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I. APPLYING BIOENERGETICS
INTRODUCTION

Bioengineering, in the context of this workshop, is the use of bioenergetics and the
known physiology of fish to rationally derive at production capacities, operational strategies, and

design for intensive fish production systems.

More specifically, bioengineering occurs with the metabolic characteristics related to the
feeding and growth of a certain species of fish (bioenergetics) is used to establish optimal
production levels and rational design and operational parameters for intensive fish culture

systems. .

In true intensive fish production systems all bioengineering processes are driven by the

' food source of energy input. This principle will be illustrated during the course of this seminar.

Fish gain their energy from the consumption of food, retain some of it through growth,
expend some of it through various metabolic processes, and lose a portion of it through excretion
and heat production (Figure 1). Quantifying the various destinations of feed is necessary to
determine the impacts the feed has on fish, rearing water quality, and the characteristics of the

effluent.

Because feed is responsible for the degradation of the water quality, capacity of an
intensive fish culture system must be rated on the basis of how much feed per day it can

"process" without exceeding selected water quality parameters required for fish health.



A QUANTITATIVE APPROACH

A characteristic of life is variability. Because of this, the tolerances of a biological
system cannot be calculated exactly. For instance, in fish culture, estimates and averages are
used for mortality rates, growth rates, feed conversions, condition factors, metabolic rates, etc.
These values are generally given as a range, but are nevertheless based on solid, rational,
numbers and collected data. These data are needed to plan production programs, establish
- carrying capacities and, even more important, for desi gn purposes, because engineers must use

exact numbers, not ranges.

This means that fish culturists and biologists need to convert variable values into single
values. This involves choice, and this choice must be as rational as possible, i.e., it should be
supported by empirical data as much as possible. The more empirical data, the greater
confidence we can have that the chosen value is a reasonable one or 5o it would seem.
Unfortunately, this is not always the case, because of the complexities of biology. These
complexities include differences in responses to environmental conditions, such as specific water
quality characteristics. There are also differences based on species and their various life stages.
Available data does not always adequately cover multiple factors, with the result that such
reported data may show wide ranges in values. This can make jt very difficult to zero in on a

“rational” number.

For example, how do we select a safe value for ammonia (NH,)? Meade (1985) reviewed
the literature on sublethal, chronic effects of ammonia exposure to fish. Based on his findings,
he concluded that safe, or acceptable, concentratioﬁs of ammonia suggested for fish culture are at
best questionable, and at worst misléading. This is a reflection of how difficult it is to select a
rational value. What to do about this? Meade's recommendation is that it is better to use a
calculated estimate of NH, concentration to determine maximum safe production levels than the
use of no quantitative guidelines. In other words, choose a number! Nevertheless, the likely



result is that the production level, based on that value, will nearly always be incorrect, neither

maximum nor optimum, and therefore insufficient.

Considerable discussion about selecting a “rational” value for maximum allowable un-
ionized ammonia (MUA) will be presented when we cover this important parameter. The issue
of safe carbon dioxide concentrations is equally confusing with recommended maximum
concentrations ranging from 10 to over 60 mg/l. More discussion will follow on this

confounding water quality parameter as well.

INTENSIVE FISH CULTURE

Aquaculture, or fish culture, invalves biological processes which are governed by two
laws of thermodynamics:
1) energy cannot be created nor destroyed, but can be changed into different forms
(“what goes in must go out™).
2) in a system where energy is transformed, e.g. food to flesh, there is a loss of

energy in the form of heat (no biological system is 100% efficient).

One key management feature of aquaculture systemns is the intensity of production.
Intensities can be described in terms of two variables:
1) the amount of biological material harvested per unit of area (productivity).

2) the degree of manipulation of natural processes (technology).

Using this criteria all aquaculture systems can be placed on a continuum from extensive
to intensive. All systems characteristically have:

1) inputs from outside the system;

2) a processing function within it;

3) outputs to the external environment.



Extensive systems are mostly driven internally. The processes occurring within the

culture system are the primary determinants of water quality.

Natural, earthen ponds are associated with the extensive method, but they have their own
level of intensity. Such extensive systems are dynamic ecosystems which respond to, and
interact with, physical, chemical, and biological processes. Weather is a major external factor
with its variations in temperature, sunshine, wind, and rainfall. But this extemnal influence is
" entirely beyond the control of the fish culturist. All of these trigger complex internal responses,
including actions by fish culturists, such as fertilization, feed introductions, etc. The more
control the fish culturist exercises over the system the more intensive it becomes, eventually
reaching a point where external influences predominantly determine the internal responses. We
have now moved from extensive to intensive systems, which are primarily externally driven.

These principles will be discussed in detail further down.

A flow-through system with a high water tumover rate should be considered an externally
driven system because water quality factors are primarily determined by extemal factors under
the contro! of the fish culturist; water tumover rate, aeration, feed input, fish biomass maintained,

etc.

Intensive systems, as is true of extensive systems, have their own level of intensity

(Figure 2).
CARRYING CAPACITY AND PRODUCTION

Predicting the carrying capacities of extensive, internally driven systems is difficult.

Production often varies from year to year, from pond to pond.

It is very difficult for the fish culturist to make predictions concerning changes in pond

water quality and biological activity in response to environmental/external factors. Besides, as



was mentioned earlier, weather, which is unpredictable and uncontrollable, is one of the major

external (environmental) factors causing internal responses.

The production of channel catfish in earthen ponds has evolved toward a more intensive
production mode with the fish cuiturist exercising considerable control over water quality,

aeration, water inflow/exchange rate, feed input, etc.

In this manual, only intensive “flow-through” production systems will be considered.
Systems of this kind are capable of producing from 20,000 to 1,000,000 kg per ha, and support
rearing densities from 5 to over 100 kg per m® (Figure 2). Flow-through water systems operate at
varying water turnover rates. These systems offer much control over the rearing water quality.
They include one-pass and serial reuse systems, partial and full scale recirculation systems. All

of these have relatively fast water turnover rates through their rearing units.

In any aquaculture operation, it is the responsibility of the fish culturist to keep fish
healthy. The culturist must manage the environment so that rearing water quality is maintained
compatible with the physiological requirements of the fish. For the culturist to manage this water
quality requires knowledge of the fish's requirements, but it also involves understanding the
impact of the fish itself on its environment through its metabolic processes. Necessary too is
knowledge about impacts from other sources, such as the effects that biofilters have on water
quality. Armed with such knowledge, the fish culturist should be able to manage, and maintain,
a healthy rearing environment for the fish, provided the facility meets the proper design criteria.
All of these aspects will be covered in this course through the use of qualitative and quantitative

applications.

