a constamuality by removing both solid and dissolved wastes
rate from the culture medium tank into the microalgand contaminants. These sub-components were con-
culture tank using a metering pump, while continuousained within five compartments of the water treatment
aeration was provided at 4 to 5 I/min. tank. Water flows into compartment 1 of the water
The rotifer culture tank was 55 cm in diametertreatment tank were gravity flows from the rotifer
88 cm height and had a volume of 20FIq. 1). Water harvest tank into a PVC pipe (18) containing a 38 um
flows into the rotifer culture tank were by gravity frommesh net that removed most rotifers and other debris.
the microalga culture tank, which in turn matchedAfter passing through this net, water was pumped
the constant rate of water inflows from the culturghrough an UV sterilizer (19) into five additional PVC
medium tank. The amount of microalga food thugpipes (20), each measuring 10.2 cm in diameter and
supplied to rotifers was related to water flow rate$5 cm in height. All six PVC pipes contained three
(I/min) and alga densities (cells/l) in the microalgdayers of charcoal (150 g) on the bottom, oyster-shells
culture tank. Rotifers were harvested in the 200 (1.5 kg) in the middle layer, and spun-fibreglass filter
rotifer harvest tank using a conical harvest net (14naterial on top. Water flow was nearly equal between
0.6 m diameter, 0.6 m height, 58 um mesh size). Watéhe five pipes with total flow of 23 I/min. The UV
flowed by gravity from the rotifer culture tank into the sterilizer (19) operated 3 h on and 1 h off, while the
harvest net. During rotifer harvest, the net was raisggrotein skimmer (16) operated continuously with of
using a rope and pulley arrangement and rotifers we8 |/min water flow. The protein skimmer (16; Queen
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Turbo-Skimmers model TS-2000) operated indeperer the rotifer storage and harvest tank were actual
dent of the pump providing water to the six pipesnumbers of rotifers harvested from the net in that tank
and to the UV sterilizer (19) in compartment 1 ofon that date. The system operated at22ZB°C with
the water treatment tank. Intermittent operation of altontinuous aeration, as described above.
UV sterilizers (Atman 11 W) was necessary to prevent  Water used in our continuous culture system was
damage to their lamps. Wastes from protein skimmeiffsom seawater diluted to 25% and treated using ozone
were discharged to the drain. injection for 1 day, then aerated for 4 h to remove any
Water from compartment 1 of the water treatmentesidual ozone. Treated seawater was filtered through
tank flowed by gravity into compartment 2. Compart20 um nylon netting before transfer to the culture
ment 2 contained a protein skimme¥id. 1, 17) for medium tank, microalga culture tank, rotifer culture
removing suspended solids and remaining dissolvadnk, and the water re-use tanks. Several months
proteins. Compartment 2 also had an LLC switclbefore our trials began, we preconditioned nitrifying
(23) that actuated when water levels reached a pre-d®icteria in the continuous culture system using contin-
level, pumping water into compartment 3. The LLCuous aeration and Nf€I at 2 mg/l with trace elements
switch turned off the pump when water levels droppeddded. The nutrient solution far suecican the con-
to the lower pre-set level. Compartments 3 and #inuous culture system consisted of four types of cost-
of the water treatment tank contained biofilter mediaffective modified agricultural-grade fertilizérs We
for nitrification. Water flowed from compartment 3initially stocked the microalga culture tank with 26 | of
into section 4 by gravity flow. When compartment 4T. suecicanoculum to achieve a density of 1+210°
was full, water flowed by gravity into compartment 5.cells/ml, while the rotifer culture tank was initially
Compartment 5 contained two UV sterilizers (21stocked with 150-200 rotifers/ml. After stocking,
22) for water entering the re-circulation pumps andhe metering pump from the culture medium tank
a protein skimmer (24) that also recirculated watewas turned on and continuous flow-through began at
between the UV sterilizers and the compartment. Th&21 I/d and remained constant during the 28 days trial.
protein skimmer removed bacterial flock from the _ _
biofilters. The UV sterilizers were on a timer switchSamIOIIng and counting
(3 hon, 1 h off). Water from compartment 5 of theMicroalga and rotifer densities were measured daily
water treatment tank was then pumped (26) into 8sing a haemacytometer and Sedgewick-Rafter slide
water re-use tanks (total volume 400 I). Water flowsinder a light microscope with triplicate samples pre-
were controlled by a LLC switch (25). A control served using Lugol's iodine solution. Microalgae
board contained protection and electrical control fowere counted in both the microalga culture tank and
the continuous culture system. This board included @tifer culture tank, while rotifers were counted in the
ground-fault control for all circuits to protect systemrotifer culture tank only.
operators, timers for the UV sterilizers, and circuit , i
breakers for pumps and other electrical components™ NYSico-chemical parameters
Inorganic nitrogen (ammonia-N, nitrite-N, nitrate-N)
and total phosphorus (P) were measured every five
days at five locations in the continuous culture sys-
We assessed performance of the continuous culturem!®®, Temperature and salinity were measured
system during a 28 day trial at a water flow-througldaily, while freshwater and/or seawater was added
rate of 121 I/d and dilution rates [Dilution ratd} to maintain salinity at 25% and to compensate for
= Medium Flow Rate F)/Tank Volume {)]%6, in evaporation and other water losses.
the microalga culture tank and rotifer culture tank of
0.47 I/d and 0.61 I/d, respectively. We then observegESULTS
the effects of these dilution rates on microalga anBaily microalga densities in the microalga cul-
rotifer densities and production, and on water qualiture tank ranged from 1040.5-16.8+1.1x 10*
Microalga yields from the microalga culture tank werecells/ml, while the average density for the culture pe-
calculated as the water flow rate from the microalgaiod was 13.4x 10* cells/ml (Table J). Estimated av-
culture tank times average microalga density in thisrage microalga yield from the microalga culture tank
tank on that date. Rotifer yields from the rotiferwas 1.63t0.1x 10!° cells/day (6.28:0.38x 10’
culture tank (stock) were calculated as the water flowells/l/day). These alga yields provided food for
rate from the rotifer culture tank times average rotiferotifers in the rotifer culture tank and, to a lesser
density in this tank on that date, while rotifer yieldsextent, for rotifers in the rotifer storage and harvest

