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Introduction

A modeling system is being developed to simulate water quality and fish growth in intensive
aquaculture production systems that include a variety of water treatment units for water
recirculation.  The purpose of this model is twofold: 1) to increase and integrate the scientific
knowledge in intensive aquaculture, and 2) to make this knowledge accessible to and usable by
non-experts for educational and practical purposes.  Improving the efficiency and predictability of
intensive aquaculture operations are major goals of farmers, researchers, and system designers. 
Improvements in efficiency and predictability are contingent upon: 1) more accurate quantification
of metabolic rates of the fish under intensive production conditions; 2) quantification of the
relationship between water quality and fish growth and health; and 3) improvement and
refinement of water reuse technology.  A computer model is an effective tool for analyzing the
effects of water treatment units and fish metabolic responses on overall system performance. 
Such a model can predict the performance of several water reuse processes and configurations
while also simulating water quality, resource requirements, and production capabilities of
aquaculture systems.  The predictions will be useful in the design of new systems, the evaluation
and selection of system components, the implementation of changes to existing systems, and in the
management of water quality and production schedules in existing farms.

The Modeling Tool

The model is being developed using a modeling software package (Extend) that allows for the
creation of "blocks", each of which simulates a separate unit operation.  Once created, the blocks
are stored in a library and can be accessed and connected on the screen to create a model for a
particular system configuration.  The model can simulate water quality changes and fish biomass
production in an aquaculture system over any desired duration (e.g. 60 day period with a 0.05 day
time-step) as well as account for feed and oxygen consumption, based on assumptions in each
block.  Unlike some simulation model programs, Extend does not automatically perform
numerical integration, so differential equations must be handled within each block separately. 
Rate changes have been programmed using, Euler's method.  After configuring the culture system
by connecting the desired blocks, the modeler can input specific operating and design data into
each block through dialog boxes.  Then a desired simulation period and time-step are chosen and
the model is executed.  Time steps used for model execution should be less than one day since
most state variables fluctuate daily and to prevent possible instability in the numerical integration
calculations.  Output is presented within Extend in graphs and tables.
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Three terms can be used to describe the type of model being developed (Thornley and Johnson,
1990).  The model is dynamic, which means it predicts how a system changes over time (e.g. fish
size, water quality, feed consumed).  The model is deterministic in that it makes definite
predictions for state variables based on input conditions and model assumptions without any
associated probability distribution.  Thirdly, all the components of the model are mechanistic or
reductionist in nature, concerned with the physical laws (e.g. conservation of energy and mass),
chemistry, biology, and the environmental conditions of a process.  Consequently, the models
contribute understanding and theories for how systems work and inter-react.

The water quality variables considered in the model include dissolved gases (oxygen, carbon
dioxide), solids (suspended solids), dissolved nutrients (total ammonia, combined nitrite and
nitrate, total phosphorus), nutrients in suspended solids (nitrogen, phosphorus), organic matter
(dissolved, in suspended solids), alkalinity, pH, salinity, and temperature.  Other state variables
are fish size, total fish biomass, and oxygen consumption.

Aquaculture System Library of Blocks

The blocks currently available in the aquaculture system library include: 1) water supply; 2) flow
mixers and splitters; 3) fish culture tank (hierarchical block including fish metabolism, tank design,
and husbandry data); 4) generic biofilter; 5) trickling biofilter; 6) fine-screen solids removal (drum
filter); 7) settling tank; 8) granular media filter; 9) in-line diffused oxygenation; 10) pure oxygen
air stone; 11) multi-stage low head oxygenation (LHO); 12) packed column aerator; 13) chemical
addition; and 14) output blocks.  A brief description of each of the blocks is presented below.

Water Supply Block

The water supply block is used to input the characteristics of the make-up water in the culture
system.  A dialog box allows the modeler to input information about the quality and flow rate of
the water source.  Some calculations related to the carbonate system are carried out in the block
to complement data that would normally be available to the model user.  These calculations are
performed using generalized relationships that are valid for both fresh and salt water (Piedrahita
and Seland, 1995).  Seasonal fluctuations in water quality and flow rate of a source can be taken
into account.

Flow Mixers and Splitters

Flow splitter blocks allow a flow stream to be divided into two flow streams at any ratio desired,
without affecting the water quality.  The flow splitter may be used to send water to different
locations (e.g., multiple fish tanks in parallel), to bypass a fraction of the flow around a unit
process, or to discharge a fraction of the recycle flow along any point in the system.  Flow mixers
combine two flows and mix them into one flow stream.  Flow mixers calculate the water quality
resulting from mixing two separate flows.  For calculating the pH of a mixture, first the alkalinity
and total carbonate carbon are calculated based on mass balances and then the pH is calculated
from these values (Piedrahita and Seland, 1995).  The influent flow mixer verifies the hydraulic
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balance of the entire aquaculture system by checking that the influent flow equals the combined
effluent flows.

Fish Culture Tank (Hierarchical)

The fish culture tank is a hierarchical block consisting of a total of four blocks, the fish tank block
and three blocks nested within it: the fish species characteristics block, the tank design block, and
the fish husbandry block.  A hierarchical block simplifies the model by allowing complex sub-
models to be nested within one block icon on the screen.  The fish species block allows the user to
input metabolic and growth rate data for a specific species for various size ranges.  Blocks for
various species of fish (striped bass, sturgeon, tilapia, Atlantic salmon) are currently being
developed based on available data.  The tank design block specifies the size and shape of the fish
tanks and the fraction of solids removed in a side-stream flow (if any).  The fish husbandry block
contains information regarding the operating characteristics of the fish tank, such as feed type,
feed rate, stocking density, initial fish size, etc.  All the calculations regarding growth rates of the
fish and the effects of wasted feed and metabolic activity on water quality 'in the fish tanks are
earned out in the fish tank block.  A modified version of the fish culture tank was developed to
simulate changes in water quality during fish transport events ("Fish Transport Tank" block).

Generic Biofilter

This block simulates either a closed system (e.g. fluidized bed) or open system (e.g. trickling
filter) biofilter based on inputs from the user regarding specific ammonia and dissolved organics
removal rates in units of g TAN m-2 day-1 (TAN = total ammonia nitrogen) and g BOD5 m

-2 day-1

(BOD5 = five day biochemical oxygen demand), respectively.  The possible limitation of dissolved
oxygen (DO) on filter performance is ignored in an open system and an effluent DO is calculated
based on a packed column equation.  No contact between the biofilter media and the atmosphere
is assumed for a closed biofilter, and oxygen consumption by bacteria within the filter is
calculated.  Treatment performance is modified based on limiting DO concentrations within the
filter.  For a closed biofilter system, a pure oxygen air stone block may be attached to the biofilter
block to add oxygen to the system and increase treatment capacity in oxygen limited scenarios.

Trickling Biofilter

Nitrification and BOD removal in the trickling biofilter block are calculated using theoretical and
empirical formulas.  The nitrification calculations are based on work primarily from Hochheimer
(1990) and Gujer and Boller (1986).  The BOD removal component is based on the empirical
formulas of Eckenfelder and O'Connor (1966).  Ammonia removal is calculated based on oxygen
and ammonia concentrations and diffusion rates, nitrification kinetics, water temperature, media
surface area and void fraction, and hydraulic loading rate.

The model divides the trickling filter into several completely mixed reactors in series.  Ammonia
and BOD (biochemical oxygen demand) removal are calculated within each section of the filter. 
The effluent from one section is the influent to the section immediately below.  Oxygen is
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consumed by both heterotrophic bacteria, which remove BOD, and nitrifying bacteria, which
remove ammonia.  Consequently, there is competition for oxygen and oxygen may become a
limiting factor.  Based on literature in wastewater treatment, the assumption has been made that
heterotrophs are more successful at obtaining oxygen than nitrifyers.  Consequently, the model
first calculates BOD removal in a section, then calculates remaining dissolved oxygen, then
calculates nitrification.  For gas transfer calculations, air is assumed to be well mixed within the
biofilter and oxygen saturation concentrations are calculated based on temperature and on an
atmospheric oxygen partial pressure of 0.21 throughout the reactor.  This assumption may not be
valid for some trickling biofilters and the gas transfer code from the packed column aerator may
be included in this block in the future.

Fine Screen Solids Removal (Drum Filter)

The drum filter block is in its initial stages of development.  This block simulates the removal of
suspended solids from the water, based on screen pore size and particle size range (Figure 1).
Initially, the water quality array passed between the blocks considered total suspended solids
(solids larger than about 1 µm) without regard to particle size; however, this was inadequate for
the theoretical modeling of solids removal systems.  Consequently, consideration of three solids
particle size ranges was added by including the following categories in the water quality array and
in solids removal calculations: solids between 1 µm and 30 µm; solids between 30 µm and 60 µm;
and solids larger than 60 µm.  These ranges were chosen based on experimental protocols
developed for a separate aquaculture solids research project.

Currently, the drum screen filter model is designed to simulate solids removal with continuous
rotation of the drum filter.  Changes in the particle sizes due to shearing or pressure effects arc
not considered in the current model.  The model will assume straining of particles larger than the
screen pore size, followed by cake filtration due to a build-up of solids over the screen, which will
allow removal of smaller particles and improved overall removal efficiency.

Settling Tank

The settling tank simulates the removal of suspended solids from water depending on particle size
and specific density of solids.  Suspended solids are divided into the same three particle size
distributions as for the drum filter block.  This block currently assumes ideal flow and Stoke's
Law for particle settling, but will be upgraded to account for hydraulic scouring and re-suspension
effects due to non-ideal reactor hydraulics.

Granular Media Filter

A granular media (sand) filter is being developed to simulate solids removal in non-pressurized
depth filters.  The model assumes steady state removal of particles based on a trajectory analysis
and mass balance approach (Yao, et. al., 1971).  This is a conservative assumption for depth
filters, since removal efficiency tends to improve as particles accumulate in the filter (ripening). 
The model will be extrapolated to account for filter ripening in the future (Darby, et. al. 1992). 
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Data required for the model include collector diameter, depth and area of filter, collector
efficiency, flow rate into filter, and solids concentration and size distribution of influent.  The
model will predict solids removal for the three particle size ranges listed above.  Very little
information is available on the solids removal performance of sand filters in aquaculture
applications.

A more common granular media filter in aquaculture is the "bead" filter, which uses plastic beads
as the collector media rather than sand.  The basic filtration mechanisms are the same as for sand
filters, but the beads arc significantly larger in diameter, which influences removal efficiencies and
ripening effects.  Depending on the operation of the filter (backwash frequency), bead filters also
may serve as nitrifying biofilters.

Figure 1. Sample dialog Box of the Fine Screen Solids Removal Block.

In-Line Diffused Oxygenation

This block is not related to a particular technique for oxygen addition, but more to a control
strategy for maintaining a target oxygen concentration.  In the dialog box for this block, the user
specifies the range within which DO concentration in the fish culture tank is to be maintained, the
maximum flow of gaseous oxygen into the system, the partial pressure of oxygen in the system,
and the base-line transfer efficiency of the system.  The flow of oxygen into the system is
regulated in the model as a function of the DO level in the fish tank.  The oxygenation block
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outputs the quantity of oxygen used over the simulation time period.  Since the user inputs the
overall base oxygenation efficiency and partial pressure of oxygen in the reactor, this block could
theoretically be calibrated to virtually any in-line oxygenation system.

Pure Oxygen Air Stone

This block uses similar code to the in-line oxygenation block; however, the air stone block is
designed to simulate the addition of oxygen directly into a fish tank by diffused bubbles.  The
control strategy for this block is identical to the in-line oxygenation block.

Multi-Stage Low Head Oxygen (LHO) System

The multi-stage LHO simulates a common oxygenation device used in aquaculture which consists
of a group of short (normally less than one meter) packed columns, through which water flows in
parallel but oxygen flows in series (Watten and Boyd, 1990).  In this block, the oxygen
concentration within each column is calculated by considering the gas to liquid flow ratio, the
mole fraction of oxygen, and the water temperature using packed column formulas for completely
mixed reactors (Hackney and Colt, 1982).  Each column is assumed to have a homogeneous gas
concentration, but the mole fractions of oxygen are adjusted through iteration within each column
to reflect the transfer of oxygen.  The user can input the depth of the LHO, the number of
columns, the influent mole fraction of oxygen, the maximum flow of oxygen, and a desired range
of oxygen to maintain in the fish tanks.

Packed Column Aeration

This block simulates a counter-current packed column aerator (PCA) used to "strip off"
supersaturated levels of carbon dioxide (CO2) and to add oxygen.  The PCA model uses a multi-
step approach to calculate CO2 removal and oxygen addition, including gas transfer equations,
mass balance equations, gas flow characteristics, and equilibrium reaction kinetics.  The column is
modeled as a series of completely mixed reactors, with the number of "sections" depending on the
gas to liquid flow ratio.  The PCA model is based on experimental work carried out at UC Davis
and on a model derived from that work by Grace and Piedrahita (1993).

Chemical Addition for Alkalinity and pH Control

In intensive aquaculture systems employing high levels of water recirculation, alkalinity may be 
continually diminished by nitrification.  In addition, accumulation of CO2 produced by fish stocked
at high densities, may result in low pH levels.  Furthermore, nitrifying bacteria perform more
efficiently at neutral or basic pH levels.  Aeration helps control the concentration of carbon
dioxide in the system, but it does not affect the alkalinity.  One control strategy for restoring lost
alkalinity and raising the pH (shifting CO2 to bicarbonate) is the addition of chemicals, such as
NaOH (sodium hydroxide), NaHCO3 (sodium bicarbonate), and various forms of CaCO3 (lime). 
The chemical addition block allows the modeler to increase the alkalinity of a flow stream to a
desired level or to manually control the rate (mass time-1) of chemical added to a flow stream. 
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The block will calculate the changes in alkalinity, total carbonate carbon, pH, and CO2, as well as
account for the cumulative quantity of chemical added over the simulation period, based on the
characteristics of the chemical added.

Output Blocks

Output blocks present the results of a model execution in graphical and tabular formats.  Values
from the tables may be transferred into other software applications, such as spreadsheets.

Sample Aquaculture System Models

Sample aquaculture system models are shown in Figures 2 and 3. Figure 2 depicts a flow through
culture system, while Figure 3 shows a model for a recirculating aquaculture system.  The flow
through system consists of a water supply, a packed column aerator which could be used to
remove excess gases (supersaturation) and add dissolved oxygen, and a fish tank with an oxygen
diffuser system.  The recirculation system consists of a water supply block, an influent mixer, a
fish culture tank, a solids removal unit, a nitrifying biofilter, and an in-line oxygenation unit. 
Water flows from one block to another as indicated by the lines connecting the blocks.  In the
flow through system, water goes through a packed column aerator before entering the fish tank. 
An oxygen diffuser system is installed in the fish tank itself.  In the recirculating system, water
leaving the in-line oxygenation system is returned to the influent mixer, where it is combined with
the supply water and recirculated back into the fish tank.  Waste solids are discharged from two
locations: the fish culture tank side-stream and the solids removal effluent.  Discharge flows for a
given system model are hydraulically balanced by the supply water flow to prevent the overall
system volume to fluctuate over time: the rate at which water leaves the system equals the rate at
which water enters the system from the water supply.

To illustrate the capabilities of the modeling system, the recirculating system model was executed
for a 30 day time period with a time-step of 0.1 days.  A sample of the fish tank water quality
output plot is shown in Figure 4. The parameters shown include water temperature (T), total
ammonia nitrogen (TAN), dissolved oxygen (DO), and pH.  In this particular case, temperature
remains constant over time, since the supply temperature is uniform, and heat losses across any of
the units are neglected at this time.  TAN increases over time, as a result of ammonia production
by the fish.  The rate of TAN increase is very high initially as the system comes to a pseudo
equilibrium status.  At time zero, fish are introduced into a fish culture system in which TAN
equals zero.  After some time (around five days in this example, Figure 4), the initial TAN build
up results in a TAN concentration that rises slowly as a result of the continuously increasing rate
of ammonia excretion by fish.  The speed with which curves such as the TAN curve come to a
pseudo equilibrium state depends not only on the physical characteristics of the system being
modeled (i.e. flow rates, volumes, etc.), but also on the size of the time step being used.  A large
time step tends to prolong the time required to reach a pseudo steady state condition in addition
to making it difficult or impossible to consider diel fluctuations in metabolic rates or in system
performances.
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Figure 2.  Sample model for a flow through system.

Figure 3.  Sample Recirculation System Configuration
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Figure 4. Sample Water Quality Output Plot (DO, pH, Temp, TAN).  The step change in the
dissolved oxygen curve is caused by the control strategy of the oxygenation system, which is
designed to maintain dissolved oxygen concentration within a specified range (8 to 12°C in this
case).

The dissolved oxygen curve on Figure 4 results from the control strategy used to maintain oxygen
concentration within a prescribed range.  In this case, DO is to remain within the range of 8 to 12
mg l-1.  As the demand for oxygen increases to the point where DO drops below the threshold
level (8 mg l-1) in this case, the flow of oxygen to the in-line oxygenation system increases as a
step function (analogous to opening a valve).  The result of this sudden increase in oxygen inflow
to the system is an increase in concentration over time up to the point where oxygen demand once
again exceeds the new supply rate, and oxygen concentration begins to drop.  As the
concentration drops below the prescribed limit, further increases in total oxygen flow are
attempted up to the point where the maximum oxygenation capacity of the system is reached.  At
that point, a message would be shown on the screen of the model indicating that the total oxygen
demand exceeds the maximum oxygenation capacity available.

The pH of the water declines slightly over time.  The decline is caused by the production of CO2

by the fish, and by the destruction of alkalinity (production of hydrogen ions) in the process of
nitrification.  The rate at which pH declines will depend on the activity of the fish, on the type and
efficiency of the treatment units included, and on the flow rate and characteristics of the make up
water.

Curves similar to those shown in Figure 4 can be displayed for the influents or effluents to any
treatment operation.  In addition to water quality information, fish growth, and cumulative feed
and pure oxygen consumption can be plotted.
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Future Work

The modeling framework being developed, and the library of models for treatment operations
used in aquaculture, are a starting point for what will be a design, research, and management tool.
 Calibration and validation of the various blocks will be carried out using data collected in
experimental and commercial installations.  New blocks and calibration data will be developed for
additional unit operations, and for particular treatment units and species.  Data from several
systems containing various water treatment operations will be used to validate system models
constructed from model blocks in the aquaculture model library.
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Development of a Tank-Based Tilapia Industry in Louisiana

C.G. Lutz
Associate Specialist

Louisiana State University Agricultural Center

Introduction

Development of Louisiana's tilapia industry to date has reflected a co-evolution of regulations and
commercial production practices.  The state's first commercial tilapia permit was issued by the
Louisiana Department of Wildlife and Fisheries (hereafter referred to as the Department) on 11
May 1992.  Subsequently, a total of 5 additional commercial permits have been granted.  Current
permit holders represent a combined annual production capacity of roughly 250,000 kg, all in
recirculating production systems.

Of the 6 facilities currently operating, 5 are enclosed in greenhouses and utilize green water
systems.  A sixth utilizes a clear water system in an insulated metal building.  Several expansions
to existing facilities are planned for completion during 1996, and several additional facilities are in
the planning stages.  Although the rules for tilapia production and processing have been revised
several times since they were first enacted, production systems have evolved largely as a reflection
of the extremely restrictive provisions of the original permit.

Figure 1.  Number of active permits and approximate capacity of permitted facilities, May 1992 to
present.

Permit Requirements

Rules for commercial production of tilapia in Louisiana were originally promulgated in 1989. 
Prior to that time possession of tilapia within the state was a violation of law, involving
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considerable fines and other penalties.  Political pressure from a corporation operating a state-
financed catfish processing plant figured significantly in the creation of a procedure to legalize
tilapia production.  Policy makers, however, also faced substantial political pressure from
recreational fishing groups operating under the assumption that accidental introduction of tilapia
into state waters could forever ruin the quality of fishing for species such as bass, bream, crappie
and even coastal gamefish.  Ignoring scientific and anecdotal data, these groups refused to
consider arguments that tilapia would already be firmly established in state waters if they could
tolerate winter temperatures normally encountered in Louisiana.

Original permit provisions which have remained unchanged to date include the requirements that
all aspects of culture systems and processing areas be completely enclosed and be at least one foot
above the 100-year flood elevation.  Since its inception, the permit has included a provision
requiring a $25,000 bond be posted to cover eradication and restoration costs in the event of an
accidental release.  The Department has made provisions to allow several options for this
requirement to be met.  Electrophoretic certification to species ancestry is also required for all live
shipments into the state.

Among other requirements, the original permit stipulated that culture systems be designed "such
that all water containing adult fish, juvenile fish, or fish eggs" be "filtered, recirculated and
prevented from any discharge." This provision was initially interpreted as precluding any water
exchange in tilapia culture systems.  A separate clause, elsewhere in the original rules, required
that "all water utilized in the culture of tilapia shall be accounted for and shall not leave the
permittee's property."

By 1992 departmental interpretation of these separate clauses evolved in such a way as to allow
for discharge of filter back-wash effluent, if sufficiently high solids loads were present to preclude
survival of fry which might also be discharged.  These effluents, however, could not leave the
permittee's property.  Commercialization of floating bead filters developed at LSU's department of
Civil Engineering, in conjunction with soil percolation from effluent pits allowed this restriction to
be addressed in a practical manner, to the Department's satisfaction.

As Department personnel have become more familiar with basic tilapia culture, rules have been
further revised to allow for greater levels of water exchange, such as might be associated with
utilization of thermal effluents from industrial or agricultural processes.  Based on the work of
Drennan et al. (1993), slow sand beds with appropriate enclosures have been allowed for disposal
of higher effluent volumes, as might be generated in this manner or through the use of
microscreen filtration.  Current rules require only that "all water utilized in the culture of tilapia
shall be accounted for and shall be filtered, screened, and/or sterilized prior to leaving the
culture system and the permittee's property in such a manner as the Department deems adequate
to prevent any possibility of escape from the system." Theoretically, this revision opens the door
for high-turnover or flow-through systems if adequate safeguards are in place.

Permit security restrictions originally required permittees to have at least one individual familiar
with the system on site at all times.  This has been revised to require that such an individual be
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readily available for emergencies and inspections and that adequate security measures such as
fencing, lighting, locks, alarm systems, etc. are in place.

Construction

The first permitted tilapia production facility was TilTech Aquafarms, in Robert, Louisiana,
permit number TL-01-92.  This facility is currently producing food fish, fry and fingerlings for a
variety of markets.  TilTech utilizes an all-glass greenhouse.  Based on success realized to date at
this facility, all but one of the state's subsequently permitted facilities are also utilizing greenhouse
construction to meet the permit requirement for complete enclosure.  The lone exception to this
group is utilizing a clear-water system incorporating microscreen filtration, low-head oxygenators
and microbead biological filtration to maintain a mixed-size production stock in a circular steel
tank; this facility has not yet generated sufficient data to allow for comparisons. Accordingly, this
discussion focuses only on Louisiana's production facilities utilizing green water systems.

A number of operating advantages associated with greenhouse production in Louisiana have
become apparent, including temperature maintenance in cool weather, promotion of algal blooms,
and economical lighting and enclosure.  Most facilities report initial outlays of $22.00 to $65.00
per square meter for greenhouses, depending on installation arrangements and other options.

