
1

Introduction

In recent years, in Korea, recirculating aquaculture technologies for intensive fish culture
are increasingly being used to enhance production of a high quality aquacultural products
all year around including seawater. In high density aquaculture system, the increase of
protein and organic particulates by uneaten feed, feed waste and excreta of fish gives a
bad effect in fish growth and environment. Also protein and organic particulates are
decomposed to ammonia nitrogen and nitrite nitrogen which are harmful to fish and also
these cause consumption of dissolved oxygen. The foam separation has been considered
as a process for removal of protein and suspended solids in aquacultural water (Chen et
at., 1994; Suh and Lee, 1995).

The objective of this research is to determine the feasibility of foam separator for the
removal of aquacultural waste, such as protein, total suspended solid (TSS) and organic
compound from marine aquacultural water. The removal rate and the removal efficiency
of the foam separator have been studied by changing the initial concentrations of protein
and TSS, hydraulic residence time, superficial air velocity and air distributor pore size as
experimental variables. In addition, the foam separator as an aerator was also evaluated
for increasing dissolved oxygen concentration.

Materials and Methods

The foam separator was composed of a separation column, foam riser, foam collector and
air distributor. The height of separation column was 600 mm and liquid volume was 1000
mL. The air from an air pump was introduced into the column through a rotameter and an
air distributor. For most of the experiment, a sintered glass disc of G3 pore size and 25
mm i.d. was emploved as an air distributor. Peristaltic pumps were used to introduce
experimental water at the top of the separation column. Liquid samples were taken from
an outlet which was raised up to the water surface level in separation column.
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Results and Discussion

Protein and TSS removal characteristics of foam separation were dependent on protein
concentration. Fig. 1 presents the changes of removal rates and efficiencies of protein and
TSS on initial protein concentration. As initial protein concentration in the feeding
solution is increased, the protein removal rate increased and removal efficiency
decreased.

Fig. 2 presents the effect of hydraulic residence time in the foam separator on the removal
of protein and TSS in sea water at 0.85 cm/sec of superficial air velocity. Fig. 3 shows
that increase in hydraulic residence time increased the removal efficiencies of protein and
TSS. The protein and TSS removal rates in increased to 10.25 g protein/m3·day and 51.8
g TSS/m3·day, respectively when HRT was about 0.48 minutes. So after passing that
point, protein and TSS removal rate was also dropped. So protein and TSS removal rates

were maximum at this point and also when HRT was further decreased then removal rate
was dropped. Within the range of 0.28 to 8.76 minutes of hydraulic residence time, the
removal efficiencies ranged from 12.2 to 72.5% for protein, 33.4 to 92.4% of TSS.
Fig. 3 presents the removal efficiencies of protein and TSS as a function of superficial air
velocity. The superficial air velocity tested were 0.42, 0.85, 1.27, 1.70 and 2.1 cm/sec at a
constant hydraulic retention time of 2.05 minute. Overall, Figure 4 demonstrates that the
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Fig. 1. The effect of initial protein concentration on protein (a) and TSS (b) removal.
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Fig. 2. The effect of hydraulic residence time on protein (a) and TSS (b) removal.
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higher superficial air velocity greatly increased the removal rates and removal
efficiencies of protein and TSS in bulk solution. Each substance removal was nearly
proportional to the superficial air velocity used. This might be due to the increases in the
area of air-water interface resulted from the higher superficial air velocity, which can
cause increasing amount of substances adsorbed.

In Fig. 4 removal rates and removal efficiencies of protein and TSS were plotted as
function of the air distributor pore size. With the increasing pore size of air distributor,
removal rates and removal efficiencies of protein and TSS were decreased. When
reducing the pore size of air distributor, the bubble diameter was diminished. This was
due to the increased interfacial area available for protein adsorption, with more protein
and TSS entering the foam phase, thus promoting removal.

To determine the effect of a foam separator on dissolved oxygen transfer to sea water,
dissolved oxygen saturation were measured with various hydraulic residence times and
superficial air velocities and calculated out the overall mass transfer coefficient. As
shown in Fig. 5, the hydraulic residence time for highest overall oxygen mass transfer
coefficient was the optimum condition for the highest protein removal rate. And the
higher superficial air velocity substantially increases dissolved oxygen saturation in the
bulk solution.
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Fig. 4. The effect of air distributor pore size on protein (a) and TSS (b) removal.

Superficial air velocity, cm/sec

0.0 0.5 1.0 1.5 2.0 2.5

P
ro

te
in

 r
em

o
va

l r
at

e,
 g

/m
3 ¡¤

m
in

2

4

6

8

10

12

P
ro

te
in

 r
em

o
va

l e
ff

ic
ie

n
cy

, %

0

20

40

60

80

100

Removal rate

Removal efficiency

(a)

   
Superficial air velocity, cm/sec

0.0 0.5 1.0 1.5 2.0 2.5

T
S

S
 r

em
o

va
l r

at
e,

 g
/m

3
¡¤

m
in

16

18

20

22

24

26

T
S

S
 r

em
o

va
l e

ff
ic

ie
n

cy
, %

0

20

40

60

80

100

Removal rate

Removal efficiency

(b)

Fig. 3. The effect of superficial air velocity on protein (a) and TSS (b) removal.
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Fig. 5. The effect of hydraulic residence time (a) and superficial air velocity (b) on DO transfer.
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Introduction

Circular fish culture tanks can be managed as “swirl settlers,” settling basins with two
effluents, because of their capability to concentrate solids at their bottom and center.
Solids that concentrate at the bottom center can be removed in a small flow stream by
using a bottom-drawing center drain, while the majority of flow is withdrawn at an
elevated drain. The two drains have been typically located at the tank’s center, which then
takes advantage of both the ‘tea-cup effect’ and the strength of the overall flow when it
drains through the tank center, as reviewed by Timmons et al. (1998). However, the
‘Cornell-type’ dual-drain culture tank differs significantly from the other dual-drain
designs, because it only places the bottom drain at the tank’s center and removes the
majority of flow through an elevated drain located on the tank’s side-wall.  This paper
reports an investigation of water mixing and settleable solids fractionation within a
'Cornell-type' double-drain circular culture tank.

Materials and Methods

Settleable solids fractionation and tank mixing were studied within a 3.66 m (12 ft) i.d. x
1.22 m (4 ft) tall circular ‘Cornell-type’ dual-drain tank at the Freshwater Institute.
Replicated tests were conducted under two hydraulic exchange rates (1 and 2 rearing tank
volume exchanges per hour), at three diameter to depth ratios (12:1, 6:1, 3:1), three
bottom drain flow percentages (5, 10, and 20% of total flow), and in the presence and
absence of rainbow trout. Some of the trials could not be conducted, however, because
the flow rates through the tank’s bottom drain were too low to flush pellets through the
3.8 cm (1.5 in) diameter drainpipe.  Trout were maintained at densities exceeding 60
kg/m3 and fish were fed 1% body weight per day. The experimental protocol and the
methods described were in compliance with the Animal Welfare Act (9CFR) requirements
and were approved by the Freshwater Institute’s Institutional Animal Care and Use
Committee.
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Bottom drain flows were set and calibrated using a calibrated bucket and a stop watch.
Total flow was measured using a pipe-mounted flow meter; these flows were checked
using a stop watch and a larger basin of known volume.  Total suspended solids (TSS)
concentrations were measured during all trials where fish were present.  TSS samples
were collected on the tank’s inlet flow, both tank outlet flows, and the tank’s bottom-
center drain outlet flow after it has passed through a microscreen filter.

Tank Mixing Tests

Rhodamine WT dye was added to the culture tank in a single pulse to determine the
effectiveness of tank mixing under the different conditions tested.  Dye-pulse flushing was
monitored by collecting water samples over a period of time (Figure 1).

The mean hydraulic retention time (HRT) of the water flowing through the culture tank
was estimated using the “mixing-cup” method described on page 63.3 of Levenspiel
(1989), as follows:

∑ ∆⋅

∑ ∆⋅⋅
=

=

=
n

1i
ii

n

1i
iii

tC

tCt
(min)timeresidencemeanmeasured (Eq. 1)

where:  Ci is the absorbance of sample i, ti is the length of time the sample i was collected
after the dye-tracer was input into the tank, and ∆ti is the interval between adjacent
samples when sample i was collected.  The ‘mixing-cup’ method accounts for unequal
sample intervals within the data.
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Figure 1.  An example plot showing the absorbance data for each sample taken after
the dye-pulse was added to the culture tank.
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The ideal mean residence time was also calculated by dividing the water volume in the
tank (V) by the water flowrate through the tank (Q).  Tank turnover efficiencies were
estimated from the ratio of the two residence times found above:

(min)timeresidencemeanideal

(min)timeresidencemeanmeasured
efficiencyturnover = (Eq. 2)

If mixing within the tank is perfect, the tank turnover efficiencies equal 1.0.  Turnover
efficiencies of less than 1.0 indicate less than perfect mixing and that some water short
circuits through the culture tank.  Turnover efficiencies greater than 1.0 are an indication
of problems with the precision of water flow rate or tank volume measurements, or
inconsistencies within the samples taken during the dye-tracer test.