In intensive, flow-through, aquaculture systems the rearing environment only serves to
provide physical living space and in itself does not significantly contribute to any water quality
modification as is true of extensive (pond) systems which are internally driven "eco-systems."

There can be some nitrification of ammonia by nitrifying bacteria colonizing tank and pipe
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surfaces, but most likely their effects are insignificant, unless we are dealing with recirculation

systems. More about this later.

Loading (I.d) and Density (D)

Carrying capacity is expressed two ways, as unit of fish weight per unit of flow and unit
of fish weight per unit of space. The first one, fish weight per unit flow, is termed loading. For
metric equivalents, kg fish per liter per minute flow (kg/lpm) is used, for English equivalents,
pounds per gallon per minute (Ib/gpm) is used. The second one, weight of fish per unit of space,
is termed kg per cubic meter (kg/m?). In the English system, density is measured in pounds per
cubic foot (Ib/f%). It is important to understand that carrying capacity represents the system's
one-time maximum carry capacity, while production represents the maximum possibie annual

output of the system. At times these two terms are used synonymously.

To surmmarize:

Loading (Ld): The weight of fish per unit of flow (kg/lpm or Ib/gpm) maximum
allowable loading is indicated with MLd.

Density (D): The weight of fish per unit of space (kg/m* or Ib/ft’). Maximum allowable
density is designated as MD.

Production (AP): The annual output of fish in kg or Ib. For maximum annual

production we use MAP,

The relationship between loading (Ld) and density (D) can be expressed by using the

number of water turnovers per hour (R), also called the exchange rate, as the variable with:

Dx0.06
R 2

LdxR R = D x 0.06 a0

Ld = ——=
0.06 Ld

The constant 0.06 represents 0.06 m®. A one lpm flowrate exchanges 60 1 (0.06 m*) in one hour
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(60 min). Rate of turnover (R) expresses number of turnovers per hour.

Flows, such as lpm or gpm, will be represented by the letter Q. Rearing volume, given in
units, m® or ft’, by RV. We can now express the relationship between exchange rate (R), flow

rate (Q) and rearing volume (RV) by means of these equations:

R = QX0.0G; Q = RVXR; RV = Q x 0.06 @)
RV 0.06 R

For English equivalents:

Ld = st; D = deR; R = Dx8 (1a)

R 8 Ld '

and

= st; Q= .IW_XE; and RV = st (2a)

RV 8 : R

In metric: Ld = kg/lpm; D =kg/m*; Q = lpm; RV = m®
In English: Id = Ib/gpm; D = 1b/ft’; Q = gpm; RV = f}

The constant 8 in the "English" equations represent one gpm for one hour (60 gal), which
is equivalent to 8.02 ft’. The relationships expressed with equations 1 and 2 are very useful in
establishing rational design and operational parameters for intensive, flow-through, fish
production systems. For instance, if the maximum allowable loading (MLd) is 1.5 kg/lpm (12
Ib/gpm) and the maximum density (MD) is 96 kg/m® (6 Ib/ft%), then the rearing unit should be

operated at an exchange rate (R) of about 4 water tumovers per hour,



R - 96X006 _ 576 _ .., -
1.5 1.5

For a rearing volume (RV) of 10 m’ (353 £’) the maximum biomass (MBM) is 960 kg (2118 Ib)
and the required flowrate (Q) is 640 Ipm (170 gpm). Equations 4 and 5:

MBM = D x RV (96 x 10 = 960 kg) @

o = MBM (960

= 6401 s
MLd \ 1.5 P m) ®)

In these three equations, loading, density, and exchange rate must balance once maximum
allowable values for loading and density have been established and a desirable exchange rate has
been determined. Once this has been accomplished, facility design and operational mode can
follow. These factors are the driving force in facility design.

Maximum values for loading density can be selected for different phases of a production
program. Phases can include various life stages and/or cohorts for sequential rearing strategies.
Facility design must accommodate such phases. We will cover production phases and how these

impact facility design and operations,

First we need to discuss how to establish “rational” maximum values for loading and
density and how to “balance” such values along with exchange rates. Loading, as you may recall,
relate to flowrate (Q), while density relates to rearing volume (RV).

- Loading (Ld)

Loading represents carrying capacity as weight of fish per unit of flow; expressed in kg
per Ipm for metric and in Ib per gpm for English equivalents.
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The incoming flow of water into a rearing unit (RU) delivers oxygen while the effluent
flow removes the metabolic waste products from the unit. Of these, waste products, suspended
and dissolved solids, ammonia nitrogen, its products nitrite and nitrate nitrogen, and carbon
dioxide are of primary importance to the quality of the rearing water. Solids, biological oxygen
demand (BOD), nitrogenous compounds and phosphorus in the effluent may represent

environmental concerns.

The more oxygen the flow delivers the more fish this flow can support. Therefore,
adding oxygen can increase the carrying capacity. But as the biomass of fish increases, the
demand for feed increases and the production of metabolic wastes increases. Eventually the

biomass itself, density-wise, may become too great for the rearing space available.

Feed is responsible for negative changes in rearing water quality. The amount of feed
that can be added per unit of flow depends on how much oxygen is required to metabolize this
feed, and how much ammonia, carbon dioxide, and solid waste this feed generates, and at what
point one or more of these components render the water quality unacceptable. In other words,
the carrying capacity of intensive aqﬁaculture systems should be rated on how much feed

they can “process” before predetermined water quality parameters are exceeded.
Dissolved Oxygen (DO)

In most cases reduced dissolved oxygen is the first factor limiting water quality. Unless
reaeration or oxygenation is applied, the fish will have used up the available oxygen well before

concentrations of metabolic wastes have reached critical levels.