Operation and performance of continuous culture
system
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Table 1 Resultant densities of microalga. (suecicq and 1.00
rotifers @. plicatilis) in a closed-recirculating, continuous 0.801 a
culture system during a 28 days culture trial. - '
£ .
Microalga Rotifer Rotifer storage = 060
culture tank culture tank and harvest tank 5 0.40-
microalga daily ~ 10.#0.5- 0.2£0.1- - E
densities 16.81.1  0.8+0.2 < 0203
(x10* cells mi1)
rotifer daily - 16.7+2.1— 20+ 11— 0.00
densities 645 343+ 18 3000 b
(rotifers mit) T 550l
mean microalga  13.40.8 0.4+0.1 - gn '
28 day density E  2.001
(x10* cells mf1) 2 1.50]
mean rotifer - 35:5 119+ 10 2 100
28 day density 2 :
(rotifers mi1) 0.50 |
0.001 ==
C
_ o ] = 60
tank. Microalga densities in the rotifer culture tank 5 g
averaged 0.4 10* cells/ml, or about 3% of alga % 401
densities in the microalga culture tank. This reductiol ‘gf
in alga density was the result of grazing by rotifers o1 z 20;
algae and reduced light intensities in the rotifer cultur 04
tank. It is noteworthy that daily fluctuations in alga~ 30|
densities in the microalga culture tank were relativel s 50| A
small. Standard deviation for daily alga densitie: 3 2.00 —
was 6% of mean densities, indicating rather stabl £ £ 1504
alga production under the water flow rates, nutrier §  1.009 & CMT MCT -aRCT
concentrations, and light intensities used. . g'zg‘ o R s W
Rotifer densities in the rotifer culture tank during 1 5 9 13 17 21 25 29 Day

the 28 days culture period were more variable than

alga densities, ranging from 17 to 64 rotifers/mI,Fig- 2 Concentrations of N and P in the continuous culture
with peak values between days 9 and 13, and witpystem during a 28 days culture trial. CMT = culture
tifer densities in the rotifer culture tank were 35culture tank, RHT = rotifer storage and harvest tank, WRT
rotifers/ml and in rotifer storage and harvest tank Water re-use tanks.

were 119 rotifers/ml for the culture periodigble .

There were no clear responses in rotifer densm €$hd harvest tank on day Big. 2. Nitrite ranged from

%.03 to 3.09 mg/l, with maximum values in the rotifer
Sculture tank. Nitrate ranged from 1.1 to 60 mg/l in
all tanks during 28 days. Phosphate ranged from 0.0
o 3.5 mg/l, with continuous increases at all locations
during the culture period.