Pellet Flushing Tests

Pulses of sinking PVC cylindrical pellets (each about 3 mm in length by 3 mm o.d.) were
added to quantify solids flushing kinetics and the relative strength of the radial flow.  The
plastic pellets had a specific gravity of 1.05, similar to the specific gravity reported for
trout fecal matter.  The plastic pellets also exhibited a settling velocity of 3.8 cm/s, which
was similar to the settling velocity reported for fecal matter 1.7-4.3 cm/s (Warrer-Hansen,
1982).  Feed pellets tested in this study settled more rapidly (e.g., 14 cm/s) than the plastic
pellets, but the feed pellet settling velocities measured were similar to those reported by
others.

During a pellet flushing test, 1000-grams of dry pellets were weighed out, wetted in a
bucket to remove air bubbles from the pellets, and placed into the tank water in a pulse.
The plastic pellets settled fairly rapidly and were transported by radial flow towards the
bottom-center drain.  The plastic pellets were then collected from the discharge from the
bottom-center drain at specific time intervals.  Baskets containing 1-mm mesh stainless
steel screen were used to capture the pellets from the flow during each sampling interval.
Another screened basket was placed to capture all pellets flushed through the side-wall
drain.  Following collection, the pellets were oven dried and then weighed.  Minimums of
three pulsed-pellet tests were run for each set of conditions.

An unsteady-state mass balance was developed to quantify pellet flushing, assuming zero
pellet inflow, reaction, or accumulation, i.e., Loss = Inflow – Outflow – Reaction –
Accumulation.  The outflow term in the mass balance was broken into a component
representing simple mass action of flow to the bottom drain, and a component
representing pellet enrichment at the bottom drain due to a combination of sedimentation
and radial flow (assuming that the pellet outflow at the tank’s sidewall is negligible); this
was done to distinguish between the two different mechanisms transporting pellets to the
bottom center drain, i.e., Loss =– Outflow (mass action) – Outflow (enrichment).  Or
more specifically,
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( ){ }b,out
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dt

dC
V
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⋅⋅−⋅−=⋅
(Eq. 3)

Where: k is a 1st order rate constant characterizing bead enrichment at the bottom-center
drain and Qout,b and Cout,b are the flowrate and concentration of pellets flushed through the
bottom center drain at a given time.  Integration provides an equation that can be used to
model pellet flushing through the bottom drain in real time:

( ) ( ) ( ){ }tkV/Q
b,outb,out e0t@Ct@C ⋅+−⋅== (Eq. 4)

Note that the flushing of a homogeneously distributed dye pulse is only due to mass action
and would result in a similar equation, but without k (1st order enrichment constant).
Therefore, the k-value increases the rate of solids flushing relative to the culture tank
exchange rate.  After manipulation of Eq. 4, the k-value for each pellet flushing test was
calculated from the slope of the line produced by plotting the pellet flushing data (Figure
2) after manipulation to the following form:

y-axis = -LN(fraction of solids remaining) (Eq. 5)
x-axis = t (Eq. 6)

slope of the linear regression line = (Q/V + k) (Eq. 7)
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Figure 2.  An example plot showing pellet-flushing data plotted as the natural logarithm
of the ‘fraction of pellets remaining’ for each outlet sample taken after a pulse of pellets
was added to the culture tank.  The data not included in the linear regression only
represented 3.57% of the total mass of pellets flushed from the tank.
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A sample pellet-flushing test is shown in Figure 2.  Note that not all the data fits the
assumption that pellet enrichment at the bottom center drain due to settling and radial flow
could be approximated by 1st order kinetics.  In most tests, effective pellet flushing
occurred and only a small portion (e.g. less than 15%) of the pellets did not flush
according to the 1st order kinetic equation.

Results and Discussion

Solids Partitioning Between Side-wall and Bottom-Center Drains
Less than 5% of the sinking pellets were flushed through the side-wall drain during all
trials.  However, larger fractions of pellets were flushed through the side-wall drain when
fish were present (e.g., < 4.3%) than during trials conducted in the absence of fish (e.g., <
1.4%).  Increasing the culture tank exchange rate from 1 ex/hr to 2 ex/hr also increased
the fraction of pellets flushed through the sidewall drain.

The k-values estimated from the pellet-tracer tests are an indication of the rate that pellets
can be flushed from the bottom-center drain and also of the relative strength of the radial
flow.  When fish were present, the rate that pellets were flushed through the bottom-
center drain was greater at 2 ex/hr than at 1 ex/hr and at the smaller diameter:depth ratios.
All the trials at 2 ex/hr and diameter:depth ratios of 3.1:1 and 6:1 produced strong radial
flows, rapid solids flushing, and exhibited no problems with solids flushing.

A very important observation was that the settleable solids frequently deposited about the
tank’s bottom-center drain during most trials at 1 ex/hr, but only at the diameter:depth
ratio of 12:1 during trials at 2 ex/hr.  During these trials, the radial flow transported the
settleable solids to the center portion of the tank, but water velocities were so low in the
middle of the tank that a good portion of these solids settled within a torus-shaped region
about the center drain.  Fortunately, this accumulation of settled solids were usually
sufficiently near to the center drain that pulling the external stand-pipe regulating the
bottom-center drain flow, even for an interval of < 1 min, was sufficient to flush the
accumulated solids.  The presence of fish improved the rate that pellets were flushed
through the bottom-center drain (i.e., the K-values in Table 1) for a given diameter:depth,
underflow percentage, and overall tank exchange rate.

The relative importance of the two pellet flushing mechanisms, i.e., mass action (i.e., Q/V)
versus enrichment at bottom-center drain (k), was illustrated by calculating the percentage
of pellet flushing due to enrichment alone:

100
V/Qk

k
enrichmenttodueflushing% ⋅

+
= (Eq. 8)

The radial flow mechanism played a much larger role than the mass transport mechanism
in the transport of pellets to the bottom-center drain during the trials at 2 ex/hr and
diameter:depth ratios of 3.1:1 and 6:1 and during the 1 ex/hr trials at diameter:depth ratios
of 3.1:1 (Table 1).  Pellets were not flushed effectively during the remainder of the trials,
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so the k-values and the enrichment percentage shown in Table 1 could not be calculated
under these conditions.

Table 1.  The relative amount of flushing produced by enrichment (i.e., k/[k+Q/V]*100) at
the bottom-center drain was calculated for each trial that a k-value (listed before
enrichment-value) could be estimated.

k-value ± standard error (min) / enrichment ± standard error (%)
Dia:depth = 3.1:1 Dia:depth = 6:1 Dia:depth = 12:1

2 ex/hr (fish present)
5% bottom flow 0.39±0.02 / 93±0 0.13±0.05 / 71±14 NA
10% bottom flow 0.48±0.01 / 94±0 0.34±0.05 / 91±2 0.02±0.02 / 58±14
20% bottom flow 0.87±0.24 / 96±1 0.58±0.06 / 95±1 0.07±0.03 / 0

1 ex/hr (fish present)
5% bottom flow 0.06±0.04 / 84±2 NA NA
10% bottom flow 0.06±0.03 / 62±24 0.08±0.04 / 65±17 NA
20% bottom flow 0.10±0.04 / 80±7 0.20±0.02 / 91±1 NA

2 ex/hr (no fish)
5% bottom flow 0.08±0.04 / 61±17 NA NA
10% bottom flow 0.53±0.14 / 93±2 NA NA
20% bottom flow 1.37±0.02 / 98±0 0.00±0.01 / 12±12 NA

1 ex/hr (no fish)
5% bottom flow -0.01±0.00 / 83±0 NA NA
10% bottom flow 0.01±0.04 / 29±9 NA NA
20% bottom flow 0.08±0.00 / 0 NA NA

Note, an enrichment-value of zero indicates that the term (k/[k+Q/V]*100) was negative, e.g., the beads
took longer to flush than the hydraulic exchange rate through the tank.  NA indicates that either bead
flushing was so poor that k-values could not be calculated, or that bottom-drain pipe velocity was too low
to flush beads and the tests were not run.

Additionally, not all of the data was included in the linear regression of the bead-pulse data
as plotted according to the –LN(fraction of solids remaining) versus time, as in the
example shown in Figure 2.  This data was excluded because it did not fit the 1st order
kinetics assumption for solids enrichment at the bottom-center drain.  We think that when
large portions of the pellets did not exhibit enrichment at the center drain according to 1st

order kinetics, it was due to insufficient velocity in the rotational flow, i.e. the actual water
velocity starting from the outside wall.  Under these low velocity conditions, the pellets
did not flush rapidly because they settled on the tank floor just before reaching the tank’s
center drain.  Velocities at the outside walls appear to require velocities of at least 15 cm/s
(0.5 ft/s) to promote solids departure from the center drain.