The oxygen required to metabolize one kg feed (designated as OF) ranges from 200 to
250 g for salmonids. This seems to be the range for many other species as well. Per pound of
feed the range is 90 to 115 g (0.20 to 0.25 Ib). This is true for non-recirculation flow-through
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systems. For recirculation systems, some recommend that a one-to-one ratio be applied, i.e., one
kg feed requires one kg oxygen. In recirculation systems, biofilters have a high demand for
oxygen as they oxidize ammonia to nitrate. In addition, heterotrophs exert a demand for oxygen
as well. Trickling and rotating biofilters also function as aeration and degassing devices. These
obtain oxygen from the ambient air while simultaneously degassing some of the carbon dioxide
from the water. Therefore, less oxygen needs to be added to systems using these types of
biofilters. They can be rated on a 0.5 to 1.0 ratio, i.e. 0.5 kg oxygen per 1.0 kg feed (0.5 Ib O, per
1.0 1b feed). Managing oxygen and carbon dioxide in recirculating aquaculture systems (RAS) is
covered in Unit VIIL

The oxygen the fish require for respiration is removed from the water by the gills (Unit
IT). Not all of the dissolved oxygen contained in the water is available for respiration. To
maintain a healthy, oxygenated environment, dissolved oxygen should not be depressed below a
certain concentration. The difference between the incoming concentration and the minimum
allowable concentration represents the oxygen that is available for the fish to use. This oiygen 1s

designated as Available Oxygen (AO).

AO = DO, - DO_, ©6)

One liter per minute (1.0 lpm) delivers 1.44 g of oxygen per day for each mg/} dissolved
oxygen (1.0 x 60 x 24 x 1.0 mg = 1440 mg = 1.44 g). One gallon per minute @ 1.0 mg/l delivers
5.45 g (3.785 x 1.44). Note: One gallon equals 3.785 liter.

If the oxygen demand is 250 g per kg food per day, then one can feed 0.00576 kg of feed
per day per lpm per 1.0 mg/1 DO (1.44 + 250).

The greatest metabolic activity occurs during the “feeding day”, assumed to be ~17 hours
in length instead of the full 24 hours, and therefore available oxygen per Ipm per 1.0 mg/l DO is
1 gram, rather than 1.44 g, while for one gpm @ 1.0 mg/], 3.785 g of O, would be available.
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Equations 7 and 7a can be used to determine the amount of feed that can be fed per unit
of flow per mg/l DO. This is designated as “feed loading” (LdF) versus fish loading (1.d) shown

earlier in equation 1.

AO
ILdF = — feed/1 7
OF (kg feed / Ipm) )
LdF = ?%AFQ (b feed/ gpm) (7a)

Instead of 3.785 we will use 3.8. As mentioned earlier, biological parameters are “more-or-less”

vahies.

For salmonids it is recommended to .target minimum DO con¢entrations from 5.0 to 7.0
mg/l, respectively for temperatures from 15°C (58°F) to 5°C (41°F). These equate to a partial
oxygen pressure (pO,) of about 90 mmHg. Studies have shown that there is no measurable effect
on growth if the partial oxygen pressure is maintained at or above 90 mmHg (about 60% of
saturation). Nevertheless, maintaining oxygen concentrations at all times near saturation is
beneficial to the fish especially when exposed to relatively hi gh ammonia and/or carbon dioxide
concentrations. This will be addressed when discussing these particular water quality parameters
in more detail in the chapter covering the function of fish gills.

Feed loading equations (7 and 7a) can be changed into *“fish loading” equations (Ld). For
that we must consider the amount of feed the fish require, expressed in percent of their body
weight, or biomass in the system. For one percent (%BW = 1.0), one hundred times as much fish
weight can be supported as feed weight per unit of flow. At 10%BW it is ten-times the amount
of feed. The fish loading equation is a modification of the feed loading equation (8 and 8a).
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AO 100

Ld = X (8)
OF % BW
and
g = 38A0 100 (&
OF %BW

The question we must ask now is how much oxygen can be made available (maximum
AQ) before toxic unionized ammonia and/or carbon dioxide buildup has rendered the water
unacceptable. We can assume that one or the other of these parameters will be responsible for a
decline in water quality before suspended solids, for instance, have reached damaging
concentrations. However, in recirculation systems with adequate biofiltration and degassing of
carbon dioxide, suspended solids can become the limiting factor unless they, in turn,.are well
managed. In that case, nitrate (NO,) becomes the limiting parameter. These issues will be

discussed under recirculation technology and design (Unit VI).

Ammonia Nitrogen

From 60% to 90% of the waste nitrogen found in the system as ammonia (NH,), is
excreted primarily through the gill membranes. This is believed to be the most efficient route for

nitrogen excretion, requiring less energy than the synthesis and excretion of urea.

Ammonia, in its unionized form (NH,), moves readily across cell membranes. This is no
problem as long as there is a positive gradient between the blood ammonia concentration and that
of the rearing water, the ambient concentration. As the ambient concentration increases, the
outward flow of NH, becomes more difficult , eventually stopping altogether, or even reversing
itself.
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As ammonia enters water it instantly reacts with it. Most of it ionizes into the relatively
non-toxic ammonium ion (NH",). This reaction is pH and temperature dependent (see Table 1),
AtapH o' 7.6 and a temperature of 15°C (59°F) about 1.0% of the total ammonia nitrogen
(TAN) is in the toxic, unionized form. By the way, a measurement of ammonia inchudes both
forms (NH; and NH",), known as the total ammonia nitrogen (TAN). By knowing the
temperature and pH, table 1 can be consulted to determine the percent of toxic unionized
ammonia, A much more detailed and extensive table can be found in Piper, et al. 1982. An

increase in pH by one full unit increases the percent toxic ammonia ten-fold!

While most of the ammonia in the body fluids of fishes is in the ionized form, only about
1.0% is in the gaseous, unionized form (NH,) which readily diffuses out through the gill, and is

then instantly replaced to maintain the equilibrium between the two forms.

The higher the pH of the rearing water, the sooner the unionized ammonia concentration
reaches that of the blood, thus hindering the excretion due to lack of a gradient. But, there may
be some relief. The gill also excretes carbon dioxide, and carbon dioxide acidifies the water, i.e.,
lowers the pH, thus changing the balance between unionized and ionized ammonia in favor of the
ionized nontoxic form. This reaction too is basically instantaneous, and so a micro-water quality
environment is created immediately adjacent to the gill, providing a “protected layer” of lower
pH water around it. The ability to change the pH of this water near the gills depends on its
alkalinity, i.e., ability to resist pH changes, and the overall concentration of CO, in the rearing
water. These are good reasons to keep ambient carbon dioxide concentrations as low as possible.

More discussion on CO, will follow when this water quality parameter is covered in Unit VII.