Tank construction typically relies on partial excavation of a rectangular area (usually 5-m by 27.5-
m). Dimensions typically allow the use of commercially available construction materials in the
erection of tank walls.  These walls, approximately 1.2 m high, are constructed from treated
lumber and plywood.  Tank basin floors are levelled with several cm of sand.  Interior wall
surfaces and basin floors are fitted with foam insulation board, commonly used in residential
construction.  A 30-cm extension, also of lumber and plywood, is usually added to the exterior of
all four tank walls.  Finally, a liner is installed.  Excavated soil or bulk-purchased sand is back-
filled around tanks to a level just below the exterior wall extensions.  Typical tank volume, in
service, is 150-160 m3 depending on depth.

Several major benefits associated with this tank design have been apparent.  Construction cost in
terms of materials is very economical.  Labor associated with this type of construction, however,
can represent a significant cost if special personnel must be hired for the project.  While tank walls
at TilTech are constructed on a base plate of treated lumber set level over stakes driven flush with
the tank bottom, other facilities have successfully employed alternative methods to achieve similar
final results.  One facility utilized regularly spaced lengths of 4.5-cm by 25-cm lumber, flush with
ground level and set parallel to the tank end-walls, as a means of tying the tank structure together.
 Another permittee drove lengths of 4.5-cm by 10-cm lumber vertically into the soil at regular
intervals using a modified post driver as a means of supporting the tank walls.

The rectangular tank design utilized by most Louisiana producers allows available volume to be
compartmentalized through the use of suspended net pens.  These pens facilitate a form of
concurrent batch stocking and harvesting (CBSH) (Summerfelt et al. 1993) which incorporates
one or more grading events.  This approach to production management is discussed further
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below.  Wooden tank walls, in conjunction with liners, have proven to be a very economical
means of containing culture water.  An additional benefit of the use of liners has been reduction in
surface abrasion of fish and net pens that come in contact with tank walls or bottoms.

Water Quality

Algal blooms resulting from direct sunlight in these greenhouse facilities appear to serve a number
of beneficial purposes.  Photosynthesis results in the uptake of some portion of ammonia, CO2,
and nitrates present.  Tilapia in turn graze almost continuously on the phytoplankton bloom, as
they would in other production systems (Moriarty 1973, Northcott and Beveridge 1988,
Perschbacher and Lorio 1993).  Once an algal bloom has become established, digestive tracts of
tilapia in these greenhouse systems contain algae at virtually all times.

Nighttime respiration by algal blooms results in less oxygen demand than daily feeding and
digestive activities of tilapia, producing an increase in D.O. levels.  Algal blooms are generally
predominated by green algae.  Whether this is a result of differential grazing pressure by tilapia
(Perschbacher and Lorio 1993) or semi-continuous exposure of the water column to sunlight as a
result of turbulent conditions is not clear.  No incidence of blue-green algal off-flavors has been
observed in these greenhouse-based systems to date.  Anaerobic off-flavors have been noted in
two separate systems on various occasions as a result of filtration/circulation problems.

Aeration is supplied through several means, including the use of airstones suspended at regular
(0.3 - 0.5 m) intervals along tank walls and supplied with forced air from regenerative blowers. 
Floating vertical pump aerators are also utilized for supplemental aeration, as are many methods
of spraying and splashing return and by-pass water from recirculation pumps.  In addition to
aerating the culture system, these processes serve to keep solids in suspension until they can be
entrained in mechanical filtration units via perforated drains along the base of the tank walls.

Water in these systems is typically circulated at a rate of approximately 1-2 percent of tank
volume per minute, with turnover times ranging from 25 minutes to almost 2 hours.  A variety of
filtration devices are in use, including 2 commercially available bead filter designs, each of which
is patented.  Several permittees have conducted patent searches in an attempt to develop in-house
filtration designs, partially in response to temporary availability problems with commercial units
and partially as a result of the innovative tendencies which led them into the industry.

Recent easing of discharge restrictions, allowing for much more flexibility in the amount of water
exchange associated with filtration, has allowed this type of experimentation to proceed. 
Although the need remains to conserve heat during winter months, water sources at several
facilities are sufficiently warm to allow substantial daily turnover.

Stock Management

Production results to date in these systems suggest that tilapia stocked as 3-cm fingerlings must
be graded at least twice during the growout process.  Grading provides for the disruption of
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behavioral hierarchies (readily established within tilapia stocks), separating larger more aggressive
individuals to compete against each other rather than their smaller siblings.  Data suggest that feed
conversion efficiencies are improved after grading, allowing smaller fish to utilize a larger portion
of their daily ration for growth rather than maintenance, and reducing gluttony in larger, more
aggressive fish.  The use of suspended net pens in these rectangular production tanks allows for a
simple, cost-effective method of grading tilapia and segregating size groups.

Maintaining various size groups within the same production system also allows for increased
production per unit of carrying capacity (Summerfelt et al. 1993).  Citing Lewis and Benham
(1973), Hilge (1979), Muir (1981), Paessun and Allison (1984) and Watten (1992), Summerfelt et
al. (1993) discussed how concurrent batch stocking and harvesting (CBSH) can allow continuous
operation at or near system carrying capacity and quasi-continuous production.  Although they
pointed out correctly that this strategy demands increased facilities, time and labor to isolate,
monitor and maintain individual groups of fish, these activities are already undertaken in Louisiana
systems through grading strategies to address the problem of behavioral hierarchy and its impact
on feed conversion.

Industry Survival or Expansion

Several factors have served to encourage the development of Louisiana's tilapia industry to date. 
Most notably, a local supply of fingerlings with electrophoretic certification has been available to
prospective growers through the TilTech facility.  Several local feed suppliers have recognized the
potential of the industry for growth and have developed tilapia rations for use by regional
producers.  Equipment has also been readily available through aquaculture and industrial
suppliers.

Technical support, through the Louisiana Cooperative Extension Service, the LSU School of
Veterinary Medicine, and LSU's Department of Civil Engineering has played an important role in
the day-to-day production activities of several producers.  Extension has also served to help
educate prospective growers and lenders.  During the past 3 years, over 350 packets of
information concerning tilapia production have been distributed in Louisiana in response to
inquiries by phone or mail.

Even more importantly, Extension personnel have educated resource managers and policy makers
within the Department of Wildlife and Fisheries.  Extension and Department personnel have often
performed joint inspections of prospective facilities and work together on a regular basis to
determine whether specific facilities can meet permit requirements and provide acceptable levels
of risk with regard to accidental releases.

The single most important factor contributing to the success of the industry to date is market
demand.  Whether this demand continues or increases will be critical to industry survival or
expansion.  Local interest in tilapia began in earnest in 1989 and 1990, when severe winter
temperatures caused regional shortages of traditional coastal finfish from the Gulf of Mexico. 
The growth of live markets in New York, Toronto and elsewhere served to bolster the resolve of
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early producers in Louisiana, and these markets have been utilized from time to time, but regional
markets are currently being identified as the best outlet for local production of food fish.  Recent
net bans and gear restrictions have resulted in serious shortages of finfish for traditional market
channels throughout the Gulf states.

Traditional users of whole fish, such as wholesalers and certain restaurants, will be critical
markets for Louisiana producers, who are generally too small to undertake their own filleting or
value-added processing.  In this way, Louisiana producers may also avoid direct competition with
imported fillets, either fresh or frozen.

One question remaining unanswered is the degree to which price disadvantages will offset
advantages in quality when local product is compared with imports in regional fillet markets. 
Other species, such as Cape Capensis, Orange Roughy, Nile Perch and various types of whiting
and seatrout can also be expected to compete directly with tilapia in many markets.  To improve
Louisiana producers' competitive position in these markets, Extension is working to increase the
availability and adoption of practical technology and generate baseline data from several recently-
permitted facilities.
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1.  ABSTRACT

Computer models have been used in fisheries science for many years to analyze and predict fish
population consumption, predator/prey availability, and growth.  However, the aquaculture
industry has lagged behind in embracing computer models as useful tools for management, design,
and marketing.

This paper will discuss the different types of computer models including empirical, physical,
deterministic, and stochastic models.  Discussion will include a description of each type, their
basic components, and an example of each type of model.

Verification answers the question: 'Are we building the model right?' and validation answers the
question: 'Are we building the right model?'.  A detailed discussion of model development and
methods of model verification and validation will be included.*

Finally, the paper will provide a discussion of the types of models that are applicable in
commercial recirculating aquaculture.  Included will be a discussion of two types of growth
models useful in predicting production yield, evaluating production costs, and developing market
schedules.  Additional uses can include cost-to-benefit analyses, the evaluation of management
practices, and system requirements.

2.  MODEL - DEFINITION

There are many definitions or uses of the word model.  A model, in non-scientific terms, is a
simplified representation of a physical system (McCuen, 1992).  Snyder and Stall (1965) provided
a more comprehensive definition of a model:

A model is simply the symbolic form in which a physical principle is expressed.  It
is an equation or a formula, but with the extremely important distinction that it was

                    
* Scientific Article No. A7886 Contribution No. 9220 of the Maryland Agricultural Experiment
Station.
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built by consideration of the pertinent physical principles, operated on by logic, and
modified by experimental judgment and plain intuition.  It was not simply chosen.

Still another definition by Elzas (1984) states that 'A model is a compact representation of a real
phenomenon which can generate a behavior comparable with some behavior of interest in the real
system.' One final definition of a model, by Neelamkavil (1987), gives insight to why models are
important.

A model is a simplified representation of a system (or process or theory) intended
to enhance our ability to understand, predict, and possibly control the behavior of
the system.

3.  MODEL TYPES

Models can be classified in different ways.  Two of the most common ways to classify models are
based on how the model was developed or on the type of output produced by the model.

3.1  Empirical vs.  Physical

Depending on how the model was developed, it can either be classified as an empirical model or a
physical model.

An empirical model is a model based on statistical analysis of a specific data set.  Empirical
models tend to be site specific, applying only to situations that closely resemble the original
system that was modeled.  As a result, empirical models tend to be good predictive tools for
systems of similar constraints.

A physical model, sometimes called an analytical model, is a model based on physical, chemical,
or biological laws that describe how a system works.  Relationships (equations) are proposed for
the observed processes based on the understanding of basic physical, biological, chemical, and
mathematical principles (Piedrahita et al., 1994).  Because they are based on general principles
and not on specific site data, physical models tend to be applicable to a wider variety of situations,
but as a result tend to be less accurate predictors than empirical models.  However, a major asset
of physical models is their usefulness in gaining insight on how a particular system or process
works, and on being able to identify how a system or process might perform under conditions
different from those for which data are available (Piedrahita et al., 1994).

To illustrate the differences between empirical and physical models, consider the following
situation: A researcher wants to predict the growth of striped bass, in a farm pond, in Strasburg,
VA.  The researcher could develop an empirical model by taking population samples of striped
bass size in the pond at weekly intervals, for several years.  From this data the researcher could
then statistically analyze the striped bass size data over the time period to produce a predictive
model of striped bass growth with time.  The only input to this empirical model would be time.
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On the other hand, the researcher could develop a physical model to predict striped bass growth. 
Using a bioenergetics approach, the researcher could model striped bass growth as a function of
water temperature and quality, food availability and consumption, activity (metabolic rate,
respiration), egestion, and excretion.  The physical model could then be used to predict striped
bass growth with respect to time as a function of the input variables.

One would expect the empirical model to be a better predictor of growth than the physical model
for that particular farm pond in Virginia.  However, one would also expect the physical model to
be a better predictor of striped bass growth, than the empirical model, for a farm pond in
California.  This is because the physical model is based on the understanding of the physical and
biological processes and their relationship to the environment (which changes with location),
whereas, the empirical model is based on the site specific data of the pond in Virginia.

3.2  Deterministic vs.  Stochastic

Two other categories of models, based on the type of output they produce, are deterministic and
stochastic models.

A deterministic model has predictable relationships between it's input and output variables and
yields a unique output for the given input data.  No matter how many times the model is run for
the given input, the output will always be the same.

Stochastic models, sometimes called probabilistic models, do not have predictable relationships
between their input and output variables, but have a certain degree of randomness resulting in
non-unique output for the given input data.  For the same input, stochastic models are run many
times, with the output results used to generate statistical probability distributions that estimate the
output (Neelamkavil, 1987).

To illustrate the differences between deterministic and stochastic models, consider the following
situation: A researcher wants to predict pond temperatures, at weekly intervals, over the course of
one year.

The deterministic model could be developed by determining the mean weekly temperature of the
pond for each year that pond data is available.  The researcher would then input the data set into a
simple model that would average the same weekly temperature value (e.g. week number 20) for
each year, and produce the predicted temperature value for each week of the year.  Each time the
model was run with the same data set, the model would produce the same output.

Likewise, a stochastic model could also be developed by creating statistical distributions of the
average weekly pond temperature for the yearly data sets.  The model would then randomly pick
a value from these individual statistical distributions and use it as the value for the temperature of
the pond for each week.  Each time the model was run, a different value for each week would be
produced.  The model could then be run numerous times to generate a statistical probability
distribution for each week's pond temperature.
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The deterministic model's output would produce the same value each time it is run and could be
skewed by an extreme temperature if only a limited number of yearly data sets were available. 
The stochastic model's output would be different for every iteration and when run for many
iterations, is less likely to be skewed by any single extreme temperature.

4.  MODEL VERIFICATION AND VALIDATION

Two important processes must be performed during model development: verification and
validation.  In today's society, models are almost exclusively developed with and for use on
computers.  As a result, the terms software verification and validation, program verification and
validation, and model verification and validation are used interchangeably.  Unfortunately, several
different definitions are also used for these terms.

Neelamkavil (1987), defined verification and validation in the following way:

Verification is a procedure to ensure that the model is built according to
specifications and to eliminate errors in the structure, algorithm, and computer
implementation of the model.  Proving programs correct, walk through methods
and checking for ill-conditioning, convergence, accuracy, robustness and clerical
errors are the main features of verification.

Validation concentrates on the degree of fit between reality and its model
representation.  It examines the question of whether the model provides an
accurate description of a real-world situation or whether model predictions are
consistent with observations.

American National Standards Institute/Institute of Electrical and Electronics Engineers', Standard
for Software Verification and Validation Plans (Std 1012-1986, 1986) contain the following
definitions:

Verification - The process of determining whether or not the products of a given
phase of the software development cycle fulfill the requirements established during
the previous phase.

Validation - The process of evaluating software at the end of the software
development process to ensure compliance with software requirements.

Still Knepell and Arangno (1993) provide another definition for each:

Verification - Substantiation that the computer program implementation of a
conceptual model is correct and performs as intended.

Validation - Substantiation that a computer model, within its domain of
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applicability, possesses a satisfactory range of accuracy consistent with the
intended application of the model.

By the above definitions, verification is the process of ensuring that the model/program is doing
what the modeler wants it to and validation is the process of seeing how well the model's results
compare to the real-world system being modeled.  In other words, verification answers the
question: Are we building the model right? and validation answers the question: Are we building
the right model?

Verification and validation are not processes that should be performed after a model has been
developed.  They are processes that should be performed in parallel with model development.

5.  MODEL DEVELOPMENT

Figure 1 represents the steps that should be taken during model development including both
verification and validation.

FIGURE 1: MODEL DEVELOPMENT
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In Figure 1, the first block, Problem Identification is the first phase in model development.  In this
phase, the system to be modeled is identified.  Using the example of the striped bass growth
model, the Problem Identification phase is the researcher's need to predict striped bass growth in
the farm pond.  The Problem Definition phase is the phase in which the modeler determines the
bounds of the system and decides which type of model to develop.  In our example, this is where
the researcher decides to develop a bioenergetics growth model (a physical model) and determines
which factors should be the governing input variables.

The next phase, Algorithm Development, is where the researcher develops the physical,
biological, chemical, and mathematical relationships that govern fish growth.  Once the algorithms
have been developed, the Computer Model Development phase begins.  It is here that the
researcher's algorithms are transformed into actual computer programming language or code. 
Once all the code has been developed and arranged in program format, the result is a computer
model.

The next phase in the modeling process, is the Computer Model Verification phase.  In this phase,
each algorithm is tested to ensure that it is doing what it was designed to do.  The most common
method of Computer Model Verification is code walk-throughs.  In code walk-throughs, each line
of computer code is inspected or tested to ensure that it will perform the operation for which it
was intended to do.  Once all the algorithms have been tested, the overall system architecture (the
algorithms in program format) should be verified.  If the model fails verification, then the process
of Algorithm Development and Computer Model Development should be revisited until the model
is verified.

Once the model has be verified, it should be validated.  The Computer Model Validation phase
determines whether the model's output has the accuracy required for the model purpose or use
over the domain of the model's intended application (Sargent, 1984).  Depending on how the
model was developed, validation can be performed in many ways.  If the model is an empirical
model, then if possible, the model should be validated with data other than that used in model
development (McCuen, 1985).  If the model is a physical model then it should be validated with
data for all required inputs.

In some cases, input data is not available to validate a model and other means of validation must
be performed.  These include exploring the model's output behavior and comparing it's output to
that of other models (Sargent, 1984).  Exploring the model's output behavior to determine if it is
reasonable, is a commonly used approach to increase confidence in a model and its results.  This is
done by running the model for different inputs over its entire domain and then performing
sensitivity analyses and checking trends.  Comparing model output to other similar models' output
enables one to examine trends in results (Sargent, 1984).

For our striped bass growth model, Computer Model Validation could be performed in numerous
ways.  The best way to validate the model is with several different sets of independent data from
different ponds under different environmental conditions.  The model would be run for the given
inputs and the model's results compared with the actual growth data.  Statistical analysis could
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then be performed to determine the model's degree of fit and it's predictive capability.  If specific
growth data for striped bass were not available then the model could be validated using a similar
species such as a freshwater white bass.

If no data is available for validation, then our model could be run for expected input conditions
and the output examined and compared with similar output from other fish growth models (i.e.,
trout or catfish).  One would expect the model outputs to be different, but growth versus time
trends for both models should be similar.  In addition, comparison of a physical model's output to
an empirical model's output could also be used, as empirical models are based on statistical
analysis of specific data sets.

Sargent (1984) stated that to obtain a high degree of confidence in a model and its results,
comparison of the model's and system's input-output behavior for at least two different sets of
experimental conditions is usually required.  A model is considered valid when it meets or exceeds
it's predetermined level of accuracy.  This level of accuracy should be determined during the
Problem Definition phase.

If the model fails validation, then the modeler should return to the Algorithm Development phase.
 Once the model passes validation, the model is considered to be a Verified and Validated
Computer Model and can then be used to model systems for which it was developed.

6.   APPLICATIONS IN COMMERCIAL RECIRCULATING AQUACULTURE

Growth models are an important type of model that, when used correctly, can be very beneficial
to the commercial recirculating aquaculture industry.  Both empirical and physical growth models
can be used, with the physical models being the more useful.

6.1 EMPIRICAL GROWTH MODELS IN RECIRCULATING AQUACULTURE

Similarly to the example in Section 3.1, an empirical model could be developed from data
accumulated in recirculating systems.  This data could be collected for fish growth at a variety of
temperatures and feed-to-weight ratios.

Using this type of model, a farm manager could then develop market strategies by predicting
when the fish will reach market size.  The manager could vary the grow out period by holding
certain fish at different temperatures or by changing feed-to-weight ratios.  This model could then
predict when the fish would reach market size under the different temperatures or feed-to-weight
ratios.  With the model's help, the farm manager could then produce fish at uniform intervals or
produce all the crop when the demand will be the greatest.

The downfall of using this type of empirical model is that the model is only as good as the data
that was used to develop it.  There are many other factors such as pH, dissolved oxygen,
unionized ammonia, and photo period that this type of model does not normally account for.  This
is because data for these parameters is not generally recorded or available.  The predictive
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capability of the model diminishes rapidly, the greater the conditions differ between the original
system and the new system.  However, if these parameters are known throughout the growth
period, then the manager is more capable of replicating these conditions using a recirculating
system then if other traditional aquaculture systems (flow through, cages, or ponds) are used. 
This is because the manager is more capable of controlling/changing the water temperature,
dissolved oxygen, and food intake in a recirculating system, then in the other types of systems.

6.2 PHYSICAL GROWTH MODELS IN RECIRCULATING AQUACULTURE

Like empirical growth models, physical growth models, based on fish bioenergetics, can be
extremely useful in recirculating aquaculture.  The advantage of using a physical model over an
empirical model is that the interactions of several, controllable variables (temperature, dissolved
oxygen, unionized ammonia, feed, photo period, etc.) can be evaluated instantaneously, without
time consuming and costly pilot studies.

Computer bioenergetics models will allow the farm manager to predict market schedules, similarly
to the empirical model, but will allow him/her to vary more parameters than the simpler empirical
model.  If the physical model is verified and validated properly, it should be a better predictor for
the commercial recirculating system than the empirical model.

Another use for the physical model, in recirculating aquaculture, is as a tool in performing cost-
to-benefit analyses.  Since the model predicts fish growth based on available dissolved oxygen,
water temperature, feed, and unionized ammonia, etc. the manager can use the predictive
capabilities associated with different management practices.  The cost of using liquid oxygen,
electric heaters, different filtration systems, or combinations of such equipment, with respect to
grow out period, could be determined and then optimized to produce the required amount of fish
at the lowest possible cost.  Traditionally, feed costs are the largest annual cost for a commercial
aquaculture facility.  The model could be used to predict the optimum amount of feed needed
during different portions of the grow out period, to produce the amount of fish needed for a
certain period at the lowest amount of feed and therefore, the lowest cost.

Likewise, aquacultural engineers or system designers could use the physical model to determine
system design requirements.  Using the proposed management plan, which relates the required
growth period and feeding regime, the physical model could be modified to predict the unionized
ammonia levels expected in the recirculating system.  With this information, the appropriate filter
size and type can be designed to handle the predicted ammonia levels.  The model could also be
modified to predict the amount of dissolved oxygen the system would need, per the management
plan.  Once the required oxygen was known, the appropriate equipment to supply it can be
selected.  Still another model modification could be made to predict the required water
temperature to meet the management plan.  Once the required temperature is known, the system's
heating capacity can be calculated and the appropriate heater/cooler selected.
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6.3 OTHER MODELS FOR RECIRCULATING AQUACULTURE

Similarly, other types of computer models can also be applied to recirculating aquaculture. 
Paulson (1980) developed an empirical model to predict ammonia excretion for brook trout and
rainbow trout.  Inputs to his model included fish nitrogen consumption, body weight, and water
temperature. This model could be used to establish proper stocking densities for existing
recirculating systems or to determine proper water retention time and biological filter size for new
systems.

AQUASIM (Gempesaw et al., 1992), a stochastic computer model, was developed to analyze the
financial feasibility and performance of aquaculture production facilities based on output prices
and quantities, variable input costs, survival rates, feed conversion rates, and stocking densities.
AQUASIM Version 1.7 allows the user to evaluate facilities specializing in hybrid striped bass
production in ponds, oyster production in racks/trays, and tilapia production in recirculating
tanks.  The output provides detailed results regarding the economic and financial viability of the
proposed production facility.  Other AQUASIM options include estimating asset inventory and
random simulation of feed conversion at different stages of production and time periods.