The pellet-pulse data when plotted according to the –LN(fraction of solids remaining)
versus time (Figure 2) also provides a graphical estimate of the time required for the beads
to travel from the tank’s surface to the bottom center drain, i.e., the dead time (t0) for
solids flushing from the tank.  The x-intercept of this data provides the estimate of the
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tank’s dead time.  When fish were present, average dead times ranged from 1.0 to 2.6 min
for all conditions tested.

Tank Mixing

When water rotates about a circular tank, a torus-shaped region about the center drain can
become an irrotational zone with lower velocities and poor mixing (Timmons et al., 1998).
However, according to the dye-tracer tests, the ‘Cornell-type’ dual-drain tank exhibited
good mixing characteristics during all trials with fish present, as illustrated by tank
turnover efficiencies near 1.0.  However, mixing was often better during the 2 ex/hr trials
than at the 1 ex/hr trials.

Settleable Solids Fractionation and Waste Management

Due to variability in the TSS data, the TSS data collected during all trials was combined
according to its sampling location.  This data indicates that the flow discharged from the
‘Cornell-type’ tank’s bottom-center drain contained TSS concentrations (i.e., 19.6 ± 3.6
mg/L) that were more than 10-times greater than the TSS concentration discharged from
the side wall drain (i.e., 1.5 ± 0.2 mg/L).  For these trials, the concentration of TSS
discharged from the side-wall drain was sufficiently low that it would not require further
solids treatment in order to pass even many of the more stringent discharge limits imposed
by environmental regulatory agencies.  On the other hand, the concentrated and relatively
small flow discharged from the bottom-center drain would definitely require treatment
before discharge.  However, this flow was treated effectively using a microscreen filter
where, on average, capture of the TSS discharged from the circular culture tank’s bottom-
center drain was greater than 80%.
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Introduction

Traditionally, coldwater species have been cultured in raceways that take advantage of
large water supplies in locations where space may be limited, as in the Idaho Snake River
valley and the mountains of North Carolina.  Making the most of a large water resource,
water is often serially reused as it flows by gravity from raceway to raceway that are stair-
stepped down a hillside. Recently, more stringent water pollution control and water use
permitting, as well as limited availability of large high-quality water resources, have
increased interest in alternate culture systems that can economically sustain (or even
increase) fish production levels using smaller water volumes and removing a larger
fraction of the waste produced.  To this end, the Freshwater Institute has designed and
evaluated a partial-recirculating system capable of supporting high production densities on
≤ 20% of the flow required within a single-pass system1.  As well, this partial-reuse system
incorporates ‘Cornell-type’ dual-drain circular culture tanks that can provide uniformly
healthy water quality, optimized water velocities for fish health and condition, and solids
removal that is rapid, gentle, and much more efficient (Timmons et al., 1998).  These
properties of round tanks present key advantages over raceways and earthen ponds.
Additionally, using a dual-drain system to remove settleable solids has the potential to
improve the economics of solids removal both within the culture tank’s water column and
from the effluents of flow-through and water-reuse systems.  When a circular fish-culture
tank is converted into a “swirl” separator, the concentrated solids are removed from the
culture tank within a relatively small flow stream leaving the bottom-drawing center drain.
Meanwhile, in a ‘Cornell-type’ dual-drain culture tank, the majority of the flow (relatively
free of settleable solids) is discharged from the tank through a fish-excluding port located
partway up the tank side-wall (Summerfelt et al., 2000a).  Once the solids are
concentrated into a much smaller discharge, this reduced flow can be treated much more
economically and more efficiently with a device such as a microscreen filter or settling
basin.

                                               
1 This work was supported by the US Department of Agriculture, Agricultural Research Service, under
grant agreement number 59-1930-8-038.
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Partial-Reuse Systems

Ideally, the concentration of dissolved oxygen and density of fish density will be the first
limits to fish production within a reuse system, which requires successfully controlling
dissolved carbon dioxide, un-ionized ammonia, and nitrite levels.  For salmonids, the
maximum upper safe limits for chronic exposure to carbon dioxide and un-ionized
ammonia have been reported to range from ≤ 9 to 30 mg/L and from ≤ 0.0125 to 0.03
mg/L, respectively (Noble and Summerfelt, 1996; Wedemeyer, 1996).  Nitrite can kill
rainbow trout at concentrations of ≥ 0.20-0.40 mg/L unless other anions such as calcium
or chloride are present.  Fortunately, water containing at least 50 mg/L of calcium or
chloride ions can increase a fish’s tolerance to nitrite 50-fold (Wedemeyer, 1996).

Dissolved carbon dioxide and un-ionized ammonia are in acid-base equilibrium with,
respectively, the dissolved inorganic carbon system2 and the total ammonia-nitrogen
system3.  Therefore, the amount of dissolved carbon dioxide and un-ionized ammonia
present depends upon the water’s pH and, respectively, the aqueous concentrations of
inorganic carbon and total ammonia-nitrogen present.  The influence of pH on acid-base
equilibrium is important because dissolved carbon dioxide and un-ionized ammonia are
much more toxic to fish than ammonium and other species of the dissolved inorganic
carbon system.

Partial-reuse systems do not use biofilters to control ammonia levels.  Therefore, in order
to dilute the ammonia produced a partial-reuse system must rely on much larger make-up
water flow rates than fully-recirculating systems, typically 10-20% of their total flow
(depending upon the alkalinity of the water as discussed later).  However, to help prevent
un-ionized ammonia-nitrogen concentrations from accumulating to unsafe levels, the
water’s pH is maintained at minimum levels that are just below where the shift in
equilibrium in the dissolved inorganic carbon system would produce limiting
concentrations of dissolved carbon dioxide.  Ideally then, only as much dissolved carbon
dioxide will be stripped as is necessary to maintain safe dissolved carbon dioxide levels.
Thus, both unionized-ammonia and dissolved carbon dioxide concentrations can be
minimized within the partial-reuse system.

Materials and Methods

Partial-Reuse System

The Freshwater Institute’s pilot-scale partial-reuse system (Figure 1) consisted of three 12
ft id x 3.5 ft deep circular ‘Cornell-type’ dual-drain culture tanks (Figure 2).  The water
flowing from the culture tank’s bottom-center drain is immediately discharged from the
center.  The water flowing out of the ‘Cornell-type’ side-wall drains is all collected and

                                               
2 Dissolved carbon dioxide is in equilibrium with other components of the dissolved inorganic carbon
system, i.e., carbonic acid (H2CO3), bicarbonate (HCO3

-), and carbonate (CO3
=).

3 Ammonia exists in two forms, either as un-ionizied ammonia (NH3) or as the ammonium ion (NH4
+).
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filtered through 90 µm openings within a rotating drum filter (Model RFM 3236, PRA
Manufacturing Ltd., Nanaimo, British Columbia, Canada) before it enters a pump sump
(Figure 1).  Other than a small water overflow from the pump sump, the majority of water
is pumped by one, two, or three 1.5-hp centrifugal pumps (Model B2-½TPMS, Berkley
Pumps, Delevan, Wisconsin) through an packed aeration column (Figure 1). The water
exiting the aeration column then gravity flows back to the culture tanks after first passing
through a low head oxygenator (Model MS-LHO-400 gal/min, aluminum construction,
PRA Manufacturing Ltd.) installed within a cone-bottom sump (Figure 1). The system
water’s pH was controlled by adjusting the amount of carbon dioxide stripped by turning
the fan “on” and “off.”  Initially, fan control was manual, but later a pH controller (GLI
International, Milwaukee, Wisconsin) was used.

Fish and Feeding

The partial-reuse system was stocked with 36,943 15-gram rainbow trout.  Fish were fed a
High Fat Trout Grower diet (Zeigler Brothers, Gardner, PA) that contained approximately
38% crude protein and 12% crude fat.  Fish were first hand fed to satiation and later fed
to satiation using a commercial ultrasonic waste feed controller that was developed by
Culture Tools, Inc. (Monkton, VT), as described by Tsukuda et al. (2000).  Records were
kept on the number of 22.7 kg (50 lb) feed bags fed daily (e.g., 0, 1, or 2 bags per tank per
day) and then these numbers were summed to provide a weekly total feed consumption.
Dead fish were removed daily and weak-appearing trout were culled daily.  Records were
kept on the number of culled and dead fish removed.  Mean fish size was estimated
bimonthly by weighing in bulk around 300 fish from each tank.  Feed conversion rates
were calculated from the total mass of feed fed divided by the total mass of fish produced.
No chemical or antibiotic treatments were used during this study. The experimental
protocol and the methods described were in compliance with the Animal Welfare Act
(9CFR) requirements and were approved by the Freshwater Institute Institutional Animal
Care and Use Committee.