There appears to be yet another way to expedite ammonia removal; this is by means of an
ion exchange mechanism. The base of the gill filaments contain chloride cells which are used to
transport sodium (Na") and chloride ions (C1°) from the water into the blood of freshwater fish.
These ions facilitate the excretion of ammonium (NH*,) and bicarbonate (HCO;) ions

respectively. This branchial Na’/NH*, and C17/HCO, ion exchange mechanism can lower the
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ammonia and carbon dioxide concentrations in the blood. This mechanism functions importantly

in osmoregulation. The chapter on fish gills covers this in greater detail (section 2).

In freshwater fish, the water surrounding the fish is lower in ions than the blood. This
water diffuses by osmosis through the gills into the fish. To prevent edema, water must be
continuously excreted. The influx of water can be as high as 1% of the body weight per hour.
Water is excreted as a very dilute urine, but despite this, small amounts of electrolytes are
~ steadily lost due to the large volume of urine discharged. These electrolytes are then replaced by
the food and from the water by the gill chloride cells to prevent ionoregulatory disturbances.
Very soft water, low in ions, makes it more difficult for fish to maintain homeostasis. Water low
in sodium ions also interferes with ammonium excretion via the branchial ion exchange
mechanism. Adding salt, (Na' C1) to the water can help to lower the blood ammonia
concentration and re-establish disturbed ionoregulatory functions caused either by a lack of
available ions, or by stressful situations, such as handling and transporting.

For example, in a low-sodium, softwater salmon hatchery, steelhead experienced severe
gill hyperplasia contributing to elevated blood ammonia levels. Increasing the Na* concentration

to 20 mg/1 brought about some relief.

In a personal study, coho salmon were exposed for periods up to 128 days to an average
total ammonia concentration of 12 mg/l. Unionized ammonia averaged 0.5 mg/l, 20-fold higher
than a routinely recommended concentration of 0.025 mg/l. The rearing water had
concentrations of 476 mg/1 sodium and 269 mg/l chloride. The fish showed no signs of ammonia
toxicity, they fed and grew at a normal rate, and their overall health was excellent.

I believe that in the coho study the fish used the branchial idn exchange mechanism to
maintain low blood ammeonia concentrations against a very high ambient concentration, made
possible by the relatively high environmental sodium concentration. I think this is a fertile area
for further research because of the potential benefit to the practicing aquaculturist. After all, the
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buildup of ammonia is, frequently considered to be the second limiting factor, after depletion of
dissolved oxygen. Oxygen concentrations can easily be controlled through aeration or
oxygenation (Unit VI). If the ambient ammonia tolerance concentration could be doubled,
carrying capacity might be doubled as well, or the growth limitations shifted to another water

quality parameter, such as carbon dioxide, suspended solids, etc.

A concentration of 500 mg/] sodium, for instance, is far below that of seawater. Seawater
with a salinity of 3.5% has a sodium concentration of 10,560 mg/], a chloride concentration of

18,980 mg/l. These two represent 86% of all the ions in sea water.

The blood plasma of freshwater fish has an overall salinity of about 0.75% (7500 mg/1)
with soditm ions comprising about 3,300 mg/l, chloride ions at 3,350 mg/1 for a total of 89% of
the 0.75% salinity (7,500 mg/1). Salmonid blood pH ranges from 7.5 to 7.8.

Now to retumn to the question of how much oxygen can be made available before toxic
unionized ammonia has reached its maximum allowable concentration. To determine this we
must quantify the following;

1. how much total ammonia nitrogen (TAN) is generated per unit of food (TANF).
2. what percent TAN remains as toxic unionized ammonia (UA).

3. what is the safe, maximum unionized ammeonia concentration (MUA).

The amount of TAN generated by the feed depends on the protein content of the diet, its
protein-energy ratio, the species of fish reared and how well feeding is managed.

Generally the literature supports ranges of 25 to 30 g TAN per kg feed (11.4 to 13.6 g per
1b). Studies have consistently shown that 50-60% of dietary nitrogen is lost to the environment,
80% of which is in the form of ammonia, and 20% is fecal nitrogen. Approximately, 16 percent

of protein is nitrogen (), ammonia (NH;) has a weight 1.2 times that of nitrogen.
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The following equation can be used to determine the grams of TAN generated per g of
feed:

gTAN = gFd x %P x %N x %Ex x %TANx 1.2 (9)

For example, a 40% protein diet (%P = 0.40) has an environmental nitrogen loss of 45%
(%Ex = 0.45), of which 80% is TAN (%TAN = 0.80), hence 27.6 g TAN per kg feed (1000 g) is
generated:

gTAN = 1000 x 0.40 x 0.16 x 0.45 x 0.80 x 1.2 = 27.6 gTAN
Per pound of feed (454 g) the value is 12.55 gTAN.

For a 50% protein diet these values are 34.6 and 15.7 g respectively, for a 30% protein
diet 20.7 and 9.4 g. In the following examples to we will use 30g TAN per kg feed (13.6 g per
1b). Thus TANF =30 and 13.6, for metric and English equivalents respectively.

Next we need to know the percent unionized ammonia. For this we need to know the pH
and the temperature of the water. In the examples to follow, a pH of 7.6 and a water temperature
of 14°C (57°F) will be assumed. According to Table 1, the percent unionized ammonia is 1.0
(UA=1.0).

Finally, we must decide on a value for a safe, maximum, umonized ammonia
concentration, From the previous discussions it is clear that much is still unknown. The
extensive literature review by Meade (1985) bears that out. He was unable to provide the fish
culturist with a number, yet a number is required if we consider unionized ammonia a critical
factor in the rearing environment of the fish. More research is critically needed to enable us to
derive at a truly rational value. One important facet of such research should concentrate on the

role of sodium ions (Na*) in the rearing water, their function in a branchial ion-exchange
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mechanism with blood ammonia (NH",) and what would be an optimum concentration of sodium

for such an exchange.

In the interim we need to select a value without having the benefit of such guidelines.
For saimonids the hiterature supports values ranging from 0.0125 to 0.030 mg/l, more often than
not we encounter the values 0.020 and 0.025 mg/l. Irecommend 0.025 mg/! as a maximum safe
value for salmonids, providing dissolved oxygen concentrations are maintained above 6.0 mg/1
and carbon dioxide concentrations below 20 mg/l. The higher the DO and the lower the CO, the

healthier the rearing environment. See Unit IL

For the following exercises, with respect to unionized ammonia as a second limiting

factor (after dissolved oxygen), the following values will be used:

1. gram TAN per kg feed is 30, per Ib 13.6 (TANF = 30 or 13.6).
2. % unionized ammoniais 1.0 (UA=1.0).