McNown and Seireg (1983) developed a generalized computer model to optimally design a multi-
stage recirculating aquaculture system.  The program incorporated organism growth, energy
management, plant location, market conditions, harvest date, and harvest size to determine the
optimal number of stages for a particular species and the system's operational constraints.

With the wide spread distribution of inexpensive and powerful personal computers and the
growing financial constraints facing the aquaculturist today, models can be developed for a variety
of uses in recirculating aquaculture.  System economics including energy consumption, market
prices, product distribution, and consumer consumption can be modeled and evaluated.  System
head losses, pump sizes, and tank circulation can be modeled and optimized.  Models can be
developed to determine waste production and disposal concentrations and to evaluate the
prevalence and intensity of diseases and parasites.  For just about any problem encountered in
aquaculture today, a computer model can be developed to aid in producing a solution for even the
most complicated of situations.  The challenge is to identify what are the important parameters, to
develop the model properly, to verify and validate the model, and then to apply the model
correctly to any number of similar situations.

7.  SUMMARY

Computer models, when developed correctly - based on sound data and judgment, can become
very useful tools for commercial recirculating aquaculture.  They can save both time and money
by predicting growth under varying conditions without sizable investments in pilot studies.  Both
empirical and physical models, if properly verified and validated, can be useful for predicting
market strategies.  Physical models, based on fish bioenergetics, can also be used for performing
cost-to-benefit analyses for both system and management plan modifications.  Finally, models can
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be used as design tools for developing a recirculating system's design requirements and to
evaluate economic viability.
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Abstract

Trends in waste feed have been used to automate the feeding of fish to satiation, which improves
fish production efficiency while reducing discharge of solids and nutrients.  This paper describes
an ultrasonic monitor developed to detect feed within the drain pipe of fish culture tanks.  The
ultrasonic probe was designed to be mounted looking down the vertical axis of culture tank stand
pipes that are 1.5 inch diameter or larger.  The UWFM detects feed by generating rapid (5-50
pulses per second) and high frequency acoustic pulses (1MHz) and monitoring for echos reflected
back.  Upon feed detection, the UWFM opens an isolated relay, which signals that feed was
detected.  A human or programmable logic controller (PLC) can use the signals indicating waste
feed to control feeding events.

The UWFM was calibrated to distinguish feed from fish faecal matter by adjusting the reflected
signal gain and threshold set-point.

Introduction

Improved aquaculture production efficiencies, waste management practices, and effluent pollution
control are all affected by fish feeding strategy (Storebakken and Austreng, 1987; Seymour and
Bergheim, 1991; Juell et al. 1993; Hankins et al. 1995; Mayer and McLean; 1995; Summerfelt et
al. 1995; Thorpe and Cho, 1995; Goddard, 1996).  Fish appetite, which can be observed as fish
feeding activity or as waste feed, can fluctuate daily due to a wide range of both physiological and
environmental factors (Huntingford and Thorpe, 1990; Stradmeyer, 1990; Bouvard and
Leatherland, 1992).  Poor feed utilization due to uneaten feed is more likely with feeding methods
that are not sensitive to the changing feed requirements of the fish.  Feed utilization and fish
growth (i.e., production) can be increased by using feeding strategies that allow the fish to control
the amount of food that is available to them (Blyth 1992; Blyth et al. 1993; Juell et al. 1993;
Durant et al. 1995; Hankins et al. 1995; Thorpe and Cho 1995).
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Ultrasound, used to detect waste feed within sea cages (Juell et al. 1993) and within the piped
effluent from culture tanks (Durant et al. 1995; Hankins et al. 1995), has been shown to improve
fish production efficiency and reduce waste.  The first generation ultrasonic controller used to
detect waste feed within piped culture-tank effluents was described by Summerfelt et al. (1995). 
This first generation waste feed controller was a viable and relatively low cost ultrasonic device
that detected waste feed and controlled feeding based upon the quantity of waste feed detected. 
Feeding fish to satiation, determined when waste feed is ultrasonically detected, improved growth
and waste feed was minimized when uneaten feed was detected and this information was used to
terminate feeding (Durant et al. 1995; Hankins et al. 1995).

This paper continues the work of Summerfelt et al. (1995).  However, the device described here,
an ultrasonic waste feed monitor (UWFM), is not a controller like the first generation device;
rather, the UWFM is a relatively low-cost device that can be used to monitor waste feed within
the effluent pipe of a fish culture tank and transfer that information to another system via a digital
signal (Figure 1).  This second generation device also differs in the manner in which it monitors
for feed in the effluent flow.  The UWFM monitors the flow vertically down the axis of the
culture tank stand pipe, which covers a much larger fraction of the effluent pipe volume than was
monitored with the first generation device.  The UWFM also incorporates a commercially
available hydroacoustic transducer and an electronic design that would ultimately improve the
sensitivity of waste feed detection and the ability to exclude faecal matter.

Figure 1. Ultrasonic waste feed control within rearing tanks.

System Design

The UWFM was designed and built by staff at the National Center for Physical Acoustics (NCPA)
(University of Mississippi) to meet criteria and specifications provided by staff at the Freshwater
Institute (Shepherdstown, West Virginia).

Figure 2 shows a system block diagram of the UWFM.  The UWFM uses an 8-bit microcontroller
to synchronize all the timing operations and control the relay and the transmitter/receiver.  The
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microcontroller contains enough on-chip memory to store and run the UWFM program.  It also
has the capability to output other digital formats (i.e. RS-232/485) to the control system, if
needed.

Figure 2. UWFC System Block Diagram.

The UWFM uses an acoustic transmit and receive frequency of 1 MHz.  The transducer has a 14
degree cone shaped beam pattern (Figure 3).  The receiver gain is controlled through 3 DIP
switches.  The gain range must be increased when used within larger diameter pipes.  The
required signal gain is a function of the transducers' conical beam pattern, because as pipe
diameter increases, the block of area that is sampled also increases.  This occurs because for a
given pipe size, sampling begins at 85 percent of inside pipe diameter and extends to 115 percent
of pipe internal diameter.  Initiating sampling at 85 percent helps minimize multiple counts from
the same feed pellet.  Likewise, terminating sampling at the 115 percent of internal pipe diameter
ensures complete ensonification of the pipe subvolume by the acoustic beam.  Each gain setting
works for 2 pipe sizes.  The gain settings will vary depending on what pipe sizes will be
encountered, but for the first two alpha units the gains were adjusted as follows:  gain setting (1)
works with pipe sizes of 1.5 and 2 inches.  Gain setting (2) works with 3 and 4 inch pipe and gain
setting (3) works with 5 and 6 inch pipes.
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Once the acoustic echo has been received and amplified, it is fed to a threshold detector with 8-bit
resolution.  This provides 255 threshold combinations from 0 to 5 volts.  The function of the
threshold detector is to decide whether the received echoes are feed or feces, or some other
particle not to be counted as feed.  The threshold detector makes it's feed/no feed decision by
comparing the echo signal amplitude, in volts, to the user selected threshold voltage.  If the echo
amplitude is greater than the threshold voltage, the threshold detector signals the microcontroller
to register that echo as a feed pellet.  If the echo amplitude is less than the threshold voltage, the
echo is discarded.  To calibrate the system, the minimum echo amplitude from feed is measured
and the threshold voltage is set below that amplitude.

As described above, the UWFM was designed to sample the culture tank effluent during feeding
and open a set of relay contacts when feed is detected (Figure 4).  The UWFM uses a solid-state
relay with one set of isolated relay contacts that open or close when feed is detected or not
detected, respectively.

Figure 3.  This drawing shows how the sample volume increases with pipe I.D.

The relay contact position (open/closed) is synchronized to the pulse/echo repetition rate (Figure
5), i.e., pulses per second (PPS).  When power is applied to the unit the relay contacts close
(Figure 5).  If the system does not detect an echo after an acoustic transmit pulse, the relay
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contacts remain in the closed state (Figure 5).  However, if an echo from feed is detected, the
device will open the relay contacts for a time period equal to the PPS interval, after which the
relay closes again (Figure 5).  The system also has an LED that is synchronized to the output
relay.  As with the relay, the LED is normally on and turns off, for a period equal to the PPS,
when feed is detected.  This provides a quick visual indication of feed detection and proper
system operation.

Discussion

The first generation device, described by Summerfelt et al. (1995), was designed to both detect
waste feed and control feeding.  The second generation device, reported here, the UWFM, was
not designed to directly control feeding but to function solely as a waste feed monitor.  The
feeding decision process is now transferred to the user via most commercially available 'facility-

Figure 4. Illustration of the control mechanism used by the UWFM
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wide' tank monitoring systems.  These systems allow the user to optimize the feeding control
algorithms for their facility by utilizing the 'facility' computer.  Ideally, the control algorithms
would maximize feed intake (i.e., fish growth) at the lowest feed conversion rate by using input
from the UWFM, it's knowledge of biological factors controlling appetite and feeding behavior,
and of feed rates and retention times within the culture tanks.  Additionally, by using isolated relay
contacts, the user has increased flexibility in providing their own signal format (AC/DC, high/low
voltage) to be fed back to the monitoring system.

The ultrasonic transducer is the most critical component of the UWFM.  When placed within the
effluent pipe it detects uneaten feed within the flow by quantifying ultrasonic echo energy in a
given observation volume (fig. 3).  The echo energy collected is dependent upon the density
contrast between an object (e.g., feed, fish, bubbles, scales, and feces) and the surrounding water
(Foote et al. 1987).  The low water content and solid consistency of fish feed pellets make them a
good reflective target (i.e., strong echo) and allow them to be distinguished from fish feces using
the threshold detector because fish feces typically have a much higher water content (i.e., weaker
echo).  Fish scales can also be detected due to their dense composition.

Figure 5. Relay contacts are synchronized with the PPS.  The contacts are normally closed
and open only when feed is detected.

Several external factors affect the performance of the UWFM, particularly bubbles.  Bubbles, if
entrained within the effluent flow will be detected and can interfere with accurate monitoring of
waste feed.  However, it is not difficult to eliminate bubbles by making the tank effluent piping air
tight.  Additionally, in systems that encounter high total gas pressures (approximately greater than
120 mm Hg), effervescence of gas out of solution and coalescence onto surfaces around the
transducer assembly can produce bubbles which interfere with waste feed monitoring.  The
transducer assembly design and its placement within the effluent pipe is important for preventing
retention of bubbles near the transducer surface.

Another factor affecting the performance of the UWFM is the acoustic sampling technique.  The
first generation device looked for waste feed across a pipe radius.  This technique however, only
sampled a small fraction of the pipe flow, especially within larger diameter pipes.  Additionally,
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for small pipe sizes, the transducer sampled in the acoustic near field of the transducer where the
sensitivity versus sample distance is very unstable.  Figure 3 shows that none of the sampling
volumes on the UWFM are within the near field of the transducer, hence, the received echo
amplitudes are more accurate.

In other improvements over the first generation device, the UWFM was developed to incorporate
a commercially available hydroacoustic transducer and an electronic design that would ultimately
improve the sensitivity of waste feed detection and the ability to exclude faecal matter.

Additionally, neither first generation ultrasonic waste feed controller, nor the second generation
UWFM detects absolute levels of waste feed, but rather each device detects trends in waste feed. 
The prototype can only indicate but not quantify waste feed for several reasons.  The system
cannot distinguish closely spaced pellets as more than a single pellet.  For example, two or more
pellets that are less than 2 cm apart will be counted as one pellet.  The UWFM may also count a
pellet multiple times depending upon the ultrasonic sampling rate, the size of the pellet, and the
velocity of the pellet within the pipe.  In addition, some pellets may not be detected because
detection is dependent upon both the pellet orientation (while passing across the observation
volume) and the adjustment of the transducer signal gain.  Fortunately, to function, the UWFM
does not have to quantify the exact number of pellets, but must only detect a statistical increase in
wasted pellets over time to indicate feeding satiation and control waste feed (Summerfelt et. al.,
1995).

In conclusion, the UWFM was designed to be a practical, cost effective monitor that can readily
be integrated into existing production systems that use large numbers of rearing tanks where the
investment per tank is a limiting factor.  The UWFM can feed fish to satiation (maximize growth
potential), yet help producers realize lower feed conversion rates by reducing feed wastage
(minimize operating costs) and reducing nutrient discharge and/or requirements for downstream
treatment at conventional multiple tank aquaculture facilities.  The UWFM should be as successful
as the first generation waste feed controllers evaluated by Durant et al. (1995) in tank culture
systems and as the waste feed controllers Juel et al. (1993) reported for sea cage systems.
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Introduction

Fish culture operations at the Northwest Fisheries Science Center (NWFSC) have ranged
from enhancement of native salmon stocks to maintenance of small numbers of fish for laboratory
experiments.  The culture techniques traditionally employed were developed by the local state,
and federal enhancement agencies. These techniques utilize carbon dechlorination of municipal
water, flowing once through fish rearing tanks, then to the sewer (single pass).  Previous research
efforts at the NWFSC, such as rearing endangered species, fish physiology, nutrition, toxicology
and improvement of fish husbandry practices, have been conducted exclusively with single pass
water.

Increasing demands placed on the region's freshwater resources, and the increasing dollar
value of municipal water called into question the suitability of single pass water use.  In 1991,
Seattle experienced a drought which resulted in water restrictions and higher water costs.  During
this time, the NWFSC was identified as one of the top twelve water users in Seattle.  The mission
of the National Marine Fisheries Service includes the wise use of limited natural resources and
sound environmental stewardship (NOAA 1995-2005 Strategic Plan); the continued use of single
pass water for fish culture is counter to that mission.

Initial funding ($216,000) for the water recirculation project was provided through the
Seattle Water Commercial Conservation Program, a fund maintained by the municipal utility that
contributes up to 50% of the capital costs of water conservation projects (Seattle Water, 1993). 
Additional funds ($471,000) were obtained through the 1995 Federal Energy Efficiency Fund
established by Congress exclusively for the improvement of energy and water efficiency in federal
installations, and administered through the United States Department of Energy (1994).  The
National Marine Fisheries Service (NMFS) and the National Oceanic and Atmospheric
Administration (NOAA) contributed the remaining funds ($420,000).

Building construction and renovation constituted the majority of the project's budget. 
Salaries were also budgeted.  The costs identified exclusively with the construction of the water
recirculation systems total $350,000.

The water recirculation systems were designed in consultation with the users to develop a
system to meet the needs of individual investigators.  This approach utilized surveys and
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interviews with the user groups at NWFSC.  As a result eleven separate recirculation systems
were designed to satisfy a variety of requirements of scientists at NWFSC.  Three systems (510
lpm, 280 lpm and 250 lpm) are used by the physiology group, one system (280 lpm) by the
nutrition group and one system (280 lpm) by the toxicology group.  In addition, six small (20 lpm)
systems will be used by the engineering group to conduct research on water recirculation. 
Described here are the five larger systems; the six smaller systems are conceptually similar.

The switch to water recirculation at NWFSC required both the rehabilitation of existing
facilities and the construction of new ones.  A new 3500 square foot steel building was
constructed to house two new fish rearing laboratories.  Two head tank towers were also
constructed, one for two systems in the new building, and one for three systems in an existing
building.  Construction began in October of 1993; the completed systems were turned over to the
users, following in house training, in December 1995.

Description of systems

The recirculation system design does not preclude the use of single pass water.  There are
two sources of water available at each tank, one single pass and one recirculated.  In addition,
there are two drain systems available at each tank, one to the sump for recirculation, and one for
discharge to the sewer.  All of the recirculation systems will automatically go to 100% single pass
as a fail safe in the event of pump/power failure.

All the systems follow the same basic design (Figure 1).  Drain plumbing at each fish
rearing tank includes an external standpipe, which serves as the first site for solids settling and
removal.  A knife valve between the tank drain and standpipe directs solids settled in the tank, to
the sewer (Figure 2).  The knife valve can be quickly opened and closed to minimize water loss. 
Additional solids settling takes place in the sump.  Settled solids are removed by periodically
vacuuming the sumps.  The sumps in both the remodeled and new buildings are concrete basins
cast into the buildings' foundations.  Make-up water is added to the sump by a float valve as
needed; excess water is discharged through an overflow to the storm drain.

Water is pumped from the sump by a 2 hp Jacuzzui Magnum 1,2 centrifugal pump with
an integral basket strainer.  In the case of the larger, 510 lpm system, two pumps operate in
parallel.  The design of these pumps allows easy replacement of motor and impeller as one unit,
without disconnecting the pump housing from the plumbing.  Back-up motor/impeller assemblies
are maintained for use as needed.  Flapper type foot valves were installed on the intake lines to
maintain prime when the pumps are off.

                    
1 The use of trade names does not imply endorsement by the National Marine Fisheries Service or the U.S. Government.
2 Jacuzzi, Little Rock, AR
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Figure 1.  Schematic of basic water recirculation system.  Legend:  (P) pump, (Pr) pressure
regulator, (FM) flowmeter, (UV) ultra violet light sterilizer, (V) injection venturi, (O3) ozone

generator
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Figure 2.  Typical fish tank drain system.  Note the placement of the knife valve to facilitate solids
removal.

The biofilters are up-welling propeller washed bead filters3 (Malone 1993).  The filters are
designed to combine solids removal and biofiltration.  In our systems they are the third site for
solids removal.  Since most of the solids are removed ahead of the filter their function is primarily
biofiltration.  The media is a high specific surface area floating plastic bead that dissociates during
backflushing.  The bead filter design was chosen for it's space efficiency and the ability to
backflush.  High specific surface area of the media (>1050 m2/m3) allows for a smaller overall
size.  This consideration was particularly important when installing the filters into the existing
facility where space was limited.

Ozone is created by a corona discharge ozone generator4 and injected via a venturi.  The
pressure differential necessary to operate the venturi comes from a high pressure take-off between
the pump and the pressure regulator.  Ozone charged water is injected into the bottom of a 7.3 m
tall by 0.5 m diameter counter current ozone contactor.  Water exiting the biofilter is directed to
the top of the contactor.  The water then flows down to a pick-up tube in the bottom of the
contactor.  A counter current exchange is created between the gaseous ozone and the down
flowing water in the contactor.  Hydraulic residence time in the contactor exceeds eight minutes.

                    
3 Armant Aquaculture Inc., Vacherie, LA
4 Clearwater Tech, SanLuis Obispo, CA
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Water exiting the ozone contactor is discharged into the head tank.  Vigorous aeration is
maintained in the head tank through a manifold of air stones supplied by a regenerative blower. 
Water temperature, dissolved oxygen (DO), pH, and oxidative/reductive potential (ORP) are
monitored in the head tank.  Standpipes in the head tank maintain the water level and drain
directly back to the sump or to the fish rearing tanks via an ultra violet light (UV) sterilizer.  In
the event of a power/pump failure, a float valve located in the head tank maintains the water level
with dechlorinated municipal (single pass) water.

Water pH and temperature are adjusted in the head tank. pH is adjusted by injecting a
saturated solution of sodium bicarbonate from a mixing vat with a metering pump.  Heating is
accomplished by means of two 12 kW electric immersion heaters (three in the larger system). 
Cooling is by circulation of a coolant through a stainless steel or titanium heat exchanger by a
computer controlled pump.  The coolant is stored in a 7.92 m tall, by 2.64 m diameter, insulated
tank.  Coolant temperature is maintained by a 40 hp chiller.  The cooling system is common to all
five large recirculation systems.

Since the systems were primarily designed to meet the physiological needs of salmonids,
typical operating temperature ranges from 10-15°C. Water temperature control has been ±0.5°C.
At these low operating temperatures, ambient conditions tend to increase temperature.  Therefore,
the general response by the biofilter is to increase nitrification.  This is an advantage to operating
a low temperature system.  Initial colonization of the biofilter, however, required approximately
two months to complete.

The control system

The computer monitor and control system for each of the five water recirculation systems
consists of an Apple Macintosh5 computer, an ADC-J6 analog/digital interface, ADControl
software, various sensors, transmitters, and relays.  The decision to use a central controlling
computer, instead of multiple programmable logic controllers (PLCs), was based primarily on
cost, flexibility, and local availability.  Older model Macintosh computers were available as
surplus items following office upgrades.  The abundance of "obsolete" home and office computers
has a dramatic effect on the relative cost of data processors.

The ADC-1 comes equipped with 16 analog inputs, 4 digital inputs, and 12 controlled
outputs.  A number of millivolt potential and current loop limiting sensors/transmitters were
connected to the ADC-1.  Millivolt potential sensors such as galvanic oxygen sensors and
photocells were connected directly to the ADC-1.  The sensitivity of the ADC-1 is 0.1 mV, over a
range of ±400 mV.  Current loop limiting devices connected to the ADC-1 are typically 4-20 mA
signal conditioning transmitters that run on a 13 VDC loop from a separate power supply.

The ADControl list window is shown in Figure 3. A real time input data plot window,
                    
5 Apple Computer, Inc., Cuppertino, CA
6 Available from, Remove Measurement Systems Inc., Seattle, WA
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and an open screen, customizable graphics interface on which, input values and output states can
be placed as required are also available.

Figure 3.  The ADControl list window.  The window is one of three user interfaces available.

The analog input devices and their applications are described in numerical order below:

#1  Process flow is measured by a magnetic 'paddle wheel' flow meter (Signet 8510, a
current loop limiting device.)  The sensor measures the water flow to the biofilter.

#2  Demand flow is the water flow to the fish rearing tanks.

#3  Make-up flow is the water flow through the float valve in the sump.

#4  Emergency Flow is the water flow through the float valve in the head tank.

#5  Single pass Flow is the water flow that supplies single pass water to the fish rearing
tanks and the head tank (Emergency Flow).

#6  Temperature is measured by a solid state temperature transducer (AD590)7.  It is a
current loop limiting device that runs on 5 VDC supplied by the ADC-1.  The sensory was made
water proof by dipping it in PVC cement.

                    
7 Remote Measurement Systems Inc., Seattle, WA
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#7 & 8 pH and ORP are measured by two current loop limiting devices (Signet
871O) mounted in the head tank.

#9 & 10 are unused.

#11 Inlet Pressure is measured by a pressure transducer (a current loop limiting device,
Data Instruments XPRO8). Inlet pressure is measured in the pipe supplying the biofilter.

#12 Outlet Pressure is measured the same way as inlet pressure, but in the pipe that exits
the biofilter.  This represents the static head pressure on the system.  This input is not yet
connected.

#13 Oxygen is measured by a galvanic dissolved oxygen probe (OxyGuard9)mounted in
the head tank.  This device produces a millivolt potential proportional to the amount of dissolved
oxygen in the water.

#14 & 15 Outside Light and Inside Light are measured by galvanic photocells with 550
mV maximum potentials. These sensors are used to adjust the building's interior lights to the
ambient outdoor photo period.

#16 is unused.

#17 Room Temperature is measured by an AD590 solid state temperature sensor mounted
in the ADC-1.