Water Quality Determination

Dissolved oxygen, pH, temperature and flow probes were used to continuously monitor
water quality and quantity within the system.  Additionally, water samples were collected
three times weekly (typically) to quantify the concentrations of total ammonia-nitrogen,
nitrite-nitrogen, nitrate-nitrogen, dissolved carbon dioxide, pH, alkalinity, and total
suspended solids, at several locations within the system.
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Figure 1.  The partial-recirculating system at the Freshwater Institute serves as a nursery
to grow rainbow trout fingerlings from 15 g to over 100 g.  The CAD drafting was
provided by PRAqua Technologies Ltd. (Nanaimo, British Columbia).

Figure 2.  A fabrication drawing depicting the ‘Cornell-type’ dual-drain tank used in the
Freshwater Institute’s partial-reuse system.  The CAD drafting was provided by Red
Ewald Inc. (Karnes City, TX).
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Results and Discussion

Fish Growth and Production

Over the production cycle 398 dead fish were removed (1.1%) and another 553 fish were
culled (1.5%).  Over the same period, the culture tank’s fish density increased from 35
kg/m3 to as much as 148 kg/m3, before fish were harvested (Figure 3).  Mean fish size
increased from 15 grams on December 16 (1999) to 100 g on March 13 (2000), an
interval of only 88 days.  The fish’s specific growth rate was 2.14% of their body weight
per day.  During this same period, the fish biomass increased by 2,994 kg (6,586 lb) and
the fish were fed 3,509 kg (7,719 lb) of feed, producing a feed conversion of 1.17.

Figure 3.  Fish densities within the partial-reuse system during the study.

Overall Water Quality and Water Flowrates

Mean water quality data recorded during the study is shown in Table 1.  Relevant water
flow rates during the study: 1142-1847 L/min total system flow, 237-357 L/min make-up
flow, and 169 L/min total bottom-drain flow.  Thus, the bottom drain flow and system
make-up water flow were only, respectively, 12-15% and 19-21% of the total system flow
throughout the study.
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Table 1.  Mean values (± standard error) for water temperature (Temp), dissolved oxygen
(DO), pH, dissolved carbon dioxide (CO2), un-ionized ammonia-nitrogen (NH3-N), total
ammonia-nitrogen (TAN), and nitrite nitrogen (NO2

-).

Temp,
°C

DO,
mg/L pH

CO2,
mg/L

NH3-N,
µg/L

TAN,#

mg/L
NO2,

 #

mg/L
NO3,*
mg/L

12.6±0.1 9.9±0.2 7.27±0.02 26.7±0.7 12±5 2.7±0.1 0.28±0.03 1.8±0.1
#Make-up water contained practically zero total ammonia-nitrogen and nitrite-nitrogen.
*Nitrate-nitrogen did not increase in the system.

Solids Control

The ‘Cornell-type’ dual-drain tank was found to rapidly and gently concentrate and flush
78% (8.9 ± 0.7 kg/day) of the total suspended solids produced daily through the tank’s
bottom-center drain (Table 2).  This discharge leaving the system amounted to only 12-
15% of the tank’s total water flow, but this flow flushed the majority of particles from the
system within only 1-5 minutes of their deposition into the culture tank (data not shown).
The other source of solids discharge from the partial-reuse system, the system’s drum
filter backwash, only contained 22% (2.5 ± 0.3 kg/day) of the daily solids produced (Table
2).  Solids fractionation within the culture tank was extremely effective -- the total
suspended solids concentration discharged through the three culture tanks’ bottom-center
drains (26.2 ± 2.1 mg/L) was ten times greater than the total suspended solids
concentration discharge through the three culture tanks’ side-wall drains (2.5 ± 0.2 mg/L)
(Table 2).  Also amazingly, the recirculating flow returning to the culture tanks only
contained an average of 1.3 ± 0.1 mg/L of total suspended solids (Table 2), due to further
solids removal across the partial-reuse system’s microscreen drum filter.  The make-up
water to the system typically only contain 0.5 mg/L of suspended solids, so the solids
concentration of the water entering the culture tanks was nearly the equal of the site’s
spring water supply!  Further treatment of the flow discharged from the tank’s bottom-
center drain using a commercial microscreen filter then captured 82% (± 4%) of the TSS
in the bottom discharge (Table 2), so that only an average of 3.5 ± 0.8 mg/L TSS would
be discharged with the bottom flow.  An off-line settling tank treating the drum filter
backwash flow captured 97% of the TSS (data not shown), so overall solids capture was
about 80% of the total solids produced in the partial-reuse system.  This 80% solids
capture efficiency (and thus total phosphorus captured) was much greater than could be
captured from typical raceways operations (only 25-51% capture reported by Mudrak
[1981]) containing quiescent zones and off-line settling ponds. Also, the solids filter
treating the discharge from the partial-reuse system would be less than one-half the size
and cost of a similar unit scaled to treat the much larger flow discharged from a raceway
operation of relatively similar annual fish production. Additionally, because of its relatively
small size, the system discharge could also be treated with an even finer cloth-covered disk
filter or using some combination of settling tanks, wetlands, or sand filters if stringent state
or federal discharge regulations required greater treatment.
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Table 2. The average concentration and mass of total suspended solids (± standard error).

Sampling Sites
Conc. of total suspended solids,

mg/L
Mass of total suspended solids,

kg/day

Bottom drain effluent
Tank 1 25.3 ± 2.6 2.7 ± 0.3
Tank 2 27.2 ± 4.3 3.1 ± 0.5
Tank 3 26.6  ±  4.1 3.2  ±  0.6
Overall Mean = 26.2 ± 2.1 Total = 8.9 ± 0.7

Side drain effluent
Tank 1 2.3 ± 0.3 2.1 ± 0.3
Tank 2 2.9 ± 0.4 2.3 ± 0.3
Tank 3 2.4  ±  0.3 2.2  ±  0.3
Overall Mean = 2.5 ± 0.2 Total = 6.6 ± 0.5

Drum filter backwash 1.2 ± 0.1 2.5 ± 0.3
Culture tank influent 1.3 ± 0.1 3.3 ± 0.3
Make-up water 0.5 ± 0.2 0.6 ± 0.2

Ammonia and Carbon Dioxide Control

Ammonia accumulations in the partial-reuse system were controlled simply by dilution
with make-up water.  Consequently, ammonia was the main form of dissolved nitrogen
found within the partial-reuse system studied, with only small amounts of nitrite produced
and practically no nitrate produced (Table 1).  Thus, the little nitrification that did occur
was incomplete, probably because inadequate surface area was provided to support
complete nitrification.  The nitrite levels recorded remained relatively safe because of the
high calcium levels naturally present in the water.

As mentioned above, un-ionized ammonia accumulations were controlled using a
combination of pH control and make-up water exchange rates of 19-21%.  However, the
high alkalinity in the make-up water supply, about 265 mg/L as CaCO3, limited the
minimum pH were the system could safely operate and still avoid dissolved carbon dioxide
limitations (as in Figure 2).  Maintaining a culture tank pH of about 7.3 (Table 1) shifted
the acid-base equilibrium of the carbonate system to produce dissolved carbon dioxide
levels of 20-30 mg/L, which defined the lower pH limit within the culture tanks.  This pH
also defined the maximum un-ionized ammonia levels allowed to accumulate.

Additionally, a nomographic method was developed to estimate the maximum total
ammonia-nitrogen that could be allowed to accumulate in a partial-reuse system,
depending upon the water’s alkalinity and assumed maximum limits on the concentrations
of dissolved carbon dioxide and un-ionized ammonia (Figure 4).  In Figure 2, the gray
lines indicate how setting maximum limits on the concentrations of dissolved carbon
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dioxide (1) and un-ionized ammonia (3), at a given alkalinity (2), will set the minimum
operating pH and the maximum allowable TAN (4).  Note that alkalinity is unchanged by
carbon dioxide addition or removal.  Stripping carbon dioxide increases pH levels as the
total carbonate content of the water is decreased, shifting the inorganic carbon system’s
acid-base equilibrium as bicarbonate releases carbonate ions (Summerfelt et al., 2000b).
Therefore, following a constant alkalinity line in Figure 4 (top graph), the water’s pH
could be increased by some fraction of 1 pH-unit if stripping reduced a portion of the
carbon dioxide.  Note, make-up water alkalinity is the controlling factor determining water
reuse rates in partial-reuse systems.  Water supplies with lower alkalinity levels would
allow for much higher accumulations of total ammonia-nitrogen than a more alkaline
water supply, such as used in this study.  Therefore, coldwater fish farms located in
regions that contain groundwater with low alkalinity, such as portions of North Carolina,
Maine, and British Columbia (to name a few), could operate partial-reuse systems with
make-up water flow rates < 5% of the total system flow rates.
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Figure 3. These two graphs illustrate the dependence of dissolved carbon dioxide
concentrations on pH and alkalinity (top graph) and the dependence of un-ionized
ammonia concentrations on pH and total ammonia-nitrogen (bottom graph), according to
acid-base equilibrium.  The gray lines indicate how setting maximum limits on the
concentrations of dissolved carbon dioxide (1) and un-ionized ammonia (3), at a given
alkalinity (2), will set the minimum operating pH and the maximum allowable TAN (4).
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Comparative Growth of All-Female Versus Mixed Sex
Yellow Perch (Perca flavescens) in Recirculating