3. maximum safe unionized ammonia concentration is 0.025 mg/l (MUA = 0.025).

Equations 7 and 7a are used to determine the amount of feed that can be fed per unit of
flow (kg/lpm and b/gpm) as well as per unit available oxygen (mg/l AO). For OF values of 250
and 114 respectively one can feed 0.004 kg and 0.033 Ib of feed per Ipm and gpm respectively
per mg/l available oxygen. For the assumed TAN production of 30 g per kg feed or 13.6 g per Ib
feed, 0.12 g and 0.45 g of TAN is generated respecﬁvely per 0.004 kg and 0.033 1b of feed per
lpm and gpm, again per mg/! AO, according to equations 10 and 10a.

gTAN = %g— x TANF (10

and
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gTAN = —'6--- x TANF (10a)

Using the values indicated above:

1.0
TAN = — x30 = 0.12
s 250 &

and

gTAN = 38 x 13.6 = 0.45g
114

In these equations TAN is expressed as weight (g) per day, it must be converted to

concentration as mg/l because the maximum safe level of unionized ammonia is expressed in

mg/l.

Earlier it was shown that one lpm @ one mg/l DO “delivers” 1440 mg (1.44 g) of oxygen
in a 24-hour period. Per gpm one mg/1 delivers 5450 mg (3.786 x 1,440). Based on these values,
0.12 g as well as 0.45 g TAN represent a concentration of 0.083 mg/i per 24-hour day if we

assume an even distribution over that period of time.

Equations 11 and 11a can be used to determine the concentrations of TAN (TANC) per
one AQ.

18



1.0 (AO) x TANF

TANC = (11)
OF x 1.44
TANC = 3.8x 1.0 (AO) x TANF (11a)
OF x 5.45
Using the assumed values:
TANC = _29%30 4 083 mg/1
250 x 1.44
TANC = 3.8x1.0x13.6 = 0.083 mg/1
114 x 545

This TAN concentration assumes even distribution of the excreted TAN over a 24-hour

period. But in reality much of the TAN is excreted three to four hours afier feeding. When

feeding is spread somewhat evenly throughout the feeding day, the concentration of TAN shows

little peaking, but most of it is still eliminated within a 24-hour day. It is therefore not

unreasonable to use a concentration of 0.10 mg/l TAN generated per AO. Once again, we are

dealing with a rational number, a number that is also easy to remember and work with.

TANC = 0.10 mg/1 per AO

We must also determine how much of this total ammonia nitrogen (TAN) is unionized

(NH,). A pH of 7.6 and a temperature of 14°C (57°F) was assumed, so consequently the percent

unionized ammonia (%UA) is 1.0 (Table 1).
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We can now determine the concentration of unionized ammonia with equation 12.

AN o
UAC=T CX /DUA (12)
100

Applying the previously determined values of TANC and %UA:

vac = M9x10 0010 mg/1

100
It is important to be reminded that this vatue of 0.0010 mg/1 is based on a “per AQ”

value. To determine the maximum available oxygen concentration (MAO) equation 13 is used:

O = _M.E (13)
UAC

We had decided on a maximum allowable ammonia concentration of 0.025 mg/l (MUA = 0.025).
When the values for MUA and UAC are applied, the resulting maximum AO is 41 mg/1.

After having gone through the steps represented by equatiohs 11, 12, and 13, we can
combine these into a single equation for MAO. This is accomplished with equations 14 and 14a:

MAO = MUA x OF x 1.44 x 100 (14)
TANF x %UA
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and:

MAO = MUA x OF x 5.45 x 100 (142)
TANF x % UA

What must be realized here is that a value must be selected by the fish culturist for MUA,
OF, and TANF, and that 1t can be difficult to select a “best” value, as discussed previously.

For a maximum AQ of 25 mg/], the maximum loading (ML4d), according to equations 8
and 8ais 10.0 kg per Ipm and 83.3 Ib per gpm. These values are based on a feeding level of one
percent body weight (%BW = 1.0).

MLd = 22519 001g/1pm
250 x 1.0
MLde = S5X25x100 _ o 3 1b/gpm
114x 1.0

Equations 1 and 1a show the relationship between loading, density, and exchange rate.
This relationship must balance, i.e., the loading and density values must result in an acceptable
exchange rate. Alternatively if an optimum or preferable exchange rate has been selected for a
particular rearing unit, the rearing density must be modified to accomplish the right hydraulics to

make the unit self-cleaning.

To illustrate this with the maximum loading of 16.4 kg/m*and selected exchange rate of
two per hour (R = 2.0), the rearing density, in order to balance the equation, must be an

impossible 333 kg per m® or 20.8 1b per ft'.
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D = M = 333kg/m3
0.06

D - 83.3;: 20 _ 5og

Note: A density of 16 kg/m® equates to 1.0 Ib/ft*

The other problem with the high value for a maximum available oxygen of 25 mg/1 is the
fact that the fish would have to have an incoming DO of 31 mg/l (DO, = 31) if we want to
maintain a minimum effluent DO of 6.0 mg/1 (DO, = 6.0).

This too is unacceptable, because this hyperconcentration of dissolved oxygen
(hyperoxic) represents a supersaturation concentration of about 300% for the 10°C water

temperature.

The challenge with high MAO values will be addressed in Unit V. Table 2 shows values
for MAO based on a one percent unionized ammonia value, and the previously selected numbers
for OF (250 and 114) and TANF (30 and 13.6). The table shows MAOQO values for six different
MUA values.

To obtain MAO values for different %UA values, the MAO numbers must be divided by
the new %UA value.

Carbon Dioxide (CO,)

‘Carbon dioxide is generated by the fish as a by-product of metabolism, and, as with -
ammonia, is excreted by the gills. For each gram of oxygen consumed, 1.375 g of carbon dioxide
is produced (molecular weight of CO, is 44 g/mole, for O, this is 32 g/mole, a ratio of 1.375).
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In the previous discussion we concluded that, based on ammonia limits, up to 41 mg/l
dissolved oxygen can be used by the fish in our example. Based on the ratio of 1.375 this would
result in the production of 56 mg/l CO,. How much can the fish tolerate? This question has no

easy answer, as will be explained.