The output of the ADC-1 is a latched 5 VDC signal.  Usually, the output signal from the
ADC-1 is passed through a solid state relay that is connected to the controlled device.  For the 12
kV immersion heaters, the signal from the solid state relay is passed through a heavy duty motor
control relay.  The ADControl software uses an if-then-else rule logic to control outputs.  A delay
can be programmed for each action to adjust the duty cycle of the output device.  Sequence rule
logic is currently being tested that will control the sequence of backflushing events.  The output
devices listed in Figure 2 are described below:

#1 Waste valve. The waste valve is actuated by a 115 VAC, 2.2 Amp, unidirectional, 1/4
turn motor.  This device has a manual override that allows it to be operated independent of the
computer if needed.

#2 Biofilter bass valve.  This valve is a three way, L-port ball valve, and is actuated by the
same type of motor as the waste valve.

#3 & 4 Sunrise and Sunset.  These outputs are connected to a Lutron Graphik Eye10

                    
8 Data Instruments Inc., Acton, MA.
9 Point Four Inc., Vancouver, B.C., Canada.
10 Lutron Electronics Co. Inc., Coopersburg, PA
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theatrical scene timer that controls the incandescent light intensity inside the building.  The scene
timer controls the intensity and ramp speed from darkness to the selected intensity.  The daylight
intensity and ramp speed are programmed as a scene that is triggered by a momentary contact
closure of a 5 VDC solid state relay.

#5 is unused.

#6 Biofilter mixing motor.  This is a 3 hp propeller mixer that is built into the biofilter. 
The signal is relayed from the 5 VDC relay through a 3 phase starter relay.  During the backflush
cycle, the mixer comes on for approximately 10 seconds.

#7 Cooling pump.  This 1/4 hp magnetic drive pump circulates centrally chilled coolant to
the heat exchanger in the head tank.

#8 Heater.  Two 480 VAC, 3∅, 12 kW immersion heaters are controlled via a heavy duty
magnetic contactor relay, that is in turn controlled by a 5 VDC solid state relay.

#9 Buffer pump.  The system pH is controlled by adding a saturated soution of sodium
bicarbonate with a metering pump.  The pump is operated through the manufacturer's remote
control cable.

#10 Trouble alert.  The trouble status is defined by a number of if-then-else rules that
activates a telephone dialer.  Examples of this level of alert would be low pH; low, or moderately
high filter inlet pressure that indicates a backflush is necessary.  The telephone dialers are
programmed to call pagers, during business hours, issued to the appropriate biologists.

#11 Alarm.  The alarm status is also defined by if-then-else rules.  These rules specify
conditions the require immediate attention, such as emergency make-up flow, etc.  These rules
operate 24 hours a day.

The controlling computers are connected to the NWFSC's local area network (LAN). 
This enables technicians, and managers to monitor the system status from other computers on the
LAN.  This also enables the technician "on call" to monitor and control a system remotely via
modem when paged after hours or on weekends.  Several levels of monitor or control access are
defined and assigned individually.

A World Wide Web site is maintained at NWFSC that displays the input data from the
systems, updated every five minutes.  In addition, a brief description of the system and its
components is available.  The site can be reached at:

http://research.nwfsc.noaa.gov/recirc/
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Water Use and Projected Savings

The total water consumption at the NWFSC from May 1992 to May 1993 was 7906 m3

including domestic and fish culture water.  Of that, the estimated single pass fish culture water
requirement was about 6864 m3/year.  The recirculation system is designed to recirculate 90% of
the flow to the fish rearing tanks.  The remaining 10% is lost with solids.  Using the system, we
anticipate the water requirement to be 686 m3, a savings of 6177 m3 each year.

The previous single-pass system relied on a total of 212 hp (158 kilowatts) of chilling
capacity during the four warmest months of the year to maintain appropriate water temperatures
for salmon culture.  By recycling water, we anticipate reducing the energy needed for chilling by
more than 50%.  This reduction in energy needed for chilling more than offsets increased energy
demands for pumps, U.V. lights, and ozone generation.  The net savings is calculated to be about
30% of the current energy used for fish culture.

One year later, successes and failures

As of this writing, the systems have been operating for approximately one year.  In that
time they have generally met their design criteria.  In fact, one of the systems is loaded nearly
three times the level initially projected by the user group.  In this system, the limiting factor is
dissolved oxygen.

Although the systems have been operating for approximately one year, they have not yet
been fully utilized.  Therefore the exact water and energy savings are not yet known.  Two of the
systems however, are running close to capacity and are using less than 1% of the water used by
previous, single pass systems.

The operation of the water recirculation systems has had a positive effect on the staff
awareness of water quality in general.  Before water quality monitoring became an operational
necessity, it was often taken for granted.  Regular logs of the water quality parameters are now
kept, and the influences of management decisions, such as feeding level and frequency, are noted.

There have been challenges, as can be expected with any plan to change the operating
practices in peoples' work place.  Most of the challenges have been due to system management. 
Some problems such as overharvesting the biofilter with repeated backflushings, were the result
of poor record keeping.

There have also been some equipment failures such as probes and check valves.  The
system is also a beta-test for a new release of the monitor and control software which is still under
development, although the current release software has been very reliable.  Despite these
difficulties, the systems are meeting the water needs of 6-8 researchers managing multiple
projects, many of which, are long term studies representing considerable investments of research
resources.
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Overall the project can be considered a success and was recently awarded an United States
Department of Energy's Federal Energy and Water Management Award for 1995 for energy and
water conservation.  With the construction of the six smaller systems, an opportunity now exists
at the NWFSC for further research into the technology and practice of water recirculation for
aquaculture.
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Economies of Scale in Recycle Systems

Edward M. Wade, Steven T. Summerfelt, and Joseph A. Hankins
The Conservation Fund's Freshwater Institute

Shepherdstown, West Virginia

Introduction

The economics of intensive recycle systems for the rearing of a variety of aquaculture species
have been conducted by a number of researchers (Muir 1981; Losordo and Westerman 1991;
O'Rourke 1991; Gempasaw et al. 1993).  These studies have largely focused on specific system
designs for a given level of output but have not identified the savings in capital and operating
costs which exist as systems are scaled up.  These savings can be significant and can contribute to
the success or failure of an intensive recycle system.

It is generally believed that economies of scale exist for recycle systems as they scale up in size,
because larger systems spread operating and capital costs out over more production.  It is also
generally recognized that certain cost components such as labor, feed costs, electrical costs, and
certain capital equipment, contribute more to economies of scale than other costs.  This analysis
demonstrates the economies of scale relationships which exist for a cold water intensive recycle
system designed to raise rainbow trout.  The intention of this paper is not to promote a system
design, but rather to highlight general cost patterns for different scales of a modular recirculating
system that we think uses cost effective technologies and management strategies.

Discounted cash flow analysis is the appropriate method of evaluating the potential for economic
returns from a given design and scale of recycle systems, as pointed out by (O'Rourke 1991). 
Using this framework, the profitability of a given system will be determined by four main factors,
capital costs, operating costs, annual revenues, and the required level of return or opportunity
cost of capital for the project.  To the extent that scales of economies exist, the importance of
each of these factors may shift in terms of their affect on net profits for a given percentage change
in value.  For instance, a 10% change in capital costs for a small recycle system would be
expected to have a larger impact on returns than on a large system (assuming that capital costs do
not increase at the same rate as revenues with the increase in units of production).  Likewise, the
economies of scale due to variable costs can be expected to have the same effect.  In addition to
whole categories changing in importance, individual component costs within those categories will
change for a given level of production.  The tradeoffs between these relationships was determined
in this paper, so that more informed decisions could be made about selecting the right scale of
production.

Materials and Methods

The determination of scales of economy in recycle systems requires the establishment of
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boundaries in order to make the problem manageable.  This analysis assumes a given system
design, but was flexible in selection of alternate technologies when the economics warranted a
change, because not all technologies proved cost effective across the range of flows discussed. 
The species chosen for the analysis was rainbow trout, due to the wide availability of production
and marketing data, and our familiarity with this technology in cold water systems.  In order to
capture the range of production for most commercial recycle systems, the annual production
levels chosen for this analysis were 50,000 lbs, 500,000 lbs, and 1,000,000 lbs.  The system design
and management strategies that were assumed to develop costs were based on research conducted
at the Freshwater Institute.  Cost estimates were developed from industry suppliers, Freshwater
Institute experience, and discussions with commercial recycle system operators.

An intensive system design was developed for the production of rainbow trout from eggs to 13
inch harvest size, for the three levels of annual production.  Components were chosen from
standard aquaculture technologies and were sized based on established engineering design criteria,
with appropriate safety margins built in.  Entire production facilities were designed based on
operating and design parameters (Appendix) that were largely reviewed by Summerfelt (1996).

The production strategy chosen was a batch production of fingerlings up to 4 inches in size, and
then a series of increasing larger growout tanks managed in a continuous stocking and harvesting
strategy similar to those described by Summerfelt et al. (1993) and Heinen et al. (1996).  The use
of a continuous production strategy maintains a high biomass density with little fluctuations in
weight over time, which maximizes the use of resources for a given annual level of production.

A schematic of the facility design (Figure 1) was used to determine building space requirements. 
Four large tanks were selected to grow-out fish from 8 to 13 inches, two medium tanks to
growout 6 to 8 inch fish, and two small tanks to growout 4 to 6 inch fish.  The initial design was
developed as a trade off between fewer larger tanks and the perceived risk minimization provided
by multiple independent systems.  Oxygen and ozone application were common to all tank
systems within each facility size. with total system duplication of each to minimize risk.  A
schematic of a typical recycle loop is presented in Figure 2. Round tanks with a 5 foot water
operating depth were selected for all culture tanks.  It was assumed that the culture tanks would
be operated as tea-cup settlers, so that the majority of settleable solids would be removed within a
small fraction of the total flow (5%) exchanged through the tank's central floor drain; and, that the
majority of flow (95%), relatively low in settleable solids, would be exchanged through a large
port on the tank wall leading to the recycle loop (Figure 2).  The 5% flow leaving each culture
tank is equal to the make-up water flow to each modular recycle system; therefore, the flow does
not need to be returned.  The make-up water flow was selected to exchange each system's water
volume once per day, which would maintain the cold temperatures that trout require.  The
relatively high solids and low volume flow exiting the center drain would be carried to a single
treatment system for solids separation (and phosphorus treatment if required) before being
discharged.  The relatively low solids and high volume flow exiting the side wall port would enter
the water treatment system associated with each culture module.  The water reuse system for each
culture module (Figure 2) was designed to first remove solids from the flow with
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Figure 1.  Basic facility layout used in all systems:  black units represent solids removal and
biofilters, light gray units represent ozone contact tanks, and white circles represent culture tanks.
 The fish size within each culture tank is marked on one tank of each size.  Facility is roughly to

scale for the system that annually produces 1 million pounds.

Figure 2.  Layout of the recirculating aquaculture modules that recirculated 200 gpm.

either a drum filter (Hydrotech1, Villinge, Sweden) or a bubble-washed bead filter (Aquatic
Systems Technologies, New Orleans, LA), depending upon whether the recirculated flow was >
200 gpm (drum filter selected) or < 100 gpm (bead filter selected).  After the solids removal unit,
the water was collected in a small sump and pumped to a fluidized-sand biofilter, which was
designed to the appropriate scale using the criteria reported by Summerfelt (1996).  Water leaving

                    
1 Use of trade or manufacturer names does not imply endorsement.
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the biofilter, containing high levels carbon dioxide and low levels of dissolved oxygen, falls
through a cascade aeration column designed (based on criteria from Summerfelt 1996) to strip
carbon dioxide while raising the dissolved oxygen back to about 90% of saturation; and, water
leaving the cascade column is directed to either a u-tube or Speece/cone type oxygen saturation
device (Aquatic Eco-Systems, Apopka, FL; and, Keeton Industries, Ft.  Collins, CO), depending
on whether the recirculating flow was > 200 gpm (u-tube) or < 100 gpm (Speece/cone type
oxygenator).  Design of the u-tubes was based on criteria described in Boyd and Watten (1989)
and price estimates were made by obtaining price estimates from local contractors.  Criteria for
adding ozone were taken from Brazil et al. (1996) and cost estimates were obtained from several
suppliers.  Price estimates were obtained from various vendors for all tanks.  Technology shifts in
oxygen saturation and solids removal occurred where either capital or operating costs diverged
greatly per unit of flow treated.

The hatchery was designed to include 8 tanks for growout from 2 to 4 inches, 8 tanks for
growout from 1 to 2 inches, and hatching jars and larval rearing trays.  The hatchery was designed
to use water only once in a single-pass.  A low head oxygenation device (Water Management
Technologies, Mechanicsburg, PA) was selected to oxygenate the entire hatchery flow.

Results and Discussion

Capital and annual operating costs were developed for comparison purposes between facility sizes
and are discussed individually below.  In addition, the live weight price per pound which must be
received in order to generate a 15% return on investment over ten years is calculated in order to
show which marketing opportunities would be available at each size using this technology and
species.

The capital costs for the major components by facility size are presented in Table 2. Additionally,
to put the costs in perspective between facility sizes, the capital costs divided by the pounds of
annual production of each facility are presented in Figure 3. For all categories. the 50,000 lb a
year system shows a higher cost per annual unit of production than other systems.  Assuming a
25% installation cost, the corresponding total capital costs per unit of annual production for the
50,000 lb, 500,000 lb and 1,000,000 lb systems are $4.86, $1.44 and $1.38, respectively.

Additional building space represented the space not accounted for in the rearing systems, and was
comprised of office, hatchery, oxygen/ozone generation, isle, and storage space.  The grader and
harvester category represents an estimate of the cost of automated grading and harvesting
equipment.  The backup generator was sized to automatically provide emergency power to all
necessary systems during power outages of up to several days.

Installation costs are typically added to the cost of capital equipment for accounting purposes,
however the cost of installation can vary widely, therefore a range of installation costs as a
percent of capital equipment is presented.  Installation costs are not included for the building as
these costs were accounted for in the assumed space costs of $12 per installed square foot, based
on quotes from local contractors.
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Ozone equipment is not mandatory for the operation of these systems, but it can enhance water
quality (Brazil et al. 1996; Summerfelt 1996) and has been shown to reduce the incidence of BGD
in rainbow trout reared in recycle systems (Bullock et al. 1996).  Capital costs per pound of
production drop significantly for ozone equipment at larger scales, because this technology is
widely used in municipal sewage treatment plants at similar production rates.

The use of pure oxygen in intensive recycle systems is common because it allows for greatly
increased loading rates, decreased pumping costs, and the size of unit process equipment can be
decreased (Boyd and Watten, 1989).  Concentrated oxygen can either be purchased in liquid form
or produced on site.  The trade offs are higher capital costs for producing on site versus higher
per unit gas costs for purchasing gas.  There is also a risk factor for producing on site which was
mitigated in this analysis by system duplication.

Table 2. Estimates of capital costs for each scale and broken down by major category.

System Components Million 500K 50K
Rearing systems 664,991 349,409 79,549
Additional building
space

156,000 39,600 25,200

Oxygen generator 148,000 55,560 26,000
Ozone equipment 119,010 98,100 30,290
Backup Generator 49,000 30,000 15,000
Grader Harvester 28,000 28,000 28,000
Hatchery/Misc 16,300 8,711 4,137
Installation 25% 196,425 109,120 34,769
Installation 50% 392,850 218,240 69,538
Installation 75% 589,276 327,360 104,307

Rearing systems costs represent a compilation of the individual rearing tank and recycle loops
within a facility and represent the single largest capital component (Table 2 and Figure 3).  In this
analysis, any one production facility contains three sizes of recycle systems to culture the various
fish growout stages.  Additionally, the three sizes of modular recycle systems within each facility
scale represents a different amount of biomass held.  Therefore, 9 recycle loops were designed to
support different fish biomass levels over 3 facility sizes (Table 3).  The 50,000 lb facility was
estimated to have the highest cost per unit of annual production in this category, because it
incorporates the smallest individual recycle units (Table 2).  Note also that the smallest individual
recirculating culture modules are more expensive per unit of biomass held than larger units (Table
3).  Individual components of each recycle loop are further broken out in (Figure 4). To simplify
the presentation, recycle loops for 31,731 lbs and 8,382 lbs were not included in Figure 4, but
extrapolations can be made from the existing data.
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Figure 3.  Capital costs by annual pounds of production of the different component groups.

Table 3.  Estimates of capital costs per pound of biomass supported and the recycled flow rate for
each recirculating system within the three production scales.

Growout System Recycle Flow
 Rate (gpm)

Ave. Biomass Supported
(lbs)

Recycle loop capital
costs/lbs biomass

Million facility
                8" - 13"

2,000 63,468 2.07

                6" - 8" 500 16,764 2.41
                4" - 6" 200 6,616 3.01
500,000 facility
                8" - 13"

1,000 31,731 2.16

                6" - 8" 250 8,382 2.42
                4" - 6" 100 3,308 3.47
50,000 facility
                8" - 13"

100 3,200 3.92

                6" - 8" 26 839 7.14
                4" - 6" 10 334 12.42
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Figure 4. Capital costs per unit pound of biomass supported when broken down according to
component across the individual rearing systems.

Solids removal costs (Figure 4) show the largest economies of scale, and are especially costly for
systems with flows of 100 gpm or less, where bead filters were assumed.  The costs of drum
filters to treat flows < 100 gpm was $16.00/lb biomass, which is higher than the price of bead
filters to treat the same flow.  The high cost of solids separation in the smallest system sizes
suggests that alternative technologies with lower costs could have an impact on rearing costs.

Space costs represent the cost of building space taken up by each system and were somewhat
arbitrarily determined as system configurations and hence space utilization can vary significantly
between system designs; however, a pattern of economies that favors larger systems did exist
(Figure 4).

Speece cone type/oxygen saturators were assumed for flows below 200 gpm because the cost of
installing and operating U-tubes at low flow rates is relatively high.  U-tubes have high head
losses at low volume flows, which would require a secondary pumping stage or a much higher
biofilter elevation to gravity flow through this design.  In addition, the costs of installing a U-tube
are largely fixed at low flow rates (Figure 4) and include set up and minimum service charges for
well installation.

The cost of nitrifying fluidized-sand filters were low compared to the other treatment processes
and did not show large economies of scale across system sizes (Figure 4), averaging $0.25/lb
biomass supported for most systems.  Fluidized sand filter costs included fiberglass tanks,
distribution manifold plumbing, and sand.

The major variable costs within each facility scale (Table 4) and the variable costs per unit pound
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of annual production (Figure 5) show that, as with capital costs, variable costs for all major
categories were significantly higher for the 50,000 lb facility, resulting in a total variable cost per
pound of annual production of $1.79. The corresponding total variable costs per unit of annual
production for the 500,000 lb and 1,000,000 lb systems are $0.82, and $0.70 respectively.  It is
worth noting that electric costs were much lower than feed and labor, which would imply that
efforts to reduce electric use would not have as large an affect as focusing on feed and labor
inputs.

Table 4. Variable costs for the major components within each facility scale.

Categories Million 500 K 50 K
Feed 325,903 162,937 20,901
Labor 252,000 163,000 52,000
Admin/OH 44,000 22,000 3,000
Electric 34,822 40,054 10,165
Fingerlings 28,070 14,035 1,404
Maint 15,398 6,768 2,029

Feed costs were based on 1/16" high energy trout diet, a conservative 1.3 feed conversion
assumption, and supplier quotes.  Feed discounts were incorporated for bulk shipments of
truckload quantities of bulk loose feed (22 tons).  The two largest facilities were able to take
advantage of discount feed prices as the 60 day usage exceeded one truckload.  The smallest
facility was charged at retail prices.  Feed costs were assumed to be $495 and $635 per ton for
bulk and retail, respectively.  Economies of scale for feed use were not identified for production
over 500,000 lb.

Figure 5. Annual variable costs per unit pound of production.

Within any business, labor is required in the areas of general administration, marketing,
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production management and general production.  The amount of labor utilized on farms varies
widely, but, with increasing scales of production there is generally a specialization of tasks by
individuals and labor saving devices are often used.  Labor for the 1 million pound facility
included 6 production staff ($17,000), 1 production manager ($35,000), 1 marketing staff
($35,000), 2 administrative ($20,000), and 1 general manager ($40,000).  Labor for the 500,000
lb facility included, 4 production staff, 1 production manager, 1 administrative, and 1 general
manager.  Labor for the 50,000 lb facility included 1 production staff and 1 production manager. 
With increased production, labor shows significant scales of economy.  Labor costs dominate the
variable costs for the 50,000 lb facility with a minimal staff and are much less important at the
larger scales with generous staffing.

Electric usage was based on manufacturers estimates for selected equipment and calculations of
the energy required to move a given volume of water through various plumbing configurations,
taking into account pump and motor efficiencies.  Electric rates were quoted by the local utilities
commission at two levels based on usage, general ($0.06/Kwhr) and prime user ($0.03/Kwhr)
electric rates.  Prime user rates were offered to users of greater than 50 Kw within any 30 minute
period.  Only the 1 million pound facility reached this usage level.  The decreased electric costs
with increased facility size were due to the decrease in headloss associated with moving water
through larger pipes, increased pump efficiencies at higher flow rates, and for the million pound
facility the attainment of prime electric user status.

The addition of capacity to generate ozone at a facility already utilizing concentrated oxygen only
marginally increases electric costs.  Based on manufacturers estimates for units producing from 20
grams ozone/hour to 2500 grams ozone/hour, the power use ranges from 12.9 to 8 KW per
kilogram ozone generated, respectively.  This results in an annual cost of ozone production within
the 1 million and 500,000 lb facilities of approximately $3,900, and for the 50,000 lb facility of
$520.  For the three production levels, from largest to smallest, this represents 0.56%, 0.95%, and
0.59% of annual variable costs, respectively.  In contrast, the cost of producing oxygen on site as
a percent of annual variable costs for the largest to smallest facility are 1.6%, 2.7%. and 3.4%.
Therefore, adding ozone to a system that is already using oxygen adds only a fraction (15-26%
more) to the cost of adding oxygen.

Fingerling costs ($0.02 per 4 inch fingerling) were based on in house growout of purchased eggs,
and represents the costs of egg, feed, labor, and energy costs associated with hatchery operation.

Annual maintenance was assumed to be 1% of capital costs.  Administrative and overhead costs
include insurance, taxes, and legal and accounting fees.

The live weight price which generates a 15% return on investment over ten years was calculated
to illustrate the marketing options available to the production facilities.  The capital, annual
operating costs, and break even price for each facility are presented in Table 5. Additionally, the
break even price for the 50,000 lb facility without ozone or harvester grader equipment was
calculated.  The live weight price was calculated using discounted cash flow analysis under the
following assumptions: 10 year straight line depreciation on all capital costs, a 15% opportunity
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cost of capital, taxes at 30%, and an equal impact of inflation on revenues and costs.  A five year
operating life was assumed for continuous duty mechanical equipment such as pumps, oxygen
equipment, drum filters, and ozone generation.  Because pumps, oxygen, and ozone equipment
were duplicated to provide backup and are assumed to be alternately used, their useful life was
doubled to 10 years.  Consequently replacement costs in the analysis were limited to a single
replacement of drum filters in year 5. All equipment was assumed to be fully depreciated by the
end of the 10 years leaving no salvage value.  A good discussion of discounted cashflow analysis
has been presented previously (O'Rourke 1991).

Table 5. Break even prices for various levels of production.