Aquaculture Systems

Mark H. Schmitz
Hatchery Manager

Brookcrest Fisheries, LTD.
W3698 Cty Hwy G
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Nine production-scale recirculating aquaculture systems were utilized to compare
the growth parameters between all-female and mixed sex yellow perch stocks.  Each
system was stocked with 455 fish m-3 and contained one of three different biofilter types:
a rotating biological contactor, a trickling filter, or a bead filter.  The all-female
fingerlings (S1) used were originally derived from Lake Mendota, Wisconsin.  The
mixed-sex fingerlings (S2) used were originally derived from Lake Erie.  Temperature
and photoperiod (23oC, 16H-L) were maintained at levels for optimal growth.

Absolute growth rates ranged from 0.27-0.48 g/day.  Mean final density within
treatments was 42.8 kg/m3 and ranged from 37.2-50.2 kg/m3.  The main effect of stock
did not have a significant effect on growth (p > .1).  All-female treatments exhibited more
uniform growth.  The main effect of filter type did have a significant effect on fish
growth (p < .01), with fish in tanks containing trickling filters exhibiting significantly
higher growth.  Total feed conversion averaged 1.61 across all treatments and ranged
from 1.38-1.78.  S1 treatments consumed a significantly higher percent body weight per
day than S2 treatments (p < .05).

Analysis of PIT tagged individuals revealed that the mean relative growth rate
was significantly higher in S2 individuals (513.9%) compared to S1 individuals (315.3%:
p < .01).  S2 females (597.8%) grew 1.9 times faster than S1 females (315.3%: p < .01).
Within S2 individuals, females (597.8%) grew 1.5 times faster than males (395.2%: p <
.05).  For all individuals, 33.6% of the variation in final weight was explained by the
variation in initial weight.  Differences in the geographic strain or culture history of these
stocks may have had a larger overall effect on growth than sexual classification (all-
female or mixed sex).

Dress percentage of skin-on butterfly fillets was examined in 20 individuals per
stock and in six groups of 20 individuals per stock.  Within S2 individuals, 73.7% were
female.  Mean fillet yield was significantly greater in S1 individuals (47.6%) compared to
S2 individuals (43.0%: p < .01).  Mean GSI in S1 individuals (1.01%) was significantly
higher than S2 individuals (0.54%: p < .05).  Within S2 individuals, mean GSI was
significantly higher in females (0.70%) when compared to males (0.08%: p < .05).  Fillet
yield was significantly greater in S1 groups (47.2%) compared to S2 groups (44.9%: p <
.01).  Within each stock fillet yield increased slightly with size.
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The difference in fillet yield demonstrated between these stocks may be a result of
differences in strain of origin.  The identification of superior yellow perch strains or
strain crosses with regard to growth rate and fillet percentage is of considerable
importance to the industry.
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Introduction

Tilapia  are ideally suited for culture in recirculating aquaculture systems. They are
tolerant of poor water quality and low oxygen levels and breed prolifically.  Although
native to Africa and the Middle East, tilapia have been introduced in developing nations,
such as South and Central America, Southeast Asia, Africa, China and the Philippines, as a
dietary supplemental source of protein. Except for some of the southern most regions of
the United States, tilapia cannot be over-wintered in ponds, and therefore have not been
widely cultured in ponds in the US.  But many of the same characteristics that make tilapia
popular for pond and cage cultures throughout the world also make them ideally suited for
recirculating aquaculture systems.  In the United States and Canada, live tilapia command
a premium price and thus have become a significant aquacultural product in major cities
having large ethnic oriental populations.  Recirculating aquaculture systems are ideally
suited for serving these live tilapia markets, because they allow for year-round production
and they can be located reasonably close to the market, thus reducing transportation costs,
stress and moralities incurred during transportation.

Several efforts have been made to analyze the economics of raising tilapia in recirculating
aquaculture systems (Head and Watanabe 1995; Losordo and Westerman 1994; O’
Rourke 1996).  Two of the largest costs in the production of tilapia are feed and fixed or
overhead costs. Feed represents the largest of the variable costs.  Losordo and Westerman
estimate that feed accounts for approximately 21 percent of the total production cost,
thus, any management practice that significantly improves the feed conversion efficiently
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will have a large effect upon the cost of product.  Fixed costs, which are an amalgamation
of all costs that are independent of the rate of production, also represent a large part of the
cost of production.  In reality, most costs are a combination of a fixed and a variable
component, and thus estimates of fixed costs will vary greatly depending upon which costs
are considered fixed costs.

Losordo and Westerman (1994) state that capital costs and depreciation of capital
equipment account for approximately 34 percent of the total production cost, but these
costs are just two of the larger fixed costs. Thus total fixed costs would represent a much
larger percentage of the cost of production than the 34 percent noted previously.
O’Rourke (1996) divided all of his costs into either fixed or variable, and calculated that
fixed cost were 56 percent of total costs. Included in the list of fixed costs were wages,
water, and maintenance, which usually would not be considered total fixed. It is fair to say
however that fixed cost represent somewhere between 34 and 56 percent of total
production costs.  By definition, once a production facility is operational, fixed expenses
remain constant. Fixed or overhead costs per unit of production change as the production
rate changes, thus fixed costs as a percentage of total production costs can be reduced by
increasing the production rate.

The production rate for a given facility can be increased by either increasing the stocking
density or the growth rate. While increasing stocking densities is an obviously attractive
goal, there are physiological as well as engineering and physical limitations that limit the
culture intensity.   Stocking density has been shown to negatively affect growth rates in
many species of fish, although the responses vary.  Poorer growth rates have been
associated with higher stocking densities of tilapia raised in ponds, irrigation ditches or
cages (Coche 1982; Carro-Anzalotta and McGinty 1986; D'Silva and Maughan 1996; Yi
et al. 1996; Siddiqui et al. 1989), but little research has be conducted on tilapia in
recirculating systems.  Huang and Chiu (1997) researched the effects of stocking density
on growth rates on tilapia fry smaller than 10 g, and observed that increasing stocking
densities had a significantly negative effect upon size, size variation and survival rate.
Regardless, the effect of stocking density is beyond the scope of the experiments reported
herein.  For this research project, a density of 5 gallons per fish was selected to minimize
the effects of crowding.

Fish physiologists do not fully understand the biological mechanisms that control the
growth rates of fish.  Although there have been numerous mathematical models to
describe the growth characteristics of fish, most of these models do not take into account
such important factors as availability of food, food quality or the effect of environmental
factors such as temperature.  This has given rise to the scientific field of bioenergetics,
which partitions the energy consumed into various metabolic processes including
production or growth, and waste products. While the bioenergetic models account for
changes in energy consumption, measuring each of the energy partitions is labor intensive,
and are usually measured as a function of only one variable; thus ignoring the interactions
with other biological factors.  Bioenergetics provides a reasonable growth projection for
fish in the natural environment, but its usefulness for describing growth in recirculating
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aquaculture systems, where the environmental conditions can be controlled and
manipulated, is very limited.

The approach taken in our experiments is a direct approach.  Environmental and biological
conditions representative of recirculating aquaculture systems were established. The two
factors that are thought to have the most impact on growth, food consumption and
temperature, were then varied, and the resulting growth was measured. While a great deal
of research addresses the growth rates of tilapia, unfortunately for the recycle
aquaculturist, almost all of the research has been conducted outside, where temperature
and feeding rate can not be precisely controlled. What little research has been conducted
indoors under controlled conditions has generally been conducted using fry or fingerlings
(Soderberg 1990) rather than adults, because of space, time and economic considerations.
Many researchers have assumed that growth and feeding characteristics of adult fish are
similar to those of fingerlings. Assuming that the cost of raising fry to 50 grams represents
only about 1/10 the total production cost of a 500-g fish, then the commercial
aquaculturists should be most interested in the management practices which effect the
remaining 90 % of the production costs.