Carbon dioxide is very soluble in water and reacts with water in a complex, dynamic way.
It establishes equilibrium concentrations of four types or "species” of carbon compounds,
namely, free carbon dioxide gas (CO,), carbonic acid (H,CO,), bicarbonate ion (HHCO";) and
carbonate ion {(CO™;). The toxic species 1s the free carbon dioxide (CQ,). The reactions are
controlled primarily by pH and alkalinity. Carbonic acid remains present in very small amounts,
releasing hydrogen ions (H") to produce the bicarbonate ion, some of which may further

dissociate into H* ions and CO™, ions.

CO, + H,0 = H,CO, < H'HCO; & H'CO;

 As hydrogen ions are reteased, the pH of the water is lowered,

As the pH is lowered, a new equilibrium is established. Calcium carbonate (CaCO;),
buffers the pH change, increasing the capacity of the water to neutralize acids.

High alkalinities generally result in relatively high but stable pH values, i.e. low free CO,
concentrations. Waters that have a low alkalinity are subject to low pH values in the presence of

carbon dioxide.
Alkalinity in the 100200 mg/l range is desirable as it provides good buffering against pH

fluctuations. Such levels also provide a carbon source for nitrifying bacteria in the biofilters used

in recirculating aquaculture systems (Unit VI).
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Low pH favors problems with unionized ammonia toxicity, but works against free carbon
dioxide toxicity. Generally, the literature indicates that 20 mg/l free CO, should be considered an
upper limit, but one can find recommended maximum concentrations as low as 10 mg/l and as
high as 60 mg/l. Fish do have some ability to acclimate to free carbon dioxide as long as the
buildup occurs slowly over time. However, under certain water quality conditions, carbon
dioxide may lead to nephrocalcinosis, the formation of calcareous deposits in the kidneys. This
condition may even occur at relatively low levels of carbon dioxide. Under supersaturated
- dissolved oxygen conditions a maximum safe concentration of 20 mg/1 CO, may be conservative.
However, when CO, concentrations approach 30-40 mg/l, the oxygen carrying capacity of blood
will be decreased to the point where even high concentrations of dissolved oxygen may be
inadequate to prevent decreased blood oxygen levels. Under conditions of dissolved oxygen
supersaturation, rates of ventilation by the fish may be reduced, less water is passed over the gills

potentially reducing carbon dioxide exchange from the gills (Unit II).

Carbon dioxide moves from the tissues of the fish into the blood and from the blood into
the water at the site of the gills. The main function of the gills is to take in oXygen from the
water. To accomplish this, relatively large volumes of water must be "pumped” over the gills.
The higher the dissolved oxygen concentration, the less water needs to be moved over the gills to

satisfy the oxygen demand. This can be counter productive as far as CO, removal is concerned.

Most of the blood CO, is converted to HCO', ion (blood pH is 7.5-7.8). To eliminate the
_carbon dioxide, the bicarbonate is converted to free carbon dioxide (gas) in the gills and, as such,
diffuses into the surrounding mucous layer, where, it is again converted to HCO', to maintain a
positive gradient for CO, between the blood and the external surroundings. It is also believed
that some of the bicarbonate ions can be exchanged directly at the gills for chloride ions (HCO, -
Ch).

Similar ion exchange mechanism has also been reported for the ammonia ion (NH",)
exchanging with the sodium ion (Na”). When there is inadequate removal of CO, from the
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blood, either because of insufficient flow of water across the gills (ventilation rate oo low)
and/or a lack of gradient between the blood CO, and the rearing water CO, concentration, the
CO, builds up in the blood (hypercapnia) the blood pH is lowered (acidosis) and the capacity of

the hemoglobin to bind oxygen is impaired.

Obviously the buildup of carbon dioxide can become a limiting factor with respect to
carrying capacity. This is especially true in recirculating systems. Whenever maximum
allowable oxygen concentrations exceed 15-20 mg/l (MAO = 15-20), carbon dioxide should be

managed or controlled.

By controlling carbon dioxide, it no longer needs to be considered a limiting factor in our
deliberations about carrying capacities. Techniques to manage carbon dioxide will be covered in

Unit VIL
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Table 1. Percent of total ammonia that will be in the toxic form over the range of pH and temperature listed.

Water temperature ("C)

pH 5 10 15 20

6.0 0.01 0.02 0.03 0.04
6.2 0.02 0.03 0.04 0.06
6.4 0.03 0.05 0.07 0.10
6.6 0.05 0.07 0.11 0.16
6.8 0.08 0.12 0.17 0.25
7.0 0.13 0.18 0.27 0.40
7.2 0.20 0.29 0.43 0.63
74 0.32 0.47 0.69 1.0

7.6 0.50 0.74 1.08 1.60
7.8 0.79 1.16 1.71 2.45
8.0 1.24 1.83 2.68 3.83
8.2 1.96 2.87 4.18 5.93
8.4 3.07 4.47 6.47 9.09
8.6 4.78 6.90 9.88 13.68
8.8 7.36 10.51 14.80 20.07
9.0 11.18 15.70 21.59 28.47

SOURCE: G.A. Wedemeyer, 1996. Physiology of Fish in Intensive Culture. pp 232
Chapman and Hall, New York (A HIGHLY RECOMMENDED RESQOURCE!)
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Table 2. MAQ values for six MUA values, based on UA = 1.0%; OF = 250 (114) and TANF = 30 (13.6).

MUA

0.015 0.020 0.025 0.030 0.035 0.040
15 20 25 30 35 40

Note: Shorteut: MAO = MUA x 1000

This is on the basis of an unionized percentage of one (UA = 1.0) and generating 0.10 mg/l TAN
per AQ. For other %UA values, divide the MAO values of the table by the new %UA values.
For instance, for %UA = 0.5, the table values are doubled, for %UA = 2.0, the values are halved!
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Table 3 presents approximate values for free carbon dioxide in mg/l for ten pH values and six alkalinities.

pH Alkalinity in mg/1 (15°C)

50 100 150 200 250 300
6.4 46 92 138 184 230 276
6.6 29 58 87 116 145 174
6.8 18 37 55 73 92 111
7.0 12 23 35 46 58 70
7.2 7 15 22 29 36 44
7.4 5 9 14 18 23 28
1.6 3 6 9 12 15 18
78 2 4 6 7 9 11
8.0 1 2 3 5 6 7
8.2 075 1.5 2.3 3.0 3.7 4.5

For practical purposes, CO, concentrations are negligible above pH 8.4.
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II. RESPIRATION AND OSMOREGULATION

INTRODUCTION

The gills of fish are in intimate contact with the surrounding water, the rearing
environment. It is imperative that the quality of this water not only protects the fish gill against
physical damage, but also allows the gill to carry out its multiple tasks; gas exchange, ion
transport, acid base balance, and nitrogenous waste excretion. To accomplish these varied
functions, the gill epithelium consists of a variety of cells. Because its foremost function is gas
exchange, respiratory or pavement cells may represent up to 90% of all epithelial cells contained

in the gill..