Annl Production Level
(lbs)

Capital Costs Operating Costs Break even Price $/lb

Million 1,367,726 700,193 1.04
500,000 708,000 408,794 1.17
50,000 237,845 89,500 2.94
50,000 ( without ozone
& grader harvester)

179,845 88,724 2.64

To achieve the break even prices for the 1 million and 500,000 lb facilities utilizing rainbow trout
would require additional marketing expenditures, as the average wholesale price for rainbow trout
is below $1.00. To achieve the much higher break-even prices for the 50,000 lb facility producing
rainbow trout, with and without ozone and a grader harvester, would require access to premium
markets such as mail order and farmers markets with premium products such as smoked or value
added.  It is unlikely, however, that rainbow trout would be produced in these types of systems,
as traditionally higher valued fish are targeted by producers out of economic necessity.  Two high
value cold water species which currently command a price higher than the break even prices are
coho salmon and Arctic Char.  Arctic char shows good economic potential, however, at the
present time fingerling supply is limited and seasonal.

Conclusions

Economies of scale were demonstrated across production ranges typical in industry, which
showed major cost savings exist at the larger scales.  Rearing system costs were the largest capital
component group and within this group, solids removal particularly showed great economies of
scale.  Oxygen and ozone generation equipment as well as equipment for grading and harvesting
also showed large economies of scale at higher production levels.  Within the variable costs, labor
showed the greatest economies of scale; and, if the operation is large enough to reach prime
power user status. electric costs also show large economies of scale.  Based on the break even
price analysis it was determined that the million pound facility required a break even price that
was only 39% of the 50,000 pound facility.
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Appendix
Operating parameters and design criteria used in the system designs.
Parameter or criteria Value
General
temperature 55-63°F
alkalinity > 100 mg/L as CaCO3

pH 7.0 - 7.5
system turnover rate once per day
feed must produce sinking faecal matter
feeding 1.2% of body weight per day
feed conversion 1.3
Culture tank
mean culture tank inlet oxygen conc. 18 mg/l
mean culture tank outlet oxygen conc. 9 mg/l
total ammonia nitrogen (TAN) < 2.0 mg/l
culture tank exchange rate 1.4 volumes/hr
oxygen consumption rate 0.43 lb oxygen consumed per 1 lb feed fed
maximum oxygen consumption rate 1.4 times the mean consumption rate
TAN production rate 0.03 lb TAN produced per 1 lb feed fed
stocking density 0.75 lbs/gallon
P:B ratio 3.2 lb produce per year: 1 lb max. standing biomass
Drum filter
size of sieve panel openings 90 µm
Fluidized-sand biofilter
sand size (mean equivalent diameter) 0.35 mm
uniformity coefficient of sand 1.3 - 1.8
hydraulic loading rate 19 gpm/ft2; selected to expand clean sand 50-100%
mean specific surface area of sand 3810 ft2/ft3

areal nitrification rate 50 mg TANK removed per day per m2 sand area
Cascade aeration/stripping column
total drop in hydraulic level 4 ft
volumetric gas to liquid ratio (G:L) 10:1
hydraulic loading rate 30 gpm/ft2

U-tube oxygenation unit
velocity flowing down inner pipe 1.8-2.0 m/s
velocity flowing up between pipes 1.5-1.8 m/s
depth 82 ft
down-pipe material fiberglass with an ozone resistant resin
Ozone addition
dosing rate 0.015 lb ozone per 1 lb feed fed
ozone conc. generated in oxygen gas 6%
Detention tank for ozone reaction
hydraulic retention time 2 min
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I. Introduction

The evaluation of human dietary risk from exposure to a chemical is a function of
three things: the residue levels in a food, the amount of the food eaten, and the chemical residue
level that may result in an adverse effect.  This presentation examines how the two agencies that
regulate chemicals used in aquaculture use the basic components of dietary risk assessment
differently to evaluate risk and establish residue limits or tolerances.  I will begin with an overview
of the different perspectives and functions of the U.S. Environmental Protection Agency (EPA)
and the U.S. Food and Drug Administration (FDA).  Next I will review each agency's method for
establishing tolerances and assumptions about fish and shellfish consumption.  Finally, I will
compare the regulatory limits established to protect the food supply to more realistic estimates of
human dietary risk.

II. The Regulation of Chemicals Used in Aquaculture by the EPA and the FDA

A chemical is regulated under the Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA) as a pesticide if it is intended to be used as a disinfectant, sanitizer, or aquatic treatment
used solely for pest control and does not include claims for control of parasites or diseases of fish.
 The Office of Pesticide Programs (OPP) within the EPA registers pesticides and recommends
residue limits, or tolerances.

A chemical is regulated as an animal drug under the Federal Food, Drug, and Cosmetic
Act (FFDCA) if it is intended to be used to treat or prevent parasites or diseases of fish or to
anesthetize, alter the sex, or regulate the reproduction of aquatic species.  The Center for
Veterinary Medicine (CVM) within the FDA is responsible for approvals of animal drugs.

Thus, a chemical used to control a fungus or parasite on fish would be classified as a
therapeutant, subject to evaluation and approval by CVM.  If the same chemical is used in
aquaculture to control algal growth or aquatic weeds, it would be classified as a pesticide and
then would be subject to registration by EPA's Office of Pesticide Programs (OPP).

FDA has taken the position that if a pesticide registered by EPA for aquaculture or aquatic
site use is being used according to the pesticide label conditions, FDA will not object to that
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proper use, even though the pesticide may have a secondary benefit as therapeutant.  However, if
a chemical labeled as a pesticide is used as a therapeutant, the use would be illegal (Federal Joint
Subcommittee on Aquaculture, 1994).

III. Tolerance Setting and Evaluation of Dietary Risk

A. Acceptable Daily Intake (ADI)

EPA and FDA follow similar procedures when determining the toxicological endpoint to
which estimated exposure is compared when evaluating dietary risk.  Toxicological studies are
conducted with different animals and dose levels.  Both agencies evaluate the results and identify
the dose level of the most appropriate study (e.g., chronic dog or rat study for chronic effects) at
which there was no observable adverse effect.  A safety factor, usually 100-fold but sometimes
10- or 1,000-fold (depending on the reliability of the study) is added to the dose level, and the
adjusted value is the ADI.  Adverse human health effects are not expected when estimated
exposure (consumption x residue in food) is less than the ADI.

B.      EPA's Method

Among the many studies required for registration, the EPA requires field studies to
determine the maximum residue level that may result in food from the use of the pesticide
according to maximum label directions (e.g., the maximum application rate and the minimum time
between the last treatment and harvest).  Data on residues in fish are required for all pesticides
applied directly to water inhabited by fish.  A tolerance, which includes the parent compound and
all metabolites of toxicological concern, is set at a level higher than the maximum residue level
observed under these conditions.  If state or federal enforcement monitoring reveals that residues
are present in excess of the tolerance, the EPA assumes that the chemical was used in excess of its
label conditions, and enforcement action will be taken (e.g., seizure).  Thus, the tolerance is an
enforcement trigger, and not necessarily a safe limit.

Dietary exposure analyses are conducted using a tiered approach.  First, tolerance level
residues are multiplied by consumption to estimate dietary intake.  If the estimated dietary intake
exceeds the ADI, EPA will take a closer look at the residue data.  If the ADI is based on chronic
or carcinogenic effects, then a mean anticipated residue level will be calculated and used in the
exposure analysis.  Chronic exposure analyses are designed to estimate exposure to chemicals
whose toxicological effects are expressed following a long period of exposure.  EPA considers it
appropriate to estimate exposure using mean anticipated residues, because it is unlikely that
people would be consistently exposed to high levels of a chemical in their food over an extended
period of time.  In some cases, the EPA may allow adjustment of the estimated exposure to reflect
the percent of food that may be treated.  If estimated exposure still exceeds the ADI, then the
tolerance will not be granted under the proposed use pattern (EPA, 1982; 40 CFR Parts 158 and
180).

If the ADI is exceeded and if the pesticide is still efficacious and practical to use, the
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registrant still has the opportunity to propose changes to the application rate or increase the
minimal permissible time between treatment and harvest.  If additional residue studies show that
lower residues in food will result from these changes, it may be possible to obtain a tolerance and
registration.  Residues in fish resulting from the use of a pesticide in an aquatic habitat are
considered secondary residues, since the fish are not the target of the application.  As a result, fish
and shellfish tolerances are not species-specific and are established as raw agricultural commodity
tolerances instead of as food additive tolerances.

C.     FDA's Method

FDA's CVM takes a somewhat different approach than the EPA and begins by
determining the safe concentration level and the corresponding tolerance level.  The safe
concentration of the total chemical residue in fish and shellfish is determined by multiplying the
ADI by the average adult body weight (60 kg), then dividing the product by the FDA
consumption factor for fish and shellfish consumed per day (0.3 kg/day).

The drug sponsor must provide an acceptable analytical method capable of reliably
measuring the marker residue to ensure that the total residue of toxicological concern (safe
concentration) is not exceeded.  A tolerance is defined as the concentration of the "marker"
analyte of the drug which corresponds to the safe concentration for total residues of the drug,
thus the tolerance is actually a fraction of the total residue.  The tolerance is established for the
edible muscle (and adhering skin for those species with edible skin), and the label specifies the
dose and withdrawal period (time between last treatment and harvest) that will ensure that residue
levels will not exceed the tolerance.

If residue studies are conducted at 1.5 to 2 times the maximum dose, fish are sampled
while still on drug, and residues are low (less than half of the safe concentration level), then it is
not necessary to develop a method for the marker analyte or establish a tolerance.  A zero
withdrawal period will be permitted, and residues in the fish on drug arc expected to be below the
safe concentration level.  The drug listing will say that a tolerance is not necessary.  If the
overdose studies result in residues greater than the safe concentration, a method for the marker
analyte must be developed and residue depletion studies must be conducted to determine how
many days it takes for residues to deplete below the tolerance level.  For studies conducted at the
normal dose, the method and depletion studies are required if residues greater than one-half the
safe concentration are observed.

The residue depletion studies are conducted under real field conditions at the maximum
dose, and the fish are removed and sampled at intervals to capture the depletion of residues in the
edible tissue.  The statistical analysis of the results is very sensitive to variability, and if there is a
lot of variability the depletion time will increase.  In addition, FDA uses the 90th percentile
tolerance limit residue in the fish (at the 95% confidence level) to extrapolate to residues in all fish
(i.e., only 10% of fish are likely to have higher residue levels).  A withdrawal period is established
based on the depletion time at which the tolerance is no longer exceeded.  Withdrawal begins at
the cessation of treatment (FDA, 1994; Greenlees, 1995).
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D. The Difference Between the Missions of EPA and FDA are Reflected in the
Tolerance-Setting Process

Thus, the EPA determines the level of residues that may occur as a result of use according
to label directions and sets a tolerance that includes the parent compound and significant
metabolites at that level for purposes of enforcement.  FDA, however, determines the "safe
concentration" of the total residue and the corresponding tolerance based on a marker analyte.
(Thus, even the expression of the tolerance is different.) If residues in excess of the safe
concentration are expected, depletion studies must be conducted to determine the withdrawal
period necessary for residues of the marker analyte to deplete below the tolerance.

EPA's mission, under FIFRA, is to register pesticides and to assure that they are used
properly and that their use does not present unreasonable risk to humans or the environment.  If a
chemical is used as a pesticide in aquaculture, then fish are not the target of the application. 
FDA's mission, under the FFDCA, is to ensure a safe and wholesome food supply.  When fish are
treated with a drug, residues are added intentionally.

E.      Other Regulatory Limits

The focus of this paper is tolerances for pesticides and animal drugs, but I would like to
mention briefly additional potential sources of residues for which regulatory limits may be needed.

Secondary Residues of Pesticides from Treated Feed Commodities

EPA currently evaluates the potential for secondary residues of pesticides to be present in
edible tissues if livestock feed items can include legally-treated commodities.  Registrants are not
required to consider farm-raised fish at this time.  However, EPA has considered making this a
requirement and has reserved the right to require data if needed.

In my opinion, such an evaluation is desirable, because if there is a chance that residues
may be present, it is important that a tolerance be established to make the residues legal (EPA,
1982; 40 CFR Part 180).

Food, Feed, or Color Additives

Additives are regulated by FDA and consist of substances that are intended to be used as
or may be reasonably expected to result in their becoming a component of food.  An example
would be canthaxanthans, classified as a color additive, which can be added to the feed to impart
a desired color to fish flesh (21 CFR Parts 70, 170, 558, 570).

Action Levels

Action levels may be established by FDA to cover unavoidable poisonous or deleterious
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residues in fish (e.g., PCBs and cancelled pesticides like DDT that persist in the environment). 
Action levels are based on the unavoidability of the substance and do not represent permissible
levels of contamination where it is avoidable.  Action levels, therefore, should not be viewed as
"safe" levels (21 CFR Parts 109 and 509).

IV. Consumption of Fish and Shellfish in the U.S.

EPA's Dietary Risk Evaluation System (DRES) currently utilizes food consumption data
from U.S. Department of Agriculture (USDA) surveys, which were designed to measure dietary
intake of all individuals in survey households for a three-day period.  Households and individuals
were surveyed in all four seasons and on all days of the week.  In addition to information on food
consumption, the survey collected physiological and demographic data such as sex, age, self-
reported height and weight, ethnic group, pregnancy and lactation status, and household income. 
This information permits an assessment of food consumption by specific population groups of
interest.  Fish consumption data can be separated into saltwater finfish (except tuna), freshwater
finfish, tuna, shellfish, and fish roe/caviar.  The survey did not distinguish between aquaculture-
raised fish and wild-caught fish within these categories.

The food consumption estimates used in an EPA chronic dietary exposure analysis are
based upon "annualized" mean per-capita consumption for each food.  Consumption is multiplied
by residue levels to estimate chronic exposure (in mg/kg BW/day).  The chronic exposure
estimates resulting from such calculations are compared to the ADI value generated from
experimental chronic toxicology studies.  If chronic exposure (consumption x residue levels) is
less than 100% of the ADI, no adverse human health effects are expected.

The FDA uses a fish consumption factor which makes the conservative assumption that
people who eat fish (consumers) eat 300 grams of fish or shellfish per day.  If the average
consumer weighs 60 kg, consumption would be equivalent to about 5 g/kg BW/day.  Current
USDA consumption survey data indicate that those who eat fish eat an average of 1.6 g/kg
BW/day of finfish and 1.2 g/kg BW/day of shellfish (TAS, Inc., 1995a).  As mentioned previously,
instead of comparing estimated exposure to the ADI to determine dietary risk, FDA determines a
safe concentration based on the ADI and a default consumption factor, and the drug must be
administered in a way that results in residues that do not exceed the safe concentration limit
represented by a tolerance.

V. Regulatory Compliance vs. Dietary Risk

Let's take a simplified, hypothetical example of ChemX, which is a pesticide when used as
an aquatic herbicide in freshwater aquaculture ponds and a drug when used to control external
bacterial infections in fish.  Toxicological investigations reveal that chronic exposure to ChemX
results in adverse effects, and an ADI of 0.005 mg/kg BW/day has been established.  Field studies
conducted for catfish and tilapia under the maximum rate of application and shortest period
between treatment and fish harvest resulted in maximum residue levels in edible tissues of 0.8 ppm
and 1.2 ppm and in whole fish residues of 1.1 ppm and 1.9 ppm, respectively.  The average
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residue in tilapia was 0.6 ppm.  EPA is likely to establish a tolerance of 2.0 ppm ChemX in fish.
(The interval between treatment and harvest would be left up to the discretion of the registrant.  If
the registrant is interested in selling product to aquaculturists, the field studies should represent
reasonable withdrawal periods.)

FDA would estimate the safe concentration of ChemX in fish/shellfish by multiplying the
ADI (0.005 mg/kg BW/day) by the average adult body weight (60 kg), then dividing by the
consumption factor of 0.3 kg/day.  The safe concentration is 1.0 ppm; let's assume that the
corresponding tolerance is 0.75 ppm (75% of the total residue).  Depletion studies indicate that
residues deplete quickly.  On Day 0, residues were 2.25 ppm (equivalent to 3.0 ppm total
residue); by Day 1, residues were 0.75 ppm (equivalent to 1.0 ppm total residue).  By Day 2,
residues were not detectable.  A withdrawal period of one day would be required to ensure that
analyte residue levels did not exceed the tolerance of 0.75 ppm.

As a result, ChemX might be approved as both a pesticide and a drug.  When used as a
pesticide, the tolerance is 2.0 ppm.  When used as a drug, the tolerance is 0.75 ppm (equivalent to
1.0 ppm total residue).  Since an FDA tolerance represents a fraction of the total residue of
ChemX, it is more appropriate to compare the safe concentration level based on total residues to
a pesticide tolerance than to compare an FDA tolerance to a pesticide tolerance.

These regulatory limits are reasonable and make sense for the purpose for which they are
established.  A person using a pesticide or a drug is protected from enforcement action so long as
the chemical is used in accordance with label directions and the resultant residue levels, if any,
remain below the established regulatory limit.

Dietary risk assessments were conducted using average consumption estimates and/or
mean residue levels instead of the "worst-case" estimates of consumption and residue levels which
are used in the setting of tolerances.  My company, Technical Assessment Systems, Inc., uses
TAS EXPOSURE l software (TAS, Inc., 1995), which is similar to EPA's DRES model, except
that our software has been updated to include the most recently available USDA consumption
data.  The resultant exposure estimates were quite low.  Exposure was compared to the ADI used
by FDA to establish the safe concentration level (0.005 mg/kg BW/day).  The conservative
assumption was made that all freshwater finfish would contain residues.  A comparison of the
results follows:

Total Residue Level of ChemX
U.S. Population Total
Exposure (mg/kg BW/day) % of ADI

0-day withdrawal (3.0 ppm) 0.000102 2.0%
EPA tolerance (2.0 ppm) 0.000068 1.4%
FDA safe concentration (1.0 ppm) 0.000034 0.7%
Herbicide-use mean residue level (0.6 ppm) 0.000020 0.4%

EPA's DRES model allows the reviewer to determine if any population subgroup will be at
greater risk of exposure than others.  Based on USDA consumption data, the two groups with the
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highest estimated exposure (about double the exposure to the U.S. population) were the
"southern region" and "nonhispanic blacks." Nevertheless, dietary risk to these two high
consumption groups represented less than 5% of the ADI assuming the maximum concentration
observed in tissue, which was 3.0 ppm (Table 1).  Regulatory limits are likely to be set much
higher than is necessary to protect the average consumer, and in this example, may not necessarily
result in adverse health effects if exceeded.

If correct use of an approved pesticide results in residues that are within the EPA-
established tolerance but exceed the FDA-established tolerance, the FDA is not likely to seize the
fish for illegal residues.  If a chemical labeled as a pesticide is used as a therapeutant and the
residue is within the tolerance for the pesticide, the FDA is not likely to seize the fish for above-
tolerance residues but may choose to charge the user with illegal use of a drug.  Unless the
residue level in the fish is much higher than either tolerance, it is unlikely that consumption of the
fish by the average consumer will result in adverse health effects.
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TABLE 1

TOTAL EXPOSURE TO CHEMX BY POPULATION SUBGROUP
(consumption of freshwater finrish)

ADI=0.005 mg/kg BW/day
Residue concentration in tissue=3.0 ppm

TOTAL EXPOSURE
POPULATION SUBGROUP mg/kg body

wt/day
Percent of

RfD
U.S. POP - 48 STATES - ALL SEASONS 0.000102 2.0%
U.S. POPULATION - SPRING SEASON 0.000114 2.3%

U.S. POPULATION - SUMMER SEASON 0.000103 2.1%
U.S. POPULATION - AUTUMN SEASON 0.000094 1.9%
U.S. POPULATION - WINTER SEASON 0.000099 2.0%

NORTHEAST REGION 0.000043 0.9%
MIDWEST REGION 0.000073 1.5%
SOUTHERN REGION 0.000185 3.7%
WESTERN REGION 0.000058 1.2%
PACIFIC REGION 0.000058 1.2%

HISPANICS 0.000110 2.2%
NON-HISPANIC WHITES 0.000082 1.6%
NON-HISPANIC BLACKS 0.000231 4.6%
NON-HISPANIC OTHER THAN BLACK OR WHITE 0.000095 1.9%

ALL INFANTS 0.000006 0.1%
NURSING INFANTS (< 1 YEAR OLD) no exposure
NON-NURSING INFANTS (< 1 YEAR OLD) 0.000009 0.2%
CHILDREN (1-6 YEARS) 0.000181 3.6%
CHILDREN (7-12 YEARS) 0.000093 1.9%

FEMALES (13-19 YRS/NOT PREG. OR NURSING) 0.000090 1.8%
FEMALES (20+ YEARS/NOT PREG. OR NURSING) 0.000090 1.8%
FEMALES (13-50 YEARS) 0.000086 1.7%
FEMALES (13+/PREGNANT/NOT NURSING) 0.000060 1.2%
FEMALES (13+ /NURSING) 0.000031 0.6%

MALES (13-19 YEARS) 0.000185 3.7%
MALES (20+ YEARS) 0.000092 1.8%
SENIORS (55+) 0.000104 2.1%
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Effects of Ozone on Outbreaks of Bacterial Gill Disease and Numbers of Heterotrophic
Bacteria in a Trout Culture Recycle System
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Abstract

Ozone was added to water in a recirculating rainbow trout (Oncorhynchus mykiss) culture system
just before it entered the culture tanks in an attempt to eliminate outbreaks of bacterial gill disease
(BGD) in newly stocked fish and to reduce the numbers of heterotrophic bacteria in system water
and on trout gills.  Ozone was added to the system at a rate of 0.025-0.039 kg ozone per
kilogram feed fed.  In the control, where no ozone was added, and in previously published
research, BGD outbreaks occurred within two weeks of adding trout to the system, and these
outbreaks generally required three to four chemotherapeutant treatments to prevent high
mortality.  In three of four trials where ozone was added to the system, BGD outbreaks were
prevented without chemical treatments, but the causative bacterium, Flavobacterium
branchiophilum, still colonized gill tissue.  The one ozone test where BGD outbreaks required
two chemical treatments also coincided with a malfunction of the ozone generator.  Although
ozonation did reduce BGD mortality, it failed in nearly all cases to produce even a one log10

reduction in numbers of heterotrophic bacteria in the system water or on gill tissue.  Failure of the
ozone to lower numbers of heterotrophic bacteria or to prevent the causative BGD bacterium
from occurring on gills was attributed to the short exposure time to ozone residual (35 s contact
chamber) and rapid loss of oxidation caused by levels of total suspended solids and nitrite. 
Rationale for ozone's success at preventing BGD mortalities are not fully understood but may in
part be due to improved water quality.

Introduction

Aquaculture is continuing to expand worldwide, but such growth is dependent on the availability
of high quality water.  The use of recirculating culture systems is one means of using available
water more efficiently.  For the past several years, The Conservation Fund's Freshwater Institute
has researched recirculating system technology and production strategies to culture rainbow trout
(Oncorhynchus mykiss).  The current system being evaluated consists of cross-flow culture tanks,
mechanical microscreen filters, carbon dioxide strippers, multistage low head oxygenators, and
fluidized-sand biofilters.  The goal of this research has been to develop cost effective and
environmentally friendly technology.  Recurring epizootics of bacterial gill disease (BGD) occur
predictably each time fingerlings are stocked (Bullock et al., 1994).  Although chemical
treatments are available to control these epizootics (Bullock and Herman, 1991), they are not
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approved by the US Food and Drug Administration.  Disinfection of culture water is another
possible means of controlling disease outbreaks.  Two commonly used procedures are ultraviolet
irradiation (UV) and ozonation (Dupree, 1979; Owsley, 1991).  Although UV is widely used,
water turbidity and algal or bacterial growth on the UV lamp jackets can severely limit its
effectiveness.