To fully understand this experimental approach, it is instructive to address the theoretical
relationships between growth, feed conversion and feeding rates.  J. R. Brett (1979) cites
Thompson (1941) as the first researcher to propose an asymptotic type relationship
between the specific ration level and the specific growth rate. An example of this
relationship is shown in Figure 1. The general shape of the curve is intuitively obvious
using basic fish physiology and bioenergetic principles.  Energy for growth is available
once the metabolic energy requirements have been satisfied. Growth increases rapidly as
the ration level is increased above the maintenance level because a greater percentage of
the ingested energy is being diverted to growth requirements. But as the ration increases,
digestion efficiency decreases, and thus as ration is increased above the optimal level, the
percentage of total energy consumed that is diverted to growth starts decreasing, although
the total amount of energy, and therefore growth, is still increasing. Significant and easily
recognizable points on this curve are the y-intercept of the curve (R0, Gstarv) which is
where the ration is zero and the fish are losing weight to starvation. The next point is the
x-intercept (Rmaint, G0), where the growth rate is zero and the fish is just fed a sufficient
amount to maintain its weight.  The point Ropt, Gopt represents the point where the feed
conversion ratio is at its optimal point. The point Rmax, Gmax represents both the maximum
food consumption and growth rates.  The aquaculturist wants to be located somewhere on
the curve between Ropt, Gopt and Rmax, Gmax.  As you move along that portion of the curve,
increased growth rate is being traded off for a reduced feed conversion ratio (FCR)
(weight of feed consumed divided by the weight gained) and the production of more waste
products. Any feeding rate to the left of Ropt is undesirable, because it represents a sub-
optimal fed conversion ratio coupled with a slower growth rate. Thus the first objective or
our experiments was to identify the optimal and maximum feeding and growth rates so
that a rational economic tradeoff can be made between improving growth rate and lowing
feed conversion efficiency.
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Figure 1. Specific Growth Rate of fingerling sockeye salmon (mean weight, 13 g) in
relation to specific feed ration, at 10° C (Brett 1979) (Data from Brett et al. 1969).

The graph shown in Figure 1 is applicable for one specific size and species of fish, at a
specific temperature. As the fish grows, the specific growth and ration rates decline, but
the general shape of the curve would be expected to remain roughly the same. While a
large amount of information is available for the effect of temperature on Gmax, relatively
little information is available on temperature effects on Gopt and Gstarv.

Brett (1979) has plotted various specific growth curves as a function of temperature. In
general, increasing culture temperature increases the food consumption and growth rate
up to the point where higher temperatures start to inhibit the appetite.  Above this
temperature maximum, the lines of Gopt and Gmax should be nearly coincident due to the
rapidly increasing metabolic requirements at elevated temperatures coupled with the
inability to ingest more energy. Below the temperature that produces the maximum
growth rate, difference between optimal and maximum growth rates increases rapidly with
an increasing amount of energy available for growth.

It should be noted that apparently the optimal growth temperature for salmonids, sockeye
salmon (Brett 1974) and brown trout (Elliott 1975, as cited in Brett 1979) remains
independent of size. Brett (1979) also cites the work of Oshima and Ihava (1969) that
shows for the case of yellowtail (Seriola quinqueradiata) that the thermal optima
decreases from 27° C to 21° C for juveniles and adults respectively.  Previous growth
experiments coupled with the extremely thermophilic nature of tilapia would tend to
suggest that the optimal growth temperature for tilapia would be near the upper lethal
temperature limit, somewhat in excess of 30° C.
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Figure 2. Growth relationships of young sockeye salmon as a function of temperature
(Brett 1979) (data from Brett et al. 1969.)

Materials and Methods

A. Experimental Design

The experiment design was a 3 (temperatures) by 4 (feeding levels) factorial design having
two replicates. Tilapia are normally considered a strongly thermophilic genus; juveniles of
O. niloticus have a thermal preference in the 30 to 36 °C range. Previous research on O.
niloticus (Likongwe et al., 1996) and O. mossambicus, including our own in a pre-
experimental trial, indicated that culture temperatures near 30° C give far superior growth
rates for juveniles than lower temperatures.  To bracket what was considered the most
likely optimal growth temperature, culture temperatures of 26, 29 and 32 °C were
selected.  The feeding treatments for each temperature were satiation feeding four times a
day, and 87, 73 and 60 % of the specific satiation-feeding rate for that temperature.  The
fish were fed at about 4-hour intervals starting at 8 AM and ending at approximately 9
PM.  Timers operated the room lights, which were on daily from 6 AM to 9 PM. Fish on a
restricted diet were fed approximate ¼ of their daily ration at each feeding. Those tanks
fed to satiation were fed for approximately an hour, at the end of that period, any excess
feed floating at the surface was collected and counted, and a corresponding number of
pellets were returned to the container for each tank.  At the end of the day, the amount of
feed consumed by the tanks fed to satiation were calculated, the rates of the two replicates
for each temperature were averaged, and the feed for the fish on restricted diets was
weighted out for the following day.

B. Experimental Set-Up and Materials

The fish used for these experiments are called “Rocky Mountain White Tilapia”, although
a best guess is that they are a white inter-specific species of the genus Oreochromis,
primarily O. niloticus, O. aureus, and O. mossambicus (Hallerman 2000).  This hybrid has
been selectively bred at Blue Ridge Fisheries, Martinsville, Virginia, for its color and
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growth rate. The color makes this hybrid highly desirable in the live fish market because of
their attractive appearance. This hybrid has relatively good growth and other physiological
attributes that make it well suited to culture in high-density aquaculture systems. Although
predominately white, the fish range in color from a pure white, a bluish and golden white,
to a few natural reddish brown. The female fry were chemically sex reversed, and graded
twice at Blue Ridge Fisheries to obtain a relative uniform size prior to delivery to Virginia
Tech. The fish weighed approximately 30 g but were held for 18 days before starting the
experiments to insure that all the fish were acclimatized to their new environment and any
stressed-induced moralities or infections associated with transportation and handling had
subsided.

Although the fish had initially been randomly distributed among the tanks, immediately
prior to commencing the experiments, the fish were reshuffled.  This ensured that any size
bias due to the holding period was eliminated, and the fish were equally distributed among
the tanks.

The fish were kept in 24, 150-gallon, Rubbermaid agricultural watering troughs. These
troughs had a large oval footprint, but were only approximately 24 in. deep. The troughs
were placed in a two-tier arrangement on two sets of pallet shelves that were separated by
a center walkway.  This was done to raise the tanks off the floor so they could be drained
easily, and to minimize the required floor space.

A cube, consisting of 36, 50-mm diameter by 325-mm long polypropylene biofilm media,
was placed in each tank.  The cubes were assembled by melting the ends of the media
together with a clothes iron, and then attaching a slab of concrete on one end to weigh it
down. In addition to acting as a biofilter, it also served several other purposes. Aquarium
heaters were caged in the cube to prevent damage to the tank, and air stones (one for
oxygen and another for compress air) were attached to the bottom of the cube to provide
oxygen and water circulation.

Pure oxygen was required to obtain acceptable levels of dissolved oxygen in the culture
water. A central distribution system was used to distribute the oxygen to all of the tanks,
and although there was a pressure regulator for controlling the oxygen pressure within the
distribution system, the only mechanism that was available for controlling the flow to the
individual tanks was a brass needle valve. Thus there was no effective means of regulating
the oxygen flow to each tank. The shallow depth of the tanks made the oxygen transfer
efficiency extremely low, thus the pressure in distribution system was adjusted to maintain
at least the minimum oxygen flow to every tank. Although, one would expect greater the
oxygen demand from both the fish and the bacteria and poorer oxygen transfer efficiencies
at higher temperatures, the average of all daily DO concentrations for all feeding
treatments were strikingly similar for each temperature.  The average measured DO was
9.8, 9.5 and 9.8 for the 26, 29 and 32  ºC treatments respectively.

Two 300-watt aquarium heaters per tank maintained water temperature. The response
time was slow, producing a diurnal temperature cycle; i.e., water temperature was slightly
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greater than the desired temperature during the day, and slightly cooler than the desired
temperature at night.  Because the 300-watt aquarium heaters could not obtain 32 °C, the
maximum experimental temperature, a 500-watt aquarium heater having a separate
temperature control and heating element was used for the warmest temperature treatment.
To help maintain the water temperatures, the room temperature was held between 27 and
29 °C depending upon the outside temperature. The high ceilings in the laboratory created
thermal stratification, thus, to maintain the desired temperatures, tanks receiving the
highest temperature treatments were assigned to the upper shelf and the lowest
temperature-treatment tanks were on the lower shelf.

Water quality was maintained by a daily water exchange. Initially the test protocol called
for a daily exchange of approximately 1/3 of the volume, but it became apparent that
water quality was poor due to the buildup of organics. In general, the more feed and the
lower the water temperature, the poorer the water quality.  Thus some tanks had water
exchanges of up to 80 % daily, while other tanks only required a 25 % replacement.