in influent waters. Alga densities in influent waters
and in the rotifer culture tank were relatively sta-
ble, as noted above. Estimated rotifer yields fro
the rotifer culture tank ranged from 2.02-71(°
rotifers/day (1-4< 10* rotifers/l/day), with a mean
estimated daily yield of 4.24 0.55x 1P rotifers/day
(2.12:+0.27x 10° rotifers/liday) Table ). These DISCUSSION
estimated yields based on rotifer densities in the rd@ur trials with the closed-recirculating, continuous
tifer culture tank and water flow rates agree well withrculture system demonstrated that this culture system
mean observed rotifer harvests of 4466.40x 10° is capable of sustained and acceptable levels of rotifer
rotifers/day (11.9= 1.0 x 10* rotifers/l/day) in the ro- production for at least 28 days. Microalga densities
tifer storage and harvest net. Average estimated amahd yields were quite stable, while rotifer yield varied
observed values differed by only 10%. more during our 28 day culture period. Rotifer
Ammonia at five locations in the continuous cul-variability seemed unrelated to microalga densities
ture system during 28 days culture ranged from 0.0 tand yields, but rotifer production was still entirely
0.86 mg/l, with maximum values in the rotifer storageacceptable. We did not observe serious problems with
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either microalga or rotifer contamination with thisstart-up time, less complicated start-up procedures,
system. We did, however, find that microalgae becangreater cell densities, lower light power requirements,
attached to the acrylic plastic around the light sourceo labour, fewer problems that could lead to alga
in the microalga culture tank by day 10. This requiredulture ‘crashes’, and much reduced need for seawater
daily scrubbing to remove the microalgae. imports®26. Likewise, our system has similar advan-
Water quality was within an acceptable rangeages over batch or semi-continuous culture practices
for all parameters measured. Ammonia-N is knowrffor rotifers. These advantages for rotifer produc-
to cause cessation of rotifer reproduction when cortion included substantially shorter start-up time, less
centrations approach 3-5 mg/l, and rotifer mortalitcomplicated and shorter start-up procedures, smaller
within two days at>5 mg/I’°. However, we did tanks, more stable culture temperatures, simplified
not observe more than 0.86 mg/l ammonia-N at anfood sources for the rotifers, more consistent harvest
time or location with our continuous culture systemdensities, simple and continuous harvest procedures,
(Fig. 2). Nitrite-N toxicity for rotifers is said to begin greater production per unit labour and tank space,
in the range of 90-140 md/l Again, we did not less contamination, greater control over the culture
observe nitrite-N concentrations much greater thaprocess, and much reduced need for seawater im-
2.2 mg/l at any time. Nitrate-N and phosphate dighorts*>26. This culture trial demonstrated the benefits
increase during our 28 days culture trial, but neither adind advantages of this culture system compared with
these appeared to cause rotifer mortality or problemmore commonly used batch or semi-continuous cul-
with rotifer production. Both nitrates and phosphateture system for microalgae and rotifers. A chemostat
continued to increase throughout the culture period. culture syster’ for rotifer production achieved a
In some marine and freshwater organisms, lethalaily output of 186x 10° rotifers in a 1 ni tank.
and sub-lethal effects of high concentrations of niAn automatic continuous culture systérhas been
trates have been documented. An amount of 50 mgileveloped with a rotifer production yield of 1-710?
is a generally accepted safe limit for nitrate nitrogemotifers/l/day. Another high density rotifer production
in fish culture, but this concentration varies widelyhas been achieved in a closed recirculation system
for different species and developmental st&ge$he that test on a commercial scale in £ tnank with a
effects of excess nitrates can mean slower growtdaily rotifer harvest of 2.k 10° rotifers.
susceptibility to diseases, retardation in development, For the rotifer production of 1.2 10° ro-
low fertility and poor survivad’. In marine species tifers/l/day in our system, the total investment cost
the ranges are 2.2-5050 mg/l of nitrate with larvaés about 160000 THB, of which 37% is spent for
and broodstock as the most sensitive stages. In advestment on fixed assets and 63% is consumed by
dition, a nitrate concentration of 75 mg/l reduced thelectricity, chemicals, fertilizers, seawater, and tap
fertilization rate, delayed hatching time, reduced thevater. The investment cost and operational costs
hatching rate of the eggs and decreased the growth rateour system were also lower than the Suanttka
of juveniles?®. These observations suggest that at thgystem that needed 2 700 000 THB to producel®®
production rates we achieved, nitrate concentrationstifers/l/day. In addition, our system needed around
would not negatively impact the system operatiod560 | less water than the Suanttkaystem.
under most anticipated scenarios. Our system clearly demonstrated successful and
Most alga culture systems used in batch and otheontinuous culture of microalgae and rotifers. It is
culture systems typically use a light source suspende@sy to operate our systems for marine species at in-
0.5 to 1.5 m above the alga culture ta&fikor next land locations or at locations without a reliable source
to polyethylene culture bags These light sources of high quality seawater. Our continuous culture
are outside the alga culture vessehnd much of system met the design criteria of system simplicity,
the light is therefore not directly available for algaminimal contamination of culture organisms, low cost,
growth. With our continuous culture system, the lighand system stability and reliability. We anticipate
source was inside the alga culture tank. We therefotbat as culturists gain experience using this system
expect much greater photosynthetic efficiencies pemder different operating conditions, it will become
unit of light energy. We did not, however, measureeven more applicable to culture needs. We anticipate
this efficiency during our initial trials. changes in system size and capacity, use of additional
If we compare our closed-recirculating, contin-culture species, and perhaps microprocessor control of
uous culture system with batch or semi-continuouthe continuous culture system in order to achieve even
culture practices in Thailand, we see that our sygreater control over production results.
tem has many advantages. These include a shorter
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