Ozone has been used in single-pass aquaculture systems and to disinfect or sterilize water supplies
and/or discharges in a few large federal salmonid hatcheries in the western US (Roselund, 1975;
Colberg et al., 1977; Owsley, 1991; Cryer, 1992).  These single-pass systems typically have a low
ozone demand (i.e., low organic carbon content), and a three to four log10 (i.e.. 99.9-99.99%)
reduction in pathogens can often be achieved.

Bacterial reduction and viral inactivation are desirable within recirculating systems.  However, to
disinfect recirculating systems water with ozone would be very expensive because of the much
higher ozone loading required to overcome the organic demand and to sustain a residual that
would be sufficient to achieve significant bacterial and viral reductions, and the need to strip any
remaining residual ozone from the water before it is returned to the culture tank.  The overall
objectives of our research were to demonstrate what effect ozonation would have when added at
levels that were obtained by creating 3-4% ozone within the existing oxygen feed gas before it is
transferred into the system.  It is significant that the ozone is generated and transferred within an
oxygen feed gas that was already installed to provide a dissolved oxygen supersaturation within
each culture tank's influent.

The objectives of the research reported here were to demonstrate the effects of ozone addition on
outbreaks of BGD and on total heterotrophic bacteria.  An accompanying paper describes the
effects of adding ozone on water quality and microscreen filter performance within this
recirculating system.  Later papers will report co-transfer of ozone within the oxygenation unit
and the effects that ozonation had on fish health indexes, biofilter performance, and populations of
protozoa and micro-metazoa.

Materials and Methods

Recirculating system

The recirculating system consisted of one fluidized-sand biofilter, two multi-stage low-head
oxygenators (LHO,1), two microscreen filters, one cascade aeration column, and two cross-flow
fish culture tanks (C- 1 and C-2).  The system recirculated water in two parallel flow paths (a path
for fish culture and a path for biofiltration and carbon dioxide stripping) connected within a
common sump (Figure 1).  In the fish culture path, approximately 720 l/min were split into two
parallel streams that were first pumped through a LHO unit, were carried by through the cross-
flow fish culture tank, and were finally passed through the Triangle filter unit (Model TF-12-RB
with 80-mm opening sieve panels; Hydrotech, Villinge, Sweden) before dropping back into the

                    
1 Use of trade or manufacturer names does not imply endorsement.
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sump.  Each cross-flow tank had a culture volume of 9.0 m3, which was replaced 2.3 times per
hour or about 55 times per day.  In the biofiltration and carbon dioxide stripping path,
approximately 760 l/min were pumped through a fluidized-sand biofilter, and were then cascaded
counter-current to air within the carbon dioxide stripping column before returning to the sump. 
Partitions were placed within the common sump to reduce mixing between the fish culture path
and the biofiltration/stripping path.  The sump design allowed for the independent operation of the
fish culture and biofiltration flow paths, which was particularly important during chemical
treatment of the fish culture tanks.  A more complete description of a previous version of the
same system was given by Heinen et al. (1996).

Figure 1.  Ozone was added within an LHO (LHO1 and LHO2) prior to each culture tank
within the recirculating system:  DF1=triangel filter 1; DF2=triangel filter 2.

Ozone tests

Ozonation of the recirculating system was studied through four 8-week tests and an 8-week no
ozone control (Table 1).  During the first two ozone trials, ozone was added only to the flow
passing through the LHO unit preceding tank C- 1 (Figure 1, Table 1).  Adding ozone prior to
only one of the two culture tanks let us study whether dosing location impacted system
performance.  Ozone was added to both LHO units during the third and fourth ozone tests
(Figure 1, Table 1), which allowed us to maximize the amount of ozone that could be added to
this recirculating system without making additional structural modifications or without increasing
oxygen usage beyond that required by the fish.  Approximately 0.025 and 0.036-0.039 kg ozone
were added per kilogram feed fed in the first two ozone tests and the last two ozone tests,
respectively (Table 1).  Ozone addition was relatively constant during each test, except in trial 2
when the ozone generator failed.
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Table 1. Ozone dosing during each treatment: ozone concentration added to the flow passing
through each LHO, total daily ozone addition, and the ratio of daily ozone addition to daily feed
fed.  Feed weights are reported as total feed fed (with moisture).

Ozone added
before each
culture tank

Trial 8-Week
Trial Period

C-1
(mg/l)

C-2
(mg/l)

Ozone dose
(kg/d)

Ozone:feed ratio (kg
ozone/kg feed)

control 3/2/94-4/26/94 0.0 0.0 0.0 0.000:1
1 1/5/94-3/l/94 1.3 0.0 0.68 0.025:1
2a 4/27/94-6/22/94 1.3 0.0 0.68 0.025:1
3 8/17/94-10/11/94 1.0 1.0 1.0 0.039:1
4 10/12/94-12/13/94 1.0 1.0 1.0 0.036:1
a Approximately 40% of ozone generation capacity was lost towards the end of this treatment due
to hydrocarbons in the oxygen feed gas that fouled the dielectrics within the corona discharge cell
of the ozone generator.

Addition of ozone

Because the LHO and oxygen distribution and control mechanisms were already in place adding
ozone only required the addition of an ozone generator and accompanying ozone distribution,
monitoring, and control mechanisms.  Ozone was generated by passing the oxygen feed gas
through a corona type generator (model G-1, PCI Ozone and Control Systems, Inc., West
Caldwell, NJ) rated at 1.2 kg/d when producing 3% ozone output within 3.42 x 10-4 m3/s feed gas
at standard temperature and pressures.  Approximately 7.9 l/min oxygen that contained 4.5%
ozone were added to the LHO preceeding C-1 during trials 1 and 2; approximately 7.11/min
oxygen that contained 3.5% ozone were added to both LHO units during trials 3 and 4. The
7.1-7.9 l/min oxygen feed was all of the oxygen added to each LHO during normal operating
conditions.  However, an automatic oxygen control system monitoring each fish culture tank
would, on occasion, cause more oxygen (free of ozone) to be added to the appropriate LHO
units to counter short-term increases in oxygen demand.  Ozone concentrations within the feed
gas were measured continually with an UV-based instrument (model HC-12, PCI Ozone and
Control Systems, Inc., West Caldwell, NJ).

Generated ozone was moved through stainless steel pipes to either one or both LHO units and
was transferred to the recirculating flow just prior to entry into the culture tank.  Adding ozone to
the LHO within this configuration resulted in an ozone contact time within the water of only 35
s before it entered the cross-flow culture tank.  Because cross-flow culture tanks are characterized
as completely mixed vessels (Watten and Johnson, 1990), the ozone that entered the culture tank
was immediately diluted to the concentration leaving the culture tank.  Therefore, the culture tank
provided additional time for ozone reaction and destruction.

Dissolved ozone was measured three times a week at the water inflow immediately after



5

ozonation and within culture tanks using Hach Chemical Ozone Reagent Ampoules and a Hach
DR/2000 spectrophotometer (Hach Chemical Co., Loveland, CO).  As an added safety measure,
oxidation/reduction potential (ORP) based control systems were used to prevent ozone residual
from accumulating to toxic levels within the culture tanks.  The Stranco model 4-2F Automatic
ORP Controller (Bradley, IL) was used to track ORP and control ozone addition.

Fish and feeding

Rainbow trout were raised using a continual culture strategy as described by Summerfelt et al.
(1993).  A mean biomass of about 2,000 kg was maintained within each 9.0-m3 culture tank
during these studies.  At the beginning of each trial, approximately 2,250 fingerlings (mean length
= 100 mm) were stocked into each of the two culture tanks.  Fish were fed Hi-Fat Trout Grower
diet (Zeigler Brothers Inc., Gardener, PA) with demand feeders.  Fingerlings were fed 2.4-mm
(3/32-inch) pellets for 8 weeks and, thereafter, received 3.2-mm (1/8-inch) pellets.  Daily system
feed consumption averaged 31.2, 29.5, 29.4, 26.2, and 28.3 kg, respectively, for the no-ozone
control test and ozone tests one through four.  Daily mortality records were kept, and if mortality
from BGD exceeded 20 fish per day, trout were treated with 1-h bath treatments of either 12 ppm
chloramine-T (N-Chloro-4-methylbenzenesulfonamide sodium salt) or 2 ppm Roccal (dimethyl
benzyl ammonium chloride).

Enumeration of heterotrophic bacteria and Flavobacterium branchiophilum

The effect of ozone on the numbers of heterotrophic bacteria in the recirculating water and on
rainbow trout gills and the presence of F. branchiophilum on gill tissue was determined as follows:
The day before the fish were stocked, five were randomly selected, euthanized in tricaine
methanosulfonante, and gill tissue was aseptically removed.  A gill smear was prepared to detect
F. branchiophilum by the indirect fluorescent antibody test (IFAT) as described by Bullock et al.
(1994).  Each stained smear was examined under oil immersion, using a fluorescence microscope
with epi-illumination, and the number of clumps (two or more cells) of F. branchiophilum was
counted in 50 microscope fields.  For enumeration of heterotrophic bacteria, 0.5 g (0.48-0.52 g)
of gill tissue was aseptically weighed into a sterile 15- x 75-mm tube.  Cold, sterile, pH 7.2
phosphate buffered saline (PBS) was added to prepare a 1:10 dilution.  Each sample was then
sonicated as described by Bullock et al. (1993) to remove bacteria, and serial log10 dilutions were
prepared.  Using the drop plate technique of Miles et al. (1938), six 50-ml drops each of selected
dilutions were placed onto a 15- x 100-mm culture plate of plate count agar (PCA; Difco
Laboratories Inc., Detroit, MI).  Plate cultures were incubated at 25°C for 72 h, colonies were
counted in each dilution, multiplied by the appropriate dilution factor, and reported as colony
forming units (CFU) per gram of gill tissue.  In the recirculating culture system water, samples
were taken just prior to and immediately after the points of ozone addition (i.e., one or both
LHO units) and from water within the culture tanks.  Ten-fold dilutions were prepared using
PBS; plate counts were performed as previously described, and bacteria reported as CFU per
milliliter of water.

For each of the four ozone tests and the no ozone control, gill and water samples were taken on
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day 7, 10, 14, 17, 24, 28, 35, 42, and 49 post stocking.  In ozone tests one and two and the no
ozone control, five fish from C-1 and from C-2 were examined each sample day for heterotrophic
counts and IFAT examination.  In ozone tests three and four, five fish were sampled for
heterotrophic counts but, because of limited supply of antiserum, only three fish per tank were
examined by IFAT.

Table 2.  Effect of ozone addition on bacterial counts, occurrence of bacterial gill disease, and fish
mortality.

Control Ozone trial
Parameter (no ozone) 1 2 3 4
Temperature, °C±SE 15.2±0.2 14.3±0.1 15.6±0.1 16.3±0.1 15.2±0.1
BGD-induced mortalities, %
   Tanks C-1 + C-2 4.3 4.1 10.1 3.3 1.7
Treatments to control BGD1,
#
   Tank C-1 4 0 2 0 0
   Tank C-2 4 0 4 0 0
BGD-induced mortalities, %
   Tanks C-1 + C-2 4.3 4.1 10.1 3.3 1.7
Presence of F. branchiophilum on gills,
percent positive (#/#)2

   Tank C-1 54 (27/50) 8 (4/50) 54 (27/50) 39 (9/23) 40 (12/30)
   Tank C-2 44 (22/50) 24 (13/50) 46 (23/50) 57 (12/21) 30 (9/30)
Average No. clumps of F. Branchiophilum
per 50 fields on infected trout gills
   Tank C-1 4.0 0.45 8.0 5.0 5.0
   Tank C-2 3.0 1.8 8.0 4.0 4.0
Heterotrophic bacteria on gills, CFU per g
tissue x 104±SE
   Tank C-1 58.3±8.4 37.9±12.4 425±166 425±229 167±111
   Tank C-2 39.5±7.4 29.2±8.7 223±49 205±88 129±75
Heterotrophic bacteria in water, CFU/ml
x103±SE
   Tank C-1 30.8±10.3 6.8±3.2 4.5±1.1 4.8±1.5 3.6±2.2
   Tank C-2 30.6±8.2 18.0±2.2 13.8±2.0 3.1±1.3 3.8±2.5
Ozone-induced mortalities, %
   Tanks C-1 + C-2 0 0 0 3.9 5.0
Ozone Concentration, µg/l±SE
   Tank C-1 influent 0 50.0±12.9 180±30 33.6±15.6 87.3±29.0
   Tank C-2 influent 0 0 0 18.2±7.5 65.5±22.0
   Tank C-1 0 10.0±6.4 2.5±1.6 5.5±3.9 11.8±8.0
   Tank C-2 0 0 0 3.6±3.6 10.9±6.7
1 12 mg/l chloramine-T for 1 hr or 2 mg/l Roccal for 1 hr.
2 number of trout positive per number trout examined.
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Results

The addition of ozone in the four tests did not prevent colonization of F. branchiophilum on the
gills or completely prevent mortality from BGD (Table 2).  Additionally, ozone did not reduce the
numbers of heterotrophic bacteria on gill tissue or in the water by more than 1 log10 (Table 2).  As
described in the accompanying paper, ozone reduced color and nitrite, and oxidized the total
suspended solids improving their removal across the Triangel microscreen filters.

Bacterial gill disease

Flavobacterium branchiophilum was not detected on gill tissue before fish were stocked.  Once
fish were stocked, F. branchiophilum was detected on gill tissue within 10 days in all trials (Table
2).  The control and test two had a slightly higher percentage of F. branchiophilum positive fish. 
Some mortality from BGD occurred in all trials; but it was slightly higher in ozone trial two (when
the ozone generator malfunctioned) and during the no ozone control.  The higher percentage of
fish carrying the bacterium and the necessity of chemical treatment in test two coincided with a
40% reduction in ozone production due to fouled dielectrics in the corona discharge cell of the
ozone generator.  In the control, four chemical treatments were required in each culture tank to
prevent increased mortalities.  However, multiple chemical treatments were not required to
control mortality from BGD in three of the four tests where ozone was added to the system
(Table 2).  In tests one, three, and four, mortality from BGD was self limiting, and no treatments
were required.

Heterotrophic bacteria

Heterotrophic bacterial counts in C- 1 and C-2 tank water during the control trial contained 3.1 x
104 bacteria/ml water, while gill samples from fish in the two culture tanks contained 3.9-5.8 x 105

bacteria/g tissue.  Counts during the 8-week period for tests one and two showed a slight
reduction of bacteria in culture tank water.  The range in C-1 water was 4.5 x 103 to 6.8 x 103

CFU/ml; the sample site was directly before the point of ozone addition.  The range in C-2 water
was 1.4 x 104 to 1.8 x 103 CFU/ml; water in this tank should not have received any direct
exposure to residual ozone in tests one and two.  In tests three and four, when both tanks
received ozone, counts ranged from 3.1 x 103 to 4.8 x 103 CFU/ml (Table 2).

There was no apparent effect of ozone on numbers of heterotrophic bacteria on gill tissue during
the trials; counts ranged from 2.9 x 105 to 4.2 x 106 CFU/g tissue (Table 2).

Residual ozone

Residual ozone entering tanks C-1 and C-2 for the four tests ranged from 0 to 0.25 mg/l, and the
means ranged from 0.03 to 0.18 mg/l for the four ozone tests.  During the four ozone tests, ozone
levels within the fish culture tanks receiving ozonated water averaged < 12 mg/l (Table 2).
Dissolved ozone concentrations taken from the culture tanks receiving ozonated flow were
variable (Figure 2), and ozone levels could rise from 0 to 0.03 mg/l in less than 1 hour.
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Three different brands of oxidation-reduction potential (ORP) probes and controllers were
evaluated in an attempt to measure and control the oxidizing potential of the water within the fish
culture tanks in order to prevent the accumulation of toxic levels of dissolved ozone.  Only one of
the ORP controllers evaluated (Stranco model 4-2F Automatic ORP Controller, Bradley, IL), the
most expensive controller of the group, satisfactorilly tracked ORP under conditions both
preceding the accumulation of ozone and in the presence of residual ozone.

ORP-based control of ozone residual within the culture tank water was complicated in our
research system because the system contained two cross-flow culture tanks, with each culture
tank divided into two sections by a mesh screen.  The purpose of the divider was to keep the
newly stocked fingerlings separated from the older and larger cohorts that had been stocked
previously.  This barrier produced two regions within each tank where rates of ozone
accumulation were different.  Only one ORP probe and controller was used to regulate ozone

Figure 2. Histogram of all dissolved ozone concentrations measured in the culture tanks receiving
ozonated flow during the study.

addition to the system.  And, unfortunately, accumulations of dissolved ozone could not be
controlled in any tank region that did not contain an ORP probe and controller.  Lack of ORP
controllers in both portions of both culture tanks resulted in ozone-induced mortalities on five
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occasions caused by direct ozone toxicity in tests three (3.9%) and four (5.0%) (Table 2).  No
ozone induced mortalities occurred during tests one and two.

The first signs of exposure to toxic concentrations of dissolved ozone were noticeable changes in
fish behavior.  Fish stopped feeding and congregated near the surface of the water and sometimes
"gasped" for air.  Eventually, erratic swimming behavior occurred and became progressively
worse.  Attempts to jump out of the tank increased, and some fish showed darting behavior
followed by listless swimming.  Fish eventually lost equilibrium and also became pale, with
vertical patches of dark pigment on the sides of the body.  Fish which reached this latter condition
rarely survived.  Gills of fish exposed to high levels of ozone showed excess mucus, hyperplasia,
and aneurysms.

Discussion

Prior to ozonation, BGD was a constant problem among newly stocked fish.  During an 11-month
period previous to ozonation, five groups of rainbow trout were stocked, and up to 30% of each
group died because of BGD or a secondary amoebic infection (Bullock et al., 1994) despite
regular chemotherapeutic treatments.  In the ozonation study, BGD associated mortalities also
occurred on a regular basis when ozone was not added or insufficient ozone was added.  Adding
ozone lowered total mortality and the number of clumps of BGD bacteria on gill tissue in tests
one, three and four, compared to that in the control and test two, when the ozone generator
failed. A total of 14 treatments were required to reduce BGD mortality in the two tanks in the
control and test two, while no treatments were needed in the other trials.  After addition of ozone,
only 1.7-4.1% of stocked fish died because of BGD, and chemical treatments were rarely required
(Table 2).

The benefits of adding ozone to our system were an overall improvement in water quality entering
the culture tanks (Summerfelt et al. 1996) and, more importantly, a reduction of mortality due to
BGD and a reduction in the need for chemotherapeutic treatments.  The improvement in water
quality from ozonation may, at least indirectly, affect mortality from BGD. MacPhee et al. (1995)
found that feeding played an important role in BGD mortality; fish fed after being challenged with
F. branchiophilum developed clinical signs of BGD and had high levels of mortality, while those
that were not fed after the challenge developed only moderate clinical signs and were generally
normal 72 h post challenge.  They proposed that feeding promotes active excretion of urea and
ammonia which accumulates in the mucus and static water layer surrounding the gills, and this
provides a nutrient-rich environment that allows colonization and growth of BGD bacteria on gill
tissue.  They also proposed that acidification of the mucous boundary layer of the gill, which can
be produced from increased carbon dioxide excretion as a result of feeding, may play an important
role in F. branchiophilum attachment and colonization of the gills.  Because MacPhee et al. (1995)
used a single-pass system, it is unlikely that deterioration of water quality or environmental
stresses favored the development of BGD.  Within our recirculating system, however, it is more
likely that the nitrogenous and organic substrates in the water affected the growth of F.
branchiophilum.  Better water quality, (Summerfelt et al. 1996) and reduced BGD mortalities
were both results of system ozonation, but the connection between the two was not shown. 
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Although limiting nutrients to F. branchiophilum may be a reason for reduced BGD mortality,
other factors are probably involved.

Several factors contributed to the failure of ozone to eliminate F. branchiophilum and the general
failure to reduce numbers of heterotrophic bacteria in our recirculating system by even one log10. 
Bacterial reduction can be predicted from the product of the dissolved oxidant concentration and
the exposure times, as described by the Chick-Watson model (Watson, 1908).  Within our system,
ozone was co-transferred with oxygen in LHO units and short (35 s) contact times were
provided for ozone reaction after transfer to the flow before entering the culture tank.  Even the
roughly 55 daily exposures of recirculated water to ozone within the LHO units did not off-set
the short contact time each pass.

The other factor that limited bacterial reductions was the low ozone residuals (means ranged from
0.02 to 0.180 mg/1) at the end of the ozone contact tank (Table 2).  Within our recirculating
system, ozone demand produced by suspended solids, nitrite, and color (dissolved organic
molecules) reduced ozone's half-life to levels that were generally too short to measure.  The
longest half-lifes measured were only 15 s. In contrast, the half-life of ozone in a solution of pure
water is about 165 min at 20°C (Rice et al., 1981).  The ozone demand of the water in the
recirculating system consumed the ozone's oxidative power and thus shielded the bacteria from
direct oxidation.  The shortened half-life reduced the effective concentration and the time of
ozone contact within solution and thus reduced the predictor of ozone disinfection power, the
product of residual concentration and contact time.

The product of the contact time and range of ozone concentrations in these trials were less than
those reported by others.  In Owsley's (1991) studies, the water supply was treated with 0.2 mg/l
ozone for 10 min to kill infectious hematopoietic necrosis virus (IHN); after treatment, water was
degassed in packed columns to reduce ozone to a safe level for the fish.  Liltved et al. (1995)
reported 99.99% inactivation (4 log reductions in viable count) of four bacteria (Aeromonas
salmonicida subsp. salmonicida, Vibrio anguillarum, Vibrio salmonicida, and Yersinia ruckeri) and
the infectious pancreatic necrosis virus (IPNV) within 180 s at residual ozone concentrations of
0.5 to 0.20 mg/l within distilled water in bench-top studies.  Tipping (1988) reported that a
contact time and ozone concentration product of 1 mg/L min was necessary to kill the protozoan
Ceratomyxa shasta from the water entering a trout hatchery.  And, Colberg and Lingg (1978)
reported 99% kill of four bacterial fish pathogens (A. salmonicida subsp. salmonicida, A.
liquefaciens.  Pseudomonas fluorescens, and Y. ruckeri) when exposed to 0.1 and 1.0 mg/L ozone
for 60-s in simulated recirculating system water.