Two Aqua Star 135,000-BTU liquid propane gas heaters were used to provide warm
water.  Soft water was always used to prevent chemical deposits from building up in the
heaters. A Kohler constant temperature valve was used to provide water at the proper
temperature for each temperature treatment. Usually all the water exchanges were
completed during the morning, between the 8 AM and noon feedings.

C. Instrumentation and Data Collected

Temperatures were measured every minute using copper-constantan thermocouples in
each tank.  To prevent induced voltages from the aquarium heaters into the
thermocouples, it was necessary to put a ground wire into each tank. The temperatures
were recorded using a Campbell CR10 datalogger, in conjunction with a Campbell
AM416 multiplexer.  Average daily temperatures and the standard deviation of the
temperature were recorded daily.  A 486 IBM-compatible computer was used to
constantly monitor the water temperatures as well as some of the operating parameters of
the data logger.  Every morning prior to feeding, temperatures and DO levels were
measured using a YSI Model 58 oxygen meter to ensure that the temperature and oxygen
were within acceptable levels.

At 5-week intervals, the fish were weighed and the formulas for calculating feeding rates
were readjusted to adjust for the relative weight of fish in each tank. This compensated for
any differences in the number of fish in each tank as well as the difference in the average
weight in each tank. The fish were weighed and measured at the beginning, middle and
end of the 20-week experiment. In order to weigh the individual fish, the tanks were
completely drained, the fish were removed and placed in a tank contain MS 222, before
being weighed and measured to the nearest gram and millimeter respectively.  This process
was hard on the fish, and fish would not eat well for several days following the
measurement procedures. At the interim 5 and 15-week points, all the fish were removed
and placed in one or two water-filled buckets and were weighed to the nearest  5-g
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increment.  This procedure stressed the fish much less and normal feeding patterns
resumed in a matter of days. The fish were not fed the day prior to being measured. At the
termination of the experiments, the fish were taken off feed for three days prior to the
initiation of harvesting, which lasted approximately one and one half days.  The tanks were
drained, and the fish were placed on ice for approximately an hour or two, to anesthetize
the fish and increase the rigor, making them easier to fillet and reducing the amount of
blood in the fillet.  The fish were weighed and measured just prior to being filleted.

Results

A. Growth Rates

As noted in the introduction, the most critical information to the aquaculturist is the
maximum specific feeding and growth rates, the optimal feeding and growth rates, and the
temperature that provides the best combination of growth and feed conversion. To reduce
the data to manageable volume, it is important to first identify the treatments that provide
the optimal and maximum growth rates.

During the course of the experiments, there were relatively few moralities. Since the tanks
were left uncovered, a number of fish jumped out of the tanks during the course of the
experiment.  Although the weights, lengths and location of the “leapers” were recorded,
weights could not be accurately recorded due the condition of the carcass, and the
experimental unit of origin could not be conclusively identified.  To calculate feed
conversion ratios (FCRs), specific feed consumption and intermediate growth rates for
intermediate intervals, assumptions had to be made regarding the leapers and the data
mathematically manipulated to account for changes in the number of fish between
measurement intervals.

Since the fish were taken off feed the day of and one day prior to the measurements, the
experimental interval was considered to be 33 days. The last experimental interval was
only 31 days, since the fish were taken off feed 3 days prior to harvesting. The total
duration of the test was thus considered to be 130 days. Each measurement interval was
then subdivided into thirds, or an 11-day interval. The number of fish was assumed to
change evenly during the measurement interval, and thus fish lost during the experiment
were assumed to have consumed some of the feed during the measurement interval.  From
there, the average daily food consumption and daily FCRs were calculated.  Using the
measured weights of the fish, the daily feed consumption, and the calculated FCRs,
specific growth and feeding rates were calculated.

A summary of the overall test results is shown in Table 1.  As expected, the largest growth
was observed in the three treatments that were fed to satiation. What is surprising is that
the total amount of feed consumed by fish fed to satiation was virtually identical for all
three temperature treatments. A plot of cumulative feed consumption verses time (Figure
3) illustrates this point.
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Figure 3. Cumulative feed consumption over the course of the experiment for tilapia fed
to satiation over the period of an hour, 4 times a day.
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Figures 3 and 4 show that fish reared at 32 °C initially consumed more food than fish
reared at lower temperatures. Figure 4 illustrates the daily feeding patterns of the fish fed
to satiation. The higher the temperature, the more rapid the rise in daily feed consumption,
but the sooner it plateaus and the lower the height of the plateau.  At the midpoint of the
experiment, the fish were removed, anesthetized, and individually weighed and measured.
It took more than two weeks for their appetite to fully recover from the trauma of this
procedure. This can be seen in Figure 4, by the dip in average feed consumed around day
70.  The procedure used at the 5- and 15-week interval, where fish were removed,
counted and weighed as a group in a bucket of water, had only minimal effect upon the
subsequent feeding behavior of the fish.

The average weight change for each treatment is listed below in descending order of the
absolute weight gain.  Statistical Analysis System (SAS) was used to perform a Duncan’s
Multiple Range Test at α = 0.05 to compare the significance of the changes in weight.
Since the fish fed to satiation consumed about the same amount of food cumulatively, it is
not surprising that the fish within the various feeding level treatments are indistinguishable
from each other, while there are differences across feeding levels. The exception being the
satiation and 87 % of satiation treatments that are almost statistically indistinguishable as
indicated by the A and B groupings. Worth noting is that within the feeding treatments,
the lower the temperature, the lower or better the FCR. Thus, within each feeding
treatment, the repositioning of the temperature treatments is primarily due to the
differences in the amount of food consumed, rather than the FCRs.
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Table 1. Summary of Test Results for each treatment Average of two replicates of,
weight gained, calculated food consumed and Feed Conversion Ratios

Treatments
Temp. °°C        Feeding Level

Ave Weight
Gain (g)

Duncan’s
Groupings

Feeding
g/fish      FCR

26 Satiation 441.9 A 631 1.43
32 Satiation 408.8 A B 637 1.56
29 Satiation 405.8 A B 621 1.53
29 87 % 396.5 A B 528 1.33
26 87 % 392.6 B 497 1.27
32 87 % 363.6 B 527 1.45
29 73 % 290.9 C 391 1.35
32 73 % 279.7 C 393 1.41
26 73 % 278.0 C 360 1.29
26 60 % 205.6 D 275 1.34
32 60 % 203.9 D 293 1.41
29 60 % 200.8 D 268 1.34

Figure 4. Average daily feed consumption over 11-day sampling interval of fish fed to
satiation (averaged over the two replicates) for the three temperature treatments.
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If the average growth is plotted as a function of time, some interesting observations that
are important to the following discussion can be made.  Since the 60 %- and 73 %-of -
satiation feeding treatments resulted in such poor growth results, only the satiation and 87
% of satiation growth trends are shown in Figure 5.  Each data point represents the
average size of the fish, plotted at the mid-point of the 5-week time interval. Note that as
the fish grow, the temperature associated with the maximum growth rate is declining, and
the growth rate for all treatments in the final 5-week period declines precipitously. The
temperature corresponding to maximum growth shifts form 32 °C to 29 °C approximately
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35 days into the experiment, and then shifts again to 26 °C at approximately the 60-day
mark.

Figure 5. Average daily growth over a 5-week period for each temperature treatment fed
to satiation or 87 %-of-satiation (averaged over the two replicates).
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B. The effects of temperature and feeding treatments on FCRs

As noted previously, the aquaculturist is interested in two specific feeding rates, the one
that produces maximum growth (Rmax), and the other that produces the best FCR (Ropt).
Any specific rate between Rmax and Ropt is trading better fed utilization at the sacrifice of
growth. Before addressing these issues further, it is worth addressing the FCRs calculated
from the each of the treatments. The FCRs for each treatment for each of the 5-week
intervals are shown below.

Table 2. Summary of Calculated feed conversion ratios for each treatment. Ratios were
calculated based of average growth and feed consumed over each 5-week interval.

Treatments
Temp. °°C        Feeding Level

FCR  1st

5 weeks
FCR  2nd

5 weeks
FCR  3rd

5 weeks
FCR  4th

5 weeks

26 Satiation 1.30 1.33 1.19 2.06
26 87 % 1.28 1.20 0.94 2.40
26 73 % 1.25 1.31 1.08 1.64
26 60 % 1.18 1.24 1.15 2.28
29 Satiation 1.36 1.38 1.38 2.31
29 87 % 1.24 1.18 1.21 1.91
29 73 % 1.18 1.20 1.22 2.29
29 60 % 1.17 1.24 1.28 2.22
32 Satiation 1.37 1.56 1.49 1.94
32 87 % 1.28 1.35 1.26 2.26
32 73 % 1.20 1.33 1.35 2.09
32 60 % 1.16 1.41 1.28 3.11
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For each treatment, the FCR over the first 15 weeks remains relatively constant, where as
the FCR increases markedly in the last quarter of the experiment. Even after
mathematically increasing the final weight 2 % for the days the fish were being depurated
prior to being harvested, and adjusting the growth for the shortened feeding period,
growth in the final 5-week interval was on average 32 % less than the prior 5-week
period. Thus the primary cause of the increased FCRs was due to poor growth as opposed
to an increase in fed consumption. Brett (1979) states that a large decrease in growth rate
is associated with the onset of maturity, although he is not specific about whether he
means sexual or physical maturity.  The graph of FCR verses weight would seem to
indicate that this sharp jump in FCR, which is normally associated with the onset maturity,
is more a function of time rather than size of the fish.  This conclusion was checked
statistically using the GLM procedure of SAS. Neither of the treatment factors, i.e.
temperature and feeding rate, or average size had a significant effect upon the FCR value
in the final 5-week interval. Below is a graph of FCR verses weight for the 26 ºC
treatments, which is of greater interest, but otherwise representative of the other
temperature treatments.