Mitochondria rich (MR) chloride cells, are sometimes referred to as "ionocytes" to reflect
their function in ion transport. Freshwater fish live in a hypo-osmotic environment, which means
that their internal (plasma) salt content, which ranges from 0.75 to 1.2%, is greater than that of
the environment. To maintain osmoregulatory balance, these fish must constantly replenish ions
(electrolytes), the primary ones being sodium (Na") and chloride (Cl)). Under the hypo-osmotic
conditions, water continuously diffuses into the fish, and consequently they generate large
volumes of dilute urine, but still lose ions which must be replaced by diet and from the water.
Saltwater fish live in a hyper-osmotic environment, and continuously lose water, which is
replaced by drinking seawater. These fish must rid themselves of excess ions in order to
maintain osmotic balance. Their salt content may vary from 1.2 to 1.5%. In both cases

(freshwater and saltwater fish), the gills play an important role in maintaining osmotic balance

(Figure 1).

Gills can also take up "bad” ions such as heavy metals. In intensive culture nitrite ions
can be present. It is readily taken up across the gills and concentrated in the blood, whereby even
low concentrations in the ambient water can result in significant methemoglobinemia (Met Hb),

the so-called brown blood disease. During nitrite exposure, a large decrease in blood O, affinity



occurs, mainly due to RBC shrinkage. Another interference with blood O, affinity is known as
the Bohr effect. It is caused by a decrease of blood pH, the result of carbon dioxide buildup
(acidosis). This same condition also effects the oxygen carrying capacity of the hemoglobin,
known as the Root effect. When this (acidosis) happens, even supersaturated dissolved oxygen

concentrations cannot bring relief!

Under normal conditions of blood pH (£7.6) only 5% of the carbon dioxide is free CO,,
and > 90% as HCQ; in the plasma. The blood can carry much HCO-,

THE UPTAKE OF OXYGEN

To extract oxygen from the water, 1t must flow over the gills in one direction (Figure 2).
This 1s accomplished by the action of muscular "pumps," which create the breathing movements
observable in fish. This breathing in water has a significant energetic cost associated with it.
Routine ventilation cost i1s around 10% of the oxygen consumed, but can be as high as 70% with

ventilation rates three-fold the routine. In resting humans this cost is about 2%.

Compared to air, water has a viscosity 800 x that of air and a density 60 x as great.
Additionally, oxygen saturated water has only about 1/20 the O, content of air and the rate of
diffusion is but 1/10,000 that of air!

With each inspiration, much of the water moved across the gills does not come in contact
with the secondary lamellae, the site where the gas exchange takes place. This water bypass can
be as high as 60%, and, of the water that does come in contact with the secondary lamellae, only
60 to 80% of the dissolved oxygen in the water is taken up. Under unfavorable low-oxygen
conditions the uptake rate is even worse. As the fish increases the rate of inspiration, the result is
reduced contact time of the water on the lamellae, and in addition, the gradient between blood

and water oxygen content is less!



The secondary lamellae are extremely thin, from 1 to 5 um depending on species. It is the
total surface area that determines the efficiency of oxygen uptake. Active fish generally have a
larger gill area than sluggish ones. Also, small fish of the same species have a larger gill area per
unit of weight than large fish. Small fish, under conditions of the same temperature, have higher

metabolic rates than large ones.

Data compiled from 31 species show the average area of gills to be 4.9 cm*/g body weight
(4900 cm%kg). There is considerable variation around this value. Active fish, such as mackerels
and tunas have a gill area of 12 cm*/g, while air-breathing fish, such as climbing perch, have a
gill area of only 1.44 cm%g, In these latter fish, the respiratory epithelium has a thickness of
about 20 um, while generally the thickness falls between 1 and 5 pum.

To help in visualizing these numbers, an area of 4.9 cm?/g represents 8 standard 8-1/2 x

11 sheets per kg fish, and the maximum of 12 cm?/g equals 20 sheets per kg.

As mentioned, each inspiration delivers more water than is exposed to the lamellae, and
of the water contacting these, only a portion of the oxygen content is transferred to the blood. If a
we know the water bypass percentage and percent oxygen removed, the efficiency of oxygen
extraction can be determined. For instance, for a water bypass of 60% and an oxygen uptake of
80%, this efficiency is 32% [(80/100) x (100 - 60)]. Because of this relatively low efficiency, the

fish must pump a significant amount of water across the gills to satisfy the demand for oxygen.

For example, a one kg trout with a metabolic rate of 300 mg O, per hour in water with
dissolved oxygen concentration of 9.0 mg/l must pump 104  (27.5 gal) of water per hour over
the gills (Oxygen uptake efficiency is 32% of 9.0 mg/l = 2.88 mg/1; water pumped is 300/2.88 =
104 I per kg per hr). Dissolved oxygen is lowered from 9.0 to 6.12 mg/l by 1.0 kg trout per Ipm

flow,



If we apply this to the loading equation I-8 using the AQ value of 2.88 and OF of 250, the
fish can be fed 1.152 %BW [(2.88/250) x (100)] = 1.152. For OF of 350, %BW = 0.82.
Depletion of oxygen results in increased ventilation volumes as does exercise. When exposed to

hypoxic conditions, volumes as high as 420 to 720 / per hour have been reported.

Table 1 shows respiratory volumes in Ipm for different DO concentrations and oxygen

demands (metabolic rates in mg O, per kg fish per hour).