Greater reductions in bacteria within our recirculating system, with its high oxidation demand,
would have required ozone loading rates greater than those used here (i.e., > 0.039 kg ozone per
kilogram feed), which would be difficult to achieve without: (1) wasting excess oxygen to carry
more ozone to the LHO unit, and/or (2) replacing the ozone generator with a larger unit that
could produce a higher ozone concentration in the oxygen feed gas (6-10% instead of 4-5%),
and/or (3) installing an ozone removal unit (air stripper, UV light, or large hydraulic retention
chamber) to prevent the increased ozone residual from reaching toxic levels in the culture tank.
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One of the main reasons that ozone is not widely used in aquaculture is its toxicity and a
manager's unwillingness to risk losing fish to an accidental overdose.  Residual ozone is highly
toxic to fish at low levels.  Ozone destroys epithelium covering the gin lamefla which results in a
rapid drop in serum osmolality (Paller and Heidinger, 1979; Wedemeyer et al., 1979) and, if
mortality does not occur immediately, can leave the fish highly susceptible to microbial infections
(Paller and Heidinger, 1979).  Wedemeyer et al. (1979) reported that an ozone residual of 0.002
mg/l would be a conservative maximum safe level of ozone when culturing rainbow trout.  Based
on the literature, the exact level of ozone that damages gills or kills rainbow trout is between
0.008-0.06 mg/l (Roselund, 1975; Wedemeyer et al., 1979).  In our research, ozone concentration
rose to lethal levels on five occasions when we attempted to maximize ozone dosages in trials
three and four (Table 2).  The high ozone concentrations were caused by variable ozone demand
in the water and the short hydraulic retention time provided before each fish culture tank.  Ozone
levels as high as 0.08 mg/l were measured during fish mortalities; however higher ozone levels
probably occurred but were not measured because staff were not usually on site when ozone-
induced mortalities occurred.  When staff were on site to measure ozone residual, they would first
attempt to restore ozone-free water flow to protect the fish; measuring ozone residual was less
important.  Ozone mortalities were not observed in tests one and two, probably because the ozone
dosing rate per unit feed fed was lower than those in tests three and four (Table 1).  Additionally,
we observed that when fish stopped feeding from the demand feeders after being stressed (for
example just after selective harvest of the fish > about 0.34 kg) ozone accumulated more readily
within the region that was harvested.  This indicated that the production of organic compounds
during and after feeding affected the rate that ozone reacted, which decreased ozone
concentrations.

Occurrence of ozone produced mortalities illustrates a serious liability of ozone technology--the
lack of instrumentation to continually detect ozone at levels < 0.1 mg/l and the lack of chemical
tests to readily measure ozone in water grab samples at concentrations < 0.01 mg/l.  At present,
there is no fail-safe system to directly measure and control ozone in solution.  An indirect measure
of residual ozone is the water's oxidation reduction potential (ORP), which is a measure of a
water's potential to oxidize and is thus a measure of the water's potential to disinfect or to kill fish.
 ORP can be monitored and used to control ozone addition to ensure that the desired treatment
objective has been achieved and to ensure that ozone residual is not in the fish culture tank.  A
safe ORP for freshwater appears to be between 300-350 mv, depending upon pH.  Our attempts
to indirectly measure ozone residuals by ORP control strategies were only partially successful. 
An ORP control system was identified that could prevent ozone residual from accumulating in the
culture tank within the region of the ORP probe.  However, because our recirculating system
contained two culture tanks, each partitioned into two areas to isolate fingerlings from larger fish,
a single ORP controller, no matter how accurate, could not prevent mortalities from occurring
within a given region of a culture tank unless a probe was in that region.  In a single completely
mixed freshwater environment, a good automatic ORP controller could probably help to obtain
maximum oxidative treatment with minimum toxicity to fish.

These results indicate that adding ozone at the lower rate (0.025 kg ozone per kilogram feed)
provided about the same benefits as the higher dosing rate (0.036-0.039 kg ozone per kilogram
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feed fed): e.g., reduced BGD associated mortalities and no required use of non-approved
chemical treatments to control BGD epizootics.  Yet, the lower ozone dosage rate did not kill fish
from ozone toxicity because ozone had such a short half-life and its residual quickly reacted away.
 Accordingly, the lower ozone addition rate would allow use of a shorter ozone contact time
before the completely mixed culture tanks and also avoid the use of ozone residual removal units
and the dependence upon expensive and sometimes unreliable ORP control technologies.  Hence,
use of the lower dose would provide all of the benefits but also reduce capital and operating costs
associated with the higher ozone dosing rate.
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Abstract

Between 1993 and 1995, Virginia State University Aquaculture Diagnostic Laboratory processed
27 fish health cases from recirculating systems in Virginia out of a total of 151 cases submitted. 
Recirculating systems represented about 18% of all cases submitted to the VSU Laboratory.  The
fish health cases came from eight commercial recirculating system facilities located throughout
Virginia.  Tilapia and hybrid striped bass are the principal fish cultured in these systems.  In 1995,
tilapia and hybrid striped bass represented 43% and 36% respectively of the submitted
recirculating system casework.  In 1995 ornamental fish emerged as another major group raised in
recirculating systems.  Bacterial diseases were the predominate problem, being diagnosed in 36%
of the cases submitted from recirculating systems in 1995.  Streptococcus spp. from tilapia and
Pseudomonas aeruginosa from ornamental fish were the more unusual types of isolates recovered.
 Water quality (29%) and parasites (21%), respectively constituted the other more prevalent
problems diagnosed from recirculating systems in 1995.  Many of these problems could have been
avoided, if producers had had more access to training in recirculating systems management and
fish health, along with professional technical assistance.

Introduction

Fish producers in Virginia using recirculating systems consist of a small group of less then 20
producers.  Many of these operations are small in production capabilities.  The largest operation
in Virginia is reported to produce 30,000 lbs. of fish per week.  Most others are capable of
producing only a few hundred to 1000-2000 pounds per week.  Virginia State University
Aquaculture Diagnostic Laboratory responded to many of these small scale recirculating system
producers requests for assistance with fish health problems.  These producers are unevenly
distributed throughout the Commonwealth of Virginia.  In the last three years, the laboratory has
processed 27 cases from eight different recirculating System facilities throughout the
Commonwealth of Virginia.  This report summarizes the clinical findings and problems associated
with recirculating systems in Virginia and suggests several recommendations.

Recirculating Systems

The submission of casework came from eight of the estimated 20 commercial producers in
Virginia.  Many producers that submitted cases built their own system instead of purchasing a
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"turn key" system. Only one producer had what is called turn key designed system.  A few had
bought commercially available components and integrated these parts into their own design. Only
one system used an RBC filter while others used an adapted trickle system design.  Many
producers used components and other known design features in order to build a system that
suited their particular needs and operation.

The size of systems that producers were using varied widely.  The largest facility in terms of
production that submitted fish with health problems was producing about 1000-1500 pounds of
fish per week.  One producer had a small prototype system with one 250-gallon tank while the
largest had a battery of main production units consisting of sixteen 2800-gallon tanks plus fry and
fingerling tanks.

Species

The main species of fish being grown in these recirculation system facilities and presented to the
diagnostic lab were tilapia and hybrid striped bass (HSB).  In 1995, tilapia represented 43% of the
cases from recirculating systems while HSB was 36%.  Several species of ornamental fish such as
Koi and peacock cichlids were presented to the lab in 1995. (Table 1).

Table 1. Analysis of casework by species from recirculating systems, 1993 to 1995.

Species/Year 1993 1994 1995
Tilapia 100% 17% 43%
Hybrid Striped Bass -- 83% 36%
Ornamentals -- -- 14%
other species -- -- 7%

Clinical Findings

In the last two years (1994-1995) recirculating systems represent 19% to 25% of the case load for
VSU Aquaculture Diagnostic Lab.  In the first year of operation (1993), the lab received only one
case submitted by a recirculation system producer. Overall recirculating systems represent 18% of
all case work submitted to the laboratory. (Table 2).

Table 2. Percent of casework from recirculating systems (1993-1995).

Year Percent of
Casework

Total Number of
Cases

93 2% 42
94 25% 48
95 19% 73

Diagnoses of casework from recirculating systems were categorized by related problems such as
parasites, water quality, etc. (Table 3). 
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Table 3. Recirculating system's casework by diagnoses.

Diagnoses 1994 1995
Parasites 25% 21%
Bacteria 17% 36%
Water Quality 17% 29%
Routine Checks/Inspections 25% 21%
Unknown 7%
Other* 14%
Total Cases 12 14
*miscellaneous problems handling, thermal shock, etc.

Bacteria

The predominate fish health problem from recirculating systems in 1995 were bacterial diseases,
comprising 36% of the cases examined.  Common fish pathogens such as Aeromonas spp. and
Edwardsiella tarda were identified.  Unusual bacteria, Streptococcus spp. from tilapia and
Pseudomonas aeruginosa from tropical ornamental fish, were also isolated. (Table 4).

Table 4. Specific problems diagnosed by species grown in recirculating systems from 1993 to
1995.

Tilapia Hybrid Striped Bass Ornamentals Catfish
Streptococcus spp. Handling Stress Aeromonas spp. Unknown
High Ammonia Ichthyobodo Anemia
Edwardsiella tarda Ammonia Hexamita
External Columnaris Nitrite Pseudomonas
Gill and Skin Temperature aeruginosa
Monogenetic
Trematodes

Aeromonas hydrophila

Anoxia

Water Quality

As expected in dealing with recirculating systems, water quality problems were associated disease
with many cases.  It was not unusual to find unacceptably high ammonia and nitrite concentrations
in these systems.  Water quality problems were involved 29% of the time for submitted casework
from recirculating systems in 1995.
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Water Exchange

Several producers practiced either no water exchange or low volume exchange that amounted to
no more than 5% of their system.  This was deemed a management practice problem rather than a
fish health problem.  This lack of water exchange resulted in water quality problems that caused in
fish health problems.  When recommendations were made to increase exchange rates to 15-20%
and implemented, the number of fish health problems decreased.

Parasites

Parasites were the third most prevalent problem occurring in recirculating systems.  Parasitic
problems comprised one quarter to one fifth of the diagnosed problems that producers had with
their systems. (Table 3).

Ichthyobodo was consistently seen on the skin and especially the gills of HSB.  The problem was
greatly amplified when HSB fingerlings were transferred from ponds to a recirculating system. 
Ornamentals examined were found to have Hexamita in the intestine in various degrees of
intensity.

Routine Checks/Inspections

Several producers requested that their fish be examined for fish health problems as a preventive
measure or as a fish health inspection for selling live fish.  This category of routine
checks/inspection represents nearly one quarter of the casework from producers using
recirculating systems.

Discussion and Recommendations

Many of the fish health problems and general management practices were indicative of
inexperience in working with fish and insufficient technical knowledge to handle recirculating
system problems and fish health crises.  This does not imply that all producers lack skills with
these types of systems.  Several producers had adequate knowledge and experience but still
required a higher level of technical assistance with fish health problems.

More technical information through publications and workshops on water quality in recirculating
systems would greatly help producers in managing and growing fish.  Water quality problems
were considered highly important even though it was not the most prevalent problem diagnosed
from recirculating systems.  Water quality problems were viewed mainly as a management
problem that could be corrected with improved management practices and better water quality
monitoring.

When dealing with fish health problems, many etiologies are involved and diagnosed.  In several
of the cases presented, both poor water quality and infectious pathogens were involved in causing
fish health problems.  Improving water quality in the system through better management practices
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such as increased water exchanges or better water quality monitoring improved the health of fish
and reduced infectious pathogen problems.

Not only does poor water quality increase infectious pathogen problems, but also results in severe
gill lesions (eg. hyperplasia) on hybrid striped bass and tilapia thereby impairing gill respiratory
function (Lightner et al. 1988; Smith et al. 1994).  Having impaired gill function will increase the
stress level resulting in more fish health problems and a decrease in overall production.

The lack of water exchanges in recirculating systems was deemed as the initiator for many water
quality and fish health problems that producers were having.  More technical information should
be developed for producers on how water exchanges improve the functional aspects of the
recirculating system.  When recommendations were given to producers for increasing the percent
of water exchanging in the system, several of the preexisting problems either quickly decreased in
intensity or disappeared.

Programs should be developed by Cooperative Extension for dealing with the increasing number
of small scale recirculating system producers in Virginia.  Program development should provide
more on-site technical assistance for these producers as well as workshops and technical fact
sheets on recirculating systems that deal with the use of "low tech" systems.  Workshops should
focus on the technical aspect of recirculating system components, water quality monitoring, and
fish health management as well as basic fish cultural practices.

Fish Health Management

Producers bringing in new stocks for growout should examine fish for any potential disease
problems before introducing them into the grow-out facility and tanks.  It would be advisable
where practical and feasible to prophylactically treat fish for external parasites.  External parasitic
problems on fish are greatly amplified in a recirculating system.  A severe parasitic infestation on
the skin and gills can result if preventive measures are not taken.

Producers having Ichthyobodo on HSB treated with 25 ppm formalin as an indefinite tank
treatment.  The follow-up necropsies indicated that treatment was efficacious for Ichthyobodo
and did not seem to disrupt the dynamics of the recirculating system.

A producer should set up an isolation system for new arrivals as an added measure for preventing
the introduction of fish health problems in grow-out tanks.  The isolation tanks should comprise a
completely separate system with no interconnections with the main grow-out tanks.  If a problem
does occur with new arrivals, the fish health problem is confined to the isolation tanks and more
easily treated.

Summary Recommendations

1. More technical assistance, especially on-site visitation, for small scale producer operations.
2. Training/shortcourses directed toward small scale producer operations.
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3. Fish Health Maintenance Workshops.
4. Producers should increase water exchange rates to at least 15% of system volume.
5. Producers should inspect and quarantine fish before introducing them into the main

production unit.
6. If possible producers should use prophylactic treatments for external parasites on new

arrivals to the facility.
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Abstract

The formation of an oil (lipid) film on the surface of larval fish culture tanks has been regarded as
the cause for noninflation of the gas bladder (NGB) of larval striped bass, walleye, yellow perch,
red sea bream, gilt-headed bread and other freshwater and marine fishes.  However, neither the
thickness of the oil on the surface or the culture tanks nor origin of the oil has been described. 
The objective of the study was to obtain an analytical measure of the oil thickness on culture tanks
as the basis for studies to describe the origin of the oil film and for development of a method to
remove oil from the surface of culture tanks.  A glass plate was used to sample the oil from the
surface of culture tanks and the solvent 1,1,1 trichloroethane (TCE) was used to remove the oil
from the sample plate; the oil was separated from water in a separatory funnel in a solution of
TCE.  The concentration of oil was determined by measuring absorbance of an oil-TCE solution
with a spectrophotometer at 328 nm.  Oil thickness was estimated from equations obtained from a
plot of a standard curve developed by measuring the concentration of a reference fish oil on the
surface of the several aquaria and from the calculated thickness of an oil monolayer on the surface
of the same aquaria.  Of three fish oils tested, all had a single absorption peak at 328 nm; no
secondary peaks were found between 0 and 800 nm.

Introduction

The formation of an oil (lipid) film on the surface of larval fish culture tanks has been regarded as
the cause for non-inflation of the gas bladder (NGB) of larval fishes.  An oil film problem
affecting gas bladder inflation has occurred in the larviculture of striped bass, Morone saxatilis;
(Doroshev and Cornnachia, 1979); red sea bream, Pagrus major: giltheaded bream, Sparus
auratus, (Kitajima et al., 1981 and Chatain and Ounais-Guschemann, 1990); walleye, Stizostedion
vitreum, (Colesante et al., 1986 and Summerfelt, 1991), and other fishes, both freshwater and
marine.  Larvae without inflated gas bladders exhibit decreased growth rates, lordotic skeletal
malformities and they are more susceptible to stress (Chapman et al., 1988; Chatain and Ounais-
Guschemann, 1990).  We have observed high mortality of small juvenile walleye following
handling when those fish did not have inflated gas bladders.

The origin of the oily surface film commonly seen in larviculture tanks is unknown, but the oil
globule of the prolarvae and oily feed introduced to the tanks are possible sources (Colesante et
al., 1986; Chapman et al., 1988).  Although an oil film is generally recognized as a cause or at
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least a significant contribution to the non-inflation of the gas bladder problem, no one has
heretofore quantitifed the oil thickness The objective of this study was to develop a method to
quantify oil thickness on the surface of tanks used for the mass culture of larval walleye on
formulated feed.  Three problems had to be resolved to measure oil thickness on culture tanks:
first, a procedure was needed to sample oil from the surface of the culture tanks; second a method
was needed to measure oil concentration in the sample; and third, a conceptual scheme was
needed to calculate oil thickness from the concentrations of oil on the surface of the tanks.  This
report presents one approach to these problems that provide the desired information.

Methods

Oil was sampled from the surface of the tanks with a glass plate following the procedures used by
Harvey and Burzell (1972) for the collection of oily microfilms from the ocean's surface.  Muir et
al. (1992) used the same method to collect insecticide samples from the surface of prairie ponds. 
Oil sampling was done using a solvent-cleaned glass plate (200 mm x 100 mm x 3 mm), which
was submerged in the water and slowly removed, carrying with it oil from the water's surface.  Oil
collected on the surface of a glass plate was washed from the plate with the solvent 1,1,1
trichloroethane (TCE) (Figure 1) into a 500 mL separatory funnel (Figure 1).  A cotton plug was
inserted into the delivery tube of the separatory funnel to remove any suspended water and solids.
 The lower TCE layer was then drained into a glass spectrophotometer cell with a 2.54-cm path
length and its absorbance determined using the spectrophotometer.  Any water adhering to the
glass plate remained in the separatory funnel or the cotton plug, it did not contaminate the oil-
TCE mixture.

An adaptation of a calorimetric procedure (HACH Company 1989) was used to quantify the
concentration of oil.  The absorption spectra of several fish oils were compared to determine
whether major species specific differences exist in spectrophotometric absorption of oils from
different fish.  Samples of cod (Gadus morhua), menhadden (Brevoortia tyrannus) and herring
(Clupea harengus) oil were dissolved in 1,1,1 trichloroethane (TCE) and the absorption spectra of
this solution was determined.  The absorptivities of each of these oils were measured from 0 to
800 nm in 50 nm increments.  A reagent blank containing pure TCE was used to adjust the
spectrophotometer to read 0 absorbance (HACH DR3000).  A sample cell (2.54-cm pathway)
containing a 30 ppm concentration of oil and TCE was placed in the spectrophotometer and the
absorption recorded at 50 nm increments.  When the area of maximum absorbance was located,
the increments were decreased to 5 nm and then 1 nm until the wavelength with maximum
absorption was identified.
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Figure 1. Oil sampling and extraction apparatus.

All oils had a single peak at 328 nm, no secondary peaks were found throughout the rest of the
spectrum.  Although the wavelength of maximum absorption was the same for all fish oils, the
peak for cod oil was greater in magnitude at the same concentration than the herring and
menhadden oils (Figure 2).  Brown (Iowa State University, Ames, personal communication) used
procedures described by Gunstone (1991) for high resolution nuclear magnetic resonance (NMR)
spectroscopy to measure 13C spectra of fish oils from cod, menhadden, herring, and walleye. 
Brown found that these oils had similar signals in the 13C-NMR spectra. thus, there was similarity
in absorption spectra among these oils with both light and NMR methods.  For this reason, cod oil
was used as the reference for preparation of all standard solutions.
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Figure 2.  Optimum wavelength for herring, menhadden and cod oils.  All standards were 30 ppm
fish oil in TCE.

Data for a standard concentration curve were collected three times with standards of 10, 20, 30
and 100 ppm.  The absorbance and concentration values were plotted and described with a second
degree polynomial curve (Figure 3).
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Figure 3.  Standard curve of oil in solvent concentrations.
Concentrations are 10, 20, 30 and 100 ppm.

Oil thickness on tank surfaces was determined by comparison to a standard curve based on
calculations of oil microlayer thickness developed in aquaria (Figure 4)

Figure 4.  Oil thickness on the surface of glass aquaria (upper portion of figure) was estimated
from the relationship between concentration of oil (spectrophotometric absorption) and the

calculated thickness of oil based on known addition to the aquaria.
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Oils that are fluid under ambient temperatures spread horizontally and form a film at the air/water
interface (Larsson et al. 1974).  Oil in water will continue to spread until it reaches a
monomolecular thickness, approximately 0.1 µm (Butt et al., 1986).  To measure the relationship
between oil concentration and oil thickness, clean glass aquaria (25.5 cm x 50.0 cm x 30.0 cm)
were wiped down with TCE and then filled with 20 L of tap water and the surface area measured
(1.275 x 1011 µm2).  Enough oil was introduced to form a microlayer of a thickness calculated
from oil volume to surface area relationship as shown in this equation:
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2

3

mareasurface

moilofvolume
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µ
µ
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A volume of 0.01 cc (1.0 x 1010 µm3) of the reference oil (food grade cod oil) had a calculated
thickness of 0.078 µm in these aquaria.

Aquaria with oil layers of 0.3, 0.5, 0.7 and 1.0 µm thickness were sampled with the glass plate
three times each to develop a curve to relate absorption to an oil microlayer thickness (Figure 5).
This relationship was used to measure the thickness of oil layers on larval culture tanks.

Figure 5. Standard curve of absorbance and oil thickness values. 
Oil thicknesses are 0.3, 0.5, 0.7, and 1.0 µm.

Conclusion

The spectrophotometric methodology can be used to measure either oil concentration in water or
oil thickness on the surface of culture tanks.  The coefficient of determination (r2) was 0.99 for
the absorption-concentration curve and 0.95 for the absorption-oil thickness curve.  Both
procedures were highly reproducible.  However, variation in the standard curve increased when
the estimated thickness was less than 0.3 µm (i.e., minimum resolution of oil with this
spectrophotometer).  This limitation did not cause any difficulties when sampling culture tanks
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because oil layers were typically between 0.4 µm and 0.7 µm in thickness (Boggs and Summerfelt,
1996).
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Abstract

The presence of an oil layer on the water surface is considered to be the cause for noninflation of
the gas bladder of larval walleye (Stizostedion vitreum) reared in intensive culture on formulated
feed.  The objective of this study was to determine whether the oily microlayer originates from the
fish or the feed.  Six 157 L culture tanks were stocked with 5 day-old walleye fry at a density of
30 fry/L (4,710 fry/tank).  Formulated feed was fed to fish in three tanks, and fish in the other
three tanks were not fed.  Oil thickness was measured in all tanks before stocking or adding feed,
and again when the fish were 7, 9, 11, 14, 16, and 18 days posthatch.  Oil thickness in the tanks
before fish or feed were added (background concentration in the water supply) was 0.38 µm. 
Maximum thickness (0.67 µm) of the oil layer occurred in the fish and feed treatment when an oil
globule was still present in the fish.  The findings indicates that in the critical period when gas
bladder inflation occurs, at least 64.7% of the total oil thickness, exclusive of the background
level, is derived from the oil globule released from walleye fry, and 35.3% from feed introduced to
the culture system.

Introduction

Until recently, mass culture of larval walleye, Stizostedion vitreum, in an intensive-culture
environment on formulated feed was not practical because survival rates were too low, typically
20% to 21 days posthatch (Krise and Meade, 1986; Kindschi and MacConnell, 1989).  A major
factor affecting survival has been the failure of the fry to inflate the gas bladder (Colesante et al.,
1986; Barrows et al., 1988; Kindschi and MacConnell, 1989; Summerfelt, 1991).  Fingerlings that
survive past the larval stage without gas bladders exhibit decreased growth rates, lordotic skeletal
abnormalities, and they are more susceptible to stress (Chapman et al., 1988; Chatain and Ounais-
Guschemann, 1990).  Larvae of other species that have this problem with the gas bladder are
striped bass, Morone saxatilis; red sea bream, Pagrus major: and gilt-headed bream, Sparus
auratus (Doroshev and Cornacchia, 1979; Kitajima et al., 1981; Chatain and Ounais-Guschemann,
1990).