Figure 6. Calculated FCR ratios for 5-week test intervals verse calculated average weight
of tilapia
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The differences in FCRs between the four feeding treatments are insignificant relative to
the changes in FCR measured during the final interval. Thus the final interval represents
the worst of all options to the aquaculturists, a rapidly declining absolute growth rate and
feed conversion ratio, at a time when the fish are occupying the greatest volume and the
largest proportion of fixed costs. Although dangerous to project beyond limits of the data,
it is reasonable to assume that the change in FCRs is representative of a gradual rather
than an abrupt change. Since the FCRs were relatively constant during the preceding time
intervals, it is fair to assume that FCRs and growth rates would have been even poorer for
a subsequent 5-week time interval.
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C. Maximum specific feed consumption rates

It seems reasonable to assume the maximum growth rate is obtained on the maximum
ration. Figure 7 presents the average specific feeding rates for each of the three
experimental temperatures.  A line has been fitted to each temperature data set, although
the data points following the weighing and measuring, at the midpoint of the experiment
were largely ignored when fitting these curves.  It should be noted that the amount of feed
consumed each day varied greatly, the most usual pattern was a cycle of 6 or 7 days of
increasing amounts, and then a sudden drop followed by a repeat of the cycle. The origin
of this cycle is unknown, but was not considered a water quality problem due to the large
daily exchange of water, the relatively low level of nitrogenous waste products and the
maintenance of minimum dissolved oxygen concentrations. Thus it might be advisable to
feed slightly below the levels specified in the graph to prevent the possibility of
overfeeding.

Figure 7.  Maximum specific daily feed ratio as a function of weight
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D. Weights of females verse males

Although the female fry were chemically sex reversed, which should have yield all males,
this procedure is not 100 % effective. At the termination of the experiment the fish were
weighed, measured and filleted. During the filleting process, the sex of fish was based on
their internal sex organs.  Fifty-two out of a total of 579 fish were identified during the
filleting process as being female. The females were not distributed uniformly among the
experimental units, and thus a comparison of the mean female weight verses those of the
males could not be conducted because of the size and weight differences among the
treatments. Thus to compute an average size and weight difference, the measurements of
each female were compared to the average measurement of the males in that test unit. The
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percentage size differences for each female were then averaged together to produce an
average difference. It was found that the females were 87.9 % of the length of the males,
but only 66.6 % of the male weight. For tanks that had at least three females, a t-test was
used to compare the weights of females to males.  In each case, the males were
significantly larger at the � = 0.05 level.

E. Coefficient of Variation

The coefficient of variation is the standard deviation divided by the mean, thus the mean
acts as a scaling factor so that standard deviations can be compared, from one sample to
another.  If all the fish grow at the same specific growth rate, the coefficient of variation
would remain constant. If, on the other hand, some fish grow proportionally faster than
others, possibly due to sex or aggressiveness, the coefficient of variation will increase with
time or size.

Table 3 provides the average value of the coefficient of variation for each treatment for
the three measurement intervals. An ANOVA repeated measurement analysis was
conducted using SAS. At the α = 0.05 level, neither time, temperature nor feeding level
resulted in statistically significant differences in the coefficient of variation.

Table 3. Summary of the average values of the coefficient of determination at the
beginning, midpoint, and end of the experiment for each treatment

Treatments
Temp. °°C        Feeding Level

  Coefficient of Determination
0 weeks     10 weeks      20 weeks

26 Satiation 0.26 0.27 0.27
26 87 % 0.27 0.27 0.47
26 73 % 0.24 0.24 0.26
26 60 % 0.25 0.32 0.29
29 Satiation 0.27 0.29 0.33
29 87 % 0.22 0.22 0.23
29 73 % 0.29 0.25 0.26
29 60 % 0.27 0.28 0.34
32 Satiation 0.23 0.25 0.28
32 87 % 0.28 0.29 0.28
32 73 % 0.24 0.28 0.29
32 60 % 0.24 0.32 0.35

Average 0.25 0.27 0.30
Std. Dev. 0.047 0.045 0.089

Discussion and Conclusions

It should be reiterated that the fish used in this experiment were sex-reversed, graded
twice, and had been selectively bred for several generations. Thus the growth performance
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of the fish used in this experiment may not be representative of the general population of
tilapia in the United States.

This research yielded some surprising results, which differentiates the grow-out cycle of
the tilapia from most cold or cool water fishes. First, the optimal growth temperature of
many cool water fish remains relatively constant as the fish grow, but the tilapia
demonstrated a decrease in the optimal growth temperature.  Further research is required
to determine if the ultimate growth performance would be obtained by gradually reducing
the temperature as the fish grows.  A sudden increase in the food conversion ratio and
slowing of the growth rate in the final five-week period across all the treatments
regardless of size is believed to be associated with the onset of sexual maturity. Most cool
and cold water fish use environmental factors, such as light and temperature as cues to
initiate the spawning cycles.  But in tropical fish such as the tilapia, which may not have
these cues in nature, a temporal cycle may initiate sexual maturity.

It should be reiterated that the fish used in this experiment were sex-reversed, graded
twice, and had been selectively bred for several generations. Thus the growth performance
of the fish used in this experiment may not be representative of the general population of
tilapia in the United States.

The onset of maturation in all treatments in the same time interval has reduced a seemingly
complex management problem to a relatively simple management objective. The
overriding objective for the tilapia producer is to grow the tilapia to a marketable size
before the fish matures and the growth rate and feed conversion efficiency dramatically
decline.

The tilapia producer is blessed with an animal that is relatively insensitive to the effects of
temperature, crowding and water quality, and thus has been successful up to this point
inspite of poor management practices.  Unfortunately for the recirculating aquaculturist,
the large production benefits anticipated by being able to tightly control the culture
environment are probably unattainable due to the relative insensitivity of performance to
temperature.

The growth and FCR dropped dramatically for all treatments in the final 5 weeks of these
tests, which has important economic implications for the tilapia producer.  While the
aquaculturist has always had economic incentive to minimize the production cycle time,
this experiment indicated the extent to which production expenses are rising while
productivity is declining once the fish start to mature.  The producer has much incentive to
harvest at an age prior to maturation, within the constraint of the fish reaching marketable
size. The whole price of tilapia is generally a based upon the size, fish greater than 600 g
bring a premium price, those between approximately 350 and 600 an intermediate price,
and those less than 350 g a lesser price (Fitzsimmons and Posadas 1997).

While the specific economic effects will to vary greatly among producers, there are several
management practices that should be adopted to improve profitability.  Because the males
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were found to be 50 % larger than the females, a much higher percentage of males will
reach marketable size within a given production cycle. Thus, the first step is to try to sex-
reverse the females, or develop all-male breeding techniques.  Selective breeding
procedures for rapid growth should be used. Lastly, stunted fish should be culled early in
the growth cycle and culling should continue thought the growout period.

There are several management practices that the producer should avoid. Topping as a
harvesting procedure should be avoided, because as the fish that are left represent the
poorest growth and feed conversion performances.  As an alternative, creative methods
for marketing undersize fish, such as smoking fish of appropriate size to be sold as an
individual appetizer, or filleting fish for local fish fries, should be implemented.

The management techniques of the fingerling supplier should be known by the producer to
avoid suppliers that grade their fingerlings, but retain the culls.  A producer should
positively avoid purchasing end-of-the-season sales by pond producers, as these fish are
probably very poor performers.

As noted in the introduction, the fish were stocked in our experiments at a density that
would not inhibit growth. It is well documented that increasing densities inhibits the
growth of tilapia, but whether it also inhibits the maturation process has not been
documented. Olivier and Kaiser (1997) reported that increasing density inhibited the
growth and the maturation of Xiphophorus helleri, if a similar process happens with
tilapia, the drop in the growth rate due to higher stocking densities may also delay
maturation and the precipitous rise in FCR.  Although high stocking densities may extend
the production cycle, they may not be as detrimental to the FCRs as would be expected.
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