The most widely accepted explanation for noninflation of the gas bladder (NGB) in an intensive
culture environment is that an oily film at the air-water interface of culture tanks prevents the
larvae from penetrating the surface to gulp air (Barrows et al., 1993; Chatain and Ounais-
Guschemann, 1990).  Walleye are physostomous as larvae and, although experimental
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observations are lacking, penetration of the air-water interface seems to be necessary to initiate
inflation of the gas bladder.  Kitajima et al. (1981) demonstrated that larvae of the red sea bream
would not inflate the gas bladder when their access to the water surface was blocked by a layer of
liquid paraffin, and Chapman et al. (1988) stated that striped bass reared in aquaria with glass
ceilings did not inflate their gas bladders.

Thus, NGB seems to be the result of a physical barrier at the water surface, and the most likely
cause is the presence of a thin layer of oil.  Colesante et al. (1986) suggested that an oil film could
originate from the formulated feed introduced to the culture system.  The W-16 feed used at that
time was especially oily.  Chapman et al. (1988) speculated that the oil may originate from food
and feces or be released from oil globules of dead fish.  Our observations suggest that oil on the
surface of walleye culture tanks is related to the dissolution of the oil globule.

We quantified the thickness of surface microlayers of oil in larviculture tanks to determine
whether the oil present in walleye culture tanks originates from the feed introduced to the system
or from the fish themselves.

Methods

Oil Standards and Sampling Methodology

The methodology used to sample and quantify oil microlayer thicknesses in this experiment is
described by Boggs and Summerfelt (1996).  The method employs a glass plate and solvent to
sample the oil film from the tank surface, and a calorimetric procedure to quantify the
concentrations of oil and solvent.  Oil thickness was estimated from equations obtained from a
plot of a standard curve developed by measuring the concentration of a reference fish oil on the
surface of the several aquaria and from the calculated thickness of an oil monolayer on the surface
of the same aquaria.

The Culture System

The culture tanks used in the study are the same 157-L cuboidal tanks described by Moore et al.
(1994) except that they were used without the surface spray, which is an innovation to remove the
oil film (Barrows et al., 1993; Moore et al., 1994).  Surface sprays were not used as they would
interfere with development of the oil film.  Six tanks were used, three replicates with fish and
feed, and three tanks with fish and no feed.  All tanks were equipped with a center standpipe drain
and a circular flow pattern.  The culture system was operated as a single pass, flow through 
system with one exchange per hour.  The pH was maintained at approximately 7.8. Water
temperature was maintained between 15 and 16°C throughout the experimental period.

Walleye were obtained as eyed-eggs from London Fish Hatchery, London, Ohio, and incubated at
15°C in standard 3-L cylindrical hatching jars until hatching was complete.  Fry were stocked in
all tanks at a density of 30 fry/L when the fry were 5 days old.  Fry feed Kyowa B-400 and B-700
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(BioKyowa, Inc., Chesterfield, MO)1 were fed to fish in three of the culture tanks (feed
treatment), whereas fish in three other tanks were not fed (no-feed control) (Table 1).

TABLE 1. Daily feeding rate and ratios of Fry Feed Kyowaa for walleye fry by fish age in days
posthatch (dph).

Fish age(dph) Ratio of B-400:B-700 Daily feeding rate(g/1000 fry)
3 100:0 1.5
4-5 100:0 3.0
6-9 75:25 8.0
10-12 75:25 7.2
13-15 50:50 7.0
16-18 25:75 8.0
aBioKyowa Inc., Chesterfield, MO

Data Collection

Oil film samples were taken 3 days a week beginning when the fish were 7 days old (posthatch)
and terminating on the 18th day posthatch.  Two samples were taken from every tank each
sampling day, and the mean of these two measurements was used in the analysis.  The tanks were
also sampled before the introduction of the fry to determine the thickness of any oil present
without fish or feed (i.e., oil derived from the water supply).

Tanks were cleaned and dead fish counted daily.  Fish were examined on days 12 and 16
posthatch for inflation of the gas bladder and measurements of the oil globule.  At termination of
the experiment, fish in all tanks were counted to determine survival, and 100 fish from each tank
were examined for inflation of the gas bladder.

Analysis of Oil Thickness

The tank means for the oil thicknesses in feed and no-feed treatments were plotted against days
posthatch and the relationship described with a rectilinear regression.  Differences between
treatment means on every sampling day (3 replicates per treatment) were analyzed by an unpaired
t-test.  Also, the mean oil thicknesses for each treatment were analyzed by one factor ANOVAs
and Duncan's multiple comparison test for three oil globule status categories (6 replicates per
category): present (days 7 and 9), transitional (days 11 and 14), and absent (days 16 and 18). 
Statistical differences were considered significant at the 5% level (P < 0.05).

Results

Oil Thickness Comparisons

The background oil thickness, the oil present in all tanks before stocking or adding feed averaged
                    
1 Use of trade or manufacturer names does not imply endorsement.
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0.114 in both treatments. 0.114 µm (SE = 0.004). In the six comparisons, when fry were 7, 9, 11,
14, 16, and 18 days posthatch, only on day 7 posthatch was the oil thickness significantly greater
in the treatment given feed than in the control treatment (Table 2).  Oil layer thickness differed
significantly between treatments on day 7 posthatch when the oil layers in the feed treatment were
greater than those in the no-feed control (P = 0.009). All other treatment differences throughout
the experimental period were not statistically significant.

In both treatments, oil layers were significantly thicker in tanks when fish were still in the oil-
globule-present stage than during the transitional stage or after oil globule absorption.  Oil
thickness between the transitional and absent status categories were not statistically significant in
any of the treatments (Table 2).

TABLE 2. Mean oil thickness (µm) on the surface of culture tank treatment groups (feed added
and the no feed control) by oil-globule-status categories.  Category means that do not share a
letter in common are significantly different at the 5% level.

Oil thickness (µm)a t-test
Days posthatch Feed added No feed control t-value P-value
Background thickness (w/o fish or feed) 0.114 0.114
Oil globule present (1)
7 0.292 0.150 4.732 0.009
9 0.278 0.170 1.880 0.133
Category 1: 0.285x 0.160x

Transitional (2)
11 0.069 0.089 -0.632 0.562
14 0.040 0.073 -1.248 0.280
Category 2: 0.055y 0.081y

Oil globule absent (3)
16 0.047 0.050 -0.149 0.889
18 0.077 0.085 -0.229 0.829
Category 3: 0.062y 0.068y

ANOVA
F-value 106.26 15.93
P-value 0.002 0.025
a Values adjusted by subtracting average background level.

Oil globule diameter measurements of 30 fry at hatching indicated an average diameter of 0.91
mm (SE = 0.012). The oil globule diameter decreased to an average of 0.36 mm (SE = 0.008) by
day 12 posthatch, and it was completely absorbed by day 16 posthatch (Figure 1).  On day 12
posthatch the oil globule diameter of fry in the feed treatment were significantly larger than oil
globules of fry in the no-feed control (P = 0.016). Thus, fry that were feeding were able to retain
their oil globules longer than non-feeding fry.
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Figure 1. Changes in the oil globule diameter of larval walleye from hatch (day 0) to 16 days; each
data point represents measurements of 30 fish.  The slope of the line (-0.058) represents the rate
of absorption of the oil globule.  The developmental process of the fish has been divided into three
stages, oil globule present, transition (<50% of initial size), and oil globule absent (16 days).

An estimate of the proportion of the oil derived from fish and feed was done by comparing oil
thicknesses in the tanks for the feed and no-feed control treatments.  This comparison indicated
that 54.5% of the oil thickness was derived from the fish on day 7 posthatch and 64.7% on day 9
posthatch.

Fry Performance Comparisons

Performance differences between the two treatment groups of walleye over the 19 day interval
were not statistically significant (Table 3).  Gas bladder inflation in no-feed control (36.3%)--i.e.,
where there was less oil during critical period of gas bladder inflation-was greater than in the feed
treatment (21.7%), but the difference was not significant.  Although the other performance
variables were not statistically different, the differences are the in expected direction, that is the
treatment group receiving feed had higher survival, they were longer and they had faster growth.
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Table 3. Comparison of treatment differences in gas bladder inflation (GBI), survival, total length
(TL), growth rate (GR) when the fish were 19 days old.

Treatment t-test
Feed No feed t-value P-value

GBI (%) 21.7 36.3 -1.023 0.364
Survival (%)1 14.7 8.7 1.515 0.204
TL (mm) 10.5 9.7 2.451 0.070
GR (mm/d)2 0.022 0.018 2.460 0.069
1Survival data were analyzed after arcsin percentage transformation.

2Specific growth rate = 
T

LL

∆
− 01 lnln

, where L0 = 7.1

Discussion

Before the introduction of fish or feed, we measured an oil thickness in the culture tanks of 0.114
µm.  This oil layer must be derived from the massive plumbing and pumping system of the city
and university before the water reaches the laboratories.  Neither air compressors nor submersible
pumps were used in the culture system.

To facilitate comparisons, we did not include the background layer in expressing the values for
the treatments.  In both treatments, maximum thickness of the oil layer was observed 7 or 9 days
posthatch.  After 9 days, oil thicknesses averaged 0.06 µm (SE = 0.006). The uniformity of oil
thicknesses in both treatment groups (i.e., tanks receiving feed and tanks without feed added)
suggests that the oil layer is mainly derived from the fish, not the formulated feed.

When fry development was stratified into three oil-globule-status categories-oil globule present
(days 7 and 9 posthatch), transitional (days 11 and 14 posthatch), and oil globule absent (days 16
and 18 posthatch)--differences in oil layer thickness among these categories were highly
significant (Table 2).  Duncan's multiple comparison test indicated that oil layers were significantly
thicker during the early stage of fry development when the oil globules were the largest.  Oil
thickness on the tank surface declined as the oil globule was absorbed.  The experimental findings
suggest that the oil globule is the point of origin of most of the material responsible for the
formation of the oil layer.

Oil layer thicknesses in the feed treatment were thicker than the no-feed control on days 7 and 9
posthatch, and the oil layers subsequently declined to very similar levels by day 11 posthatch. 
Measurements of the diameter of the oil globules made on day 12 posthatch indicated fry in the
no-feed control had significantly smaller oil globules than fry in the feed treatment.  Intuitively, fry
in the no-feed control treatment were likely to be metabolizing more of the oil than fry with an
exogenous feed, leaving less oily material to gather on the tank surface.

In a previous study conducted in the same laboratory in tanks with an upflow design described by
Loadman et al. (1989), a significant increase in gas bladder inflation was found in three tanks
equipped with a surface spray (GBI averaged 37.4%) as compared with three tanks without a



7

surface spray (GBI averaged 18.3%).
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Abstract

Provision of essential environment conditions for the cultured species is the major factor affecting
success and failure of the aquaculture system.  As well as generic factors, species specific
requirements must also be provided.  For example, the walleye, Stizostedion vitreum, is very light
sensitive species for which low light intensity must be considered.  Therefore, the objective of the
present study was to evaluate tank size and tank color as performance variables of walleye
fingerlings during a 68 to 95 day culture interval when pond-cultured fingerlings were trained
(habituated) to formulated feed.  The experimental design was a 2 x 2 factorial (tank size and tank
color): tank size treatments were 625 L and 1133 L, and the tank color treatments were blue and
black.  The experimental design was repeated in two trials (1994 and 1995).  Eight performance
variables were evaluated: length and weight at harvest, percentage of the stock > 150 mm (target
size), survival, growth in mm/day and g/day, specific growth rate (SGR, %/day), and food
conversion.  Statistically, performance was better in the black colored tanks in both years, thus,
the conclusion is that for habituating pond-raised walleye to formulated feed, small (625 L),
black-colored tanks are recommended in preference to large (1133 L), blue tanks.  The reason for
these differences is that black color reduces light reflection and walleye prefer low light intensity;
performance was better in small tanks because there was one feeder per 1.17 m2 of tank surface in
the small tanks compared with 1 feeder per 1.82 m2 in the large tanks.

Introduction

“Provision of a quality environment” can be regarded as the first law of aquaculture.  The success
and failure of an aquaculture system is dependent on the degree to which the physical, chemical
and biological needs of the organism can be met by the cultural environment.  As the intensity and
artificiality of the culture system increases, the adequacy of the design and management of the
environment will determine the difference between success and failure of the system.  It is
intuitively obvious, but not always given adequate consideration, that the culture system must
meet species specific needs for environmental conditions.

Walleye, Stizostedion vitreum, is receiving considerable attention as an aquaculture species.  At
this time, however, production of walleye has been largely limited to pond culture of a 35 to 50
mm fingerling; production to this size is dependent on establishment of a zooplankton (copepods
and cladocera) forage base in the rearing ponds (Fox et al. 1989; Fox and Flowers, 1990). 
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Rearing walleye beyond 50 mm to a fall, fingerling of 100 to 200 total length may be
accomplished in ponds if an adequate supply of minnows can be provided, but it is impractical to
provide sufficient forage fish on a production scale (Colesante et al. 1986).  The maximum
number of fingerling walleye is obtained when they are harvested at a size of 35 to 50 mm total
length, therefore, the production of large numbers of fingerling walleye to lengths greater than
100 mm total length requires harvest and transfer of the pond-reared fish to an intensive culture
facility and conversion of the pond-reared fingerling to formulated feed.

Reports on converting (habituating) pond-reared fingerlings to formulated feeds provide some
guidance on lighting, water exchange, feed color (Cheshire and Steele 1972; Nagel 1976; Beyerle
1975; Nickum 1978, 1986; Masterson and Garling 1986).  In our laboratory, we have previously
evaluated feed hardness, feeding frequency, stocking density, and water temperature to determine
their influence on the success of training pond-reared walleye fingerlings to formulated feed in
intensive culture (Kuipers and Summerfelt 1994).  However, none of these studies have evaluated
tank size or color as variables affecting the process of habituation.  The objective of this study
was to evaluate the effects of tank color and tank size on the success of habituation of pond-
reared walleye to formulated feed.

Methods

Walleye fingerlings were harvested from one-acre ponds at night using floating, 12 volt
submerged, lights to attract fish to one comer of a pond.  A 22.9 m. bag seine, 3.2 mm bar mesh,
was then used to encircle the lights and walleye that were inside the seine.  Once the seine was
pulled to shore and the lights removed, fish were dipped out and transported in a 0.5% NaCI
solution to the culture facility.

Eleven circular tanks, three 1133 L black, three 625 L black, three 1133 L light blue and two 625
L light blue, were stocked with pond reared walleye fingerlings at an average density of 2.27
fish/L in 1995 and 1.97 fish/L in 1994.  Fish size at stocking ranged from 30-43 mm in 1995, and
from 40-44 mm in 1994.  Water supply to the tanks ranged from 14 to 22 L/m.  To supplement
the oxygen supply, two airstones were introduced into each large tank and one stone into each
small tank.  Daily temperature and DO measurements were taken and mortalities were counted. 
Tank sides and standpipes were sponged daily and spray bars cleaned out with a bottle brush.

A 1 % NaCI bath was given to all fingerlings for one hour on three consecutive days after being
brought in from the ponds, and before tank stocking.  Once weekly, fish were given a standing
bath of 1% NaCl for one hour as general therapeutant to reduce incidence and fish mortality from
columnaris disease.  At sampling intervals, all fish were anesthetized with Finquel (52 mg/L) and
allowed to recover in a 0.5% NaCl solution.

A single auger-type feeder was used on each tank to dispense the feed.  Fish were fed at 5 min
intervals, 22 hours/d throughout the experiments.  Feeding was initiated in both years using the C-
series, Fry Feed Kyowa (Biokyowa Inc., Chesterfied, Missouri).  In both years, fish were first fed
a 50:50 mixture of the C700:C1000 feeds; the 700 and 1000 represent 700 µm and 1000 µm food
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diameter.  In 1994, fish were weaned from the Kyowa feed to 1 mm walleye grower (WG9015),
switched back to Fry Feed Kyowa C2000, then to 3 mm WG9015.  The switching of feed types
was necessary because the 2 mm WG9015 was not available.  In 1995, fish were first fed
C700:1000 then weaned to 1 mm WG9026 and 2 mm WG 9026.  The 3 mm WG9026 was not
available in 1995.  The WG9026 was the same formula as the WG9015 except that menhaden
meal was used in WG9026 instead of herring meal (Summerfelt et al. 1995).

Lengths and weights of twenty-five fish from each tank were taken at 2 week intervals, obvious
cannibals were removed at this time.  After adjusting for mortalities, feeders were recalibrated
according to the new calculated biomass.  Feeder output was monitored daily by observing the
amount of feed left on the tank bottom; feeding rates were adjusted to obtain sufficient feeding
without excessive overfeeding.

In both years, total tank inventories were taken once each month and final inventories were taken
September 7. The experiments were 94-95 days in 1994 and 68-77 days in 1995.  The short
culture interval in 1995 was due to lower water temperature during the pond-culture phase which
affected the date the fish were harvested from the production pond.  At final inventory, 100 fish
from each tank were individually weighed and measured, and the balance were weighed to
collectively obtain a total inventory weight.

Eight performance variables were measured: total length (mm) and weight (g) at harvest,
percentage of stock over 150 mm (%>150 mm, target size), survival (%), daily growth in mm/d
and g/day, specific growth rate (SGR) and food conversion (FC).

The experimental design was a 2 x 2 factorial (tank size and tank color): tank size treatments were
625 L and 1133 L, and the tank color treatments were blue and black.  There were three
replicates of each treatment except for small blue tanks which had only 2 replicates.  A type III
sum of squares analysis (SAS) indicated the unbalanced design had a trivial influence on the
calculated F value, and no affect on determination of statistical significance.

Results

1994
Five of the eight performance variables were significantly different due to tank size (Table 1):
length, %> 150 mm, weight, mm/day, and g/day where all greater in the 625 L tanks than they
were in the 1133 L tanks.  There were no significant differences in any of the performance
variables between fish raised in black and blue tanks.  Four of 16 interactions between tank size
and color were significant.  In the four interactions, performance was greater in small tanks, with
an even split on color combinations.
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Table 1. Mean values and measures of statistical significance (*0.05 level) for eight measures of
fingerling performance in the 1994 trial (94-96 culture days) by tank size and color comparisons. 
Values for interactions are p-values for statistical significance.

Tank size Tank color Interaction
Variable Large

(1133 L)
Small

(625 L)
Blue
color

Black
color

625 Blue:
1133 Black

1133 Blue:
625 Black

Length (mm) 150.0 160.8* 154.0 155.7 0.065 0.708
%>150 mm 54.0 88.2* 67.6 71.2 0.069 0.055
Weight (g) 28.7 35.4* 29.9 33.3 0.304 0.029*
Survival (%) 24.6 25.4 21.4 27.9 0.455 0.320
mm(day) 1.14 1.25* 1.20 1.19 0.052 0.138
g/day 0.30 0.37* 0.31 0.35 0.325 0.027*
SGR (%) 4.43 4.68 4.64 4.46 0.040* 0.714
FC 1.30 1.57 1.61 1.27 0.042* 0.745

In 1995, none of the differences in means for the tank size treatment were statistically significant
(Table 2).  The means for six of the 8 performance measures differed significantly for the tank
color treatments, and all performance measures, except survival were greater in black tanks.  Six
of 16 interactions were significant, of which all six performance measures in small-black tanks
were greater than in the large-blue tanks.

Table 2. Mean values and measures of statistical significance (*0.05 level, ** 0.01 level) for eight
measures of fingerling performance in the 1995 trial (68-77 culture days) by tank size and color
comparisons.  Values for interactions are p-values for statistical significance.

Tank size Tank color Interaction
Variable Large

(1133 L)
Small

(625 L)
Blue
color

Black
color

625 Blue:
1133 Black

1133 Blue:
625 Black

Length (mm) 132.3 137.6 127.8 140.5** 0.147 0.004**
%>150 mm 13.5 16.2 5.6 22.3** 0.078 0.023*
Weight (g) 19.9 21.8 17.2 23.7** 0.082 0.007*
Survival (%) 28.9 27.3 31.7 25.3 0.495 0.153
mm(day) 1.33 1.41 1.28 1.44** 0.450 0.029*
g/day 0.27 0.29 0.23 0.31** 0.084 0.014*
SGR (%) 5.62 6.30 5.40 6.37* 0.618 0.005**
FC 1.17 1.38 1.35 1.20 0.051 0.754

Discussion

Tandem pond-tank culture is an emerging technology for producing a fingerling >150 mm total
length.  Training 35-50 mm pond-raised fingerlings to formulated feed in flowing water culture
systems can be done using either raceways or circular tanks.  However, walleye have unusually
light sensitive eyes, which are an adaptation for living at low light intensity (Ali and Anctil 1968).
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 In the present study, tank color affected the success of habituating pond-reared fingerlings to
formulated feed.  In both years, most performance variables were greater in black tanks than blue
tanks, although the differences were statistically significant only in 1995.  Black tanks reduce light
reflection, and possibly help to reduce the skittish behavior of walleye.  Tank color may affect
light reflection and contrast between the tank color and the color of the food (Masterson and
Garling 1986).

Stickney (1994) stated that "Some people believe that the size of the culture chamber can be a
major limiting factor to fish growth".  Larger tank size may reduce stress if fish show a negative
response to tank walls; in a larger tank, fish will encounter the side wall less often.  There are
several economic considerations affecting selection of tank size.  One large tank will typically cost
less than two small tanks with the same total volume, and require less floor space and less
plumbing than two small tanks.  In the present study, however, fish performance was greater in
the small tanks.  This finding may have been an unexpected consequence of insufficient number of
feeders on the large tanks.  One feeder was used on both large and small tanks; there was one
feeder per 1.17 m2 of tank surface in the small tanks but 1 feeder per 1.82 m2 in the large tanks.  It
is common place in training pond-reared fingerlings to use formulated feed for hatchery personnel
to feed more than the fish need for growth in order to encourage habituation to the feed.  Also to
facilitate contact between fish and feed, in many hatcheries, the fish are crowded to one end of the
tank, or the tank is covered and the fish are fed under a single light source (Nagel, 1974, 1976). 
We think that the difference in performance between large and small tanks in 1994 was related to
a difference in distribution of the feed.

Conclusion

In both years, the habituation and performance of pond-raised walleye was superior in small (625
L), black-colored tanks to the large (1133 L), blue tanks.  The better performance in black-
colored tanks would seem to be related to preference for a darker environment.  Although our
explanation for the difference in performance of fish raised in the large and small tanks is only
conjecture, with only one mechanical feeder in both the 625 and 1,133 L tanks, feed would be
distributed over a greater percent of the surface of the small than the large tanks: in the small
tanks, there was one feeder per 1.17 m2 of tank surface, in the large tanks it was 1 feeder per 1.82
m2. This conjecture is supported by the fact that in hatcheries using raceways, fish are often
crowded to one end of the tank (i.e., under the feeder) for a week until the fish are habituated to
formulated feed.
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