Fish may save some "respiration energy” when they switch to ram ventilation. With ram
ventilation, the fish either position themselves in a fast current or they swim at a high speed. By
simply opening their mouth, water flows in over the gills and out of the opercular cavities. Ram
ventilation can reduce the energy demand for some fish species. For instance, when brook trout
were reared in water velocities 1.5 to 2.0 times their body length per second they exhibited better
growth rates and feed conversions. Velocities exceeding these may be counter productive.
Unexercised salmonids can, indefinitely, sustain velocities from 1 to 2 body lengths per second.
Safe velocities (v,), expressed in body length per second (BL/s) for salmonids should be one half
the critical speed, these can be calculated with equation 1, as suggested by Youngs and Timmons
(1991):;

vy = (0.5) X (10.5/ L% (1)

For a 10 cm fish this is 2.2 BL/s, for a 20 c¢m fish 1.73 BL/s.
LOow OXYGEN STRESS
Low dissolved oxygen concentrations can affect fish in several ways, such as reduced

growth rates, increased feed conversions, changed behavior, accelerated ventilation and,

ultimately disease and reduced survival.



What are the lowest safe limits for DO? This is highly species specific. For salmonids,
recommendations vary from 5 to 7 mg/l. For tilapia it may be only 2.0 mg/l. Concentration can
be expressed by partial pressure (pQO,). Oxygen constitutes 21% of the total atmosphere, thus at
an atmospheric pressure of 760 mmHg, the pO, is 159.6 mmHg (0.21 x 760). Atmospheric
pressure is standardized at sea level and is equivalent to 760 mmHg (based on this, the following

discussion).

According to some studies optimum oxygen transfer across gill membranes requires a
pO, of 118 mmHg for rainbow trout. Other investigations found that rainbow trout maintain near
100% saturation with oxygen as long as pQ, is above 80 mmHg (50% saturation), Downey and
Klontz (1981) recommend 90 mmHg pO, for rainbow trout (56.4% saturation).

Both temperature and elevation affect oxygen solubility (Table 2). However, temperature
has little effect on oxygen partial pressure. For instance, an increase in temperature from 0 to

20°C results in a decrease in dissolved oxygen of 38%, but a reduced pO, of only 2%.

With respect to elevation, a linear relationship exists between dissolved oxygen content
and partial pressure exerted at constant temperature. Air saturated water at 5000 feet elevation
has 17% less dissolved oxygen and 17% less pO, than water with the same temperature at sea

level.

Because efficiency of oxygen uptake depends on partial pressure, not dissolved oxygen
content, a minimum partial pressure of 90 mmHg is recommended for salmonids. The gradient
between oxygen in the water and blood determines the ease of transfer from one fluid to the
other. Elevation, although it affects partial pressure in water, it also, simultaneously affects the
partial pressure within the fish itself. Based on a minimum pO, of 90 mmHg, the minimum
oxygen concentrations, as a general rule, should be about 7.5 mg/l above 15°C.; 6.5 mg/l from 6
to 10°C; 6.0 mg/l from 11 to 15°C abdomen 5.5 mg/1 above 15°C. A general formula to calculate

the equilibrium oxygen concentration is:



S0 = Tow @
To correct {or elevation;
129.5 760
S0 = 4 = ®)
T 760 =
32.8

Where T is temperature F and E represents elevation in feet above sea level (Soderberg,
1686).

Rainbow trout reared at 130% saturation showed decreased blood hemoglobin,
hematocnit, and red blood cell count. Rearing at 150% O, saturation increased suseptibility to

enteric redmouth disease. Growth, generally, is not increased under hyperoxic conditions.

10N EXCHANGE MECHANISM

The mechanisms for Na” and CI uptake by the gills are independent and counter ions for
these, presumably, H™ (NH,") and HCO, respectively are excreted to the water simultaneously.
These electroneutral ion-exchange pathways have been suggested to be involved in acid-base
regulation and a portion of carbon dioxide and ammonia excretion. The direct excretion of
HCO;" via C1/HCO;” exchange mechanism, though important for ionic and acid-base regulation,

likely accounts for less than 5% of total carbon dioxide excretion.

Fish can excrete acid into water which has a pH of 6 while maintaining gill epithelium pH
at around 7.4, With a low pH boundary layer nearly all of the ammonia is in the ionized form.
Thus a significant gradient between blood level ammonia (pH 7.4) and environmental ammonia

within the gill boundary layer (pH 6) exists. This expedites the passive diffusion of NH,; into this



boundary layer. Exchanging NH," ions with Na' ions can potentially be a significant mechanism
for ammonia excretion, but at this time it is still a controversial issue. It seems desirable to
investigate its potential as an ammonia excretion mechanism, and the role sodium ion

concentrations may play in this,

Tonic regulation in fish is covered extensively in "Cellular and Molecular Approaches to

Fish lonic Regulation" by C.M. Wood and T.J. Shuttleworth, Academic Press 1995.



Table 1. Lpm fish must pump across their gills based on five DO concentrations and six metabolic rates,

assuming an oxygen uptake efficiency of 32%.

DO Metabolic Rates (mg O,/kg/hr)
mg/l

100 200 | 300 400 500 1000
20 (s) 0.26 0.51 0.78 1.05 1.30 2.60
16 (s) 0.33 0.65 0.98 1.31 1.62 3.24
12 0.44 0.86 1.30 1.74 2.16 4.32
10 0.53 1.03 1.56 2.10 2.60 5.20
8 0.67 129, 195 2.62 3.24 6.48



Table 2. Dissolved oxygen at saturation (50), minimum effluent dissolved oxygen (E0Q) and available
dissolved exygen (AO in mg/L) for four temperatures (in C) and four elevations, based on a minimum pO, of

90 mmHg (56.4% of saturation).

Temperature Sea level 1,000 m 2,000 m 3,000 m

SO EQ AO SO EG AO SO EQ AOQ AYe EQ AO

S 12.7 7.1 5.6 11.3 6.4 4.9 101 57 4.4 9.0 5.1 39
10 11.3 6.3 5.0 10.0 5.6 4.4 8.9 5.0 39 7.9 4.5 14
5 10.1 57 44 8.9 5.0 39 79 4.5 3.4 7.0 39 3.1
20 9.1 5.1 4.0 8.1 4.6 3.5 7.1 4.0 3.1 6.3 3.6 27
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Figure 2,

Single gill arch with two rows
of filaments

A lanella in side view

Source: D.H. Evans (ed) The Physiology of Fishes. CRC Press 1993



Bohr effect

o,

Figure 3. Effect of CO;on blood's oxygen affinity and capacity
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pH dependence of CO, and NH, (15°C)
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III. GROWTH RATES AND FEEDING LEVELS

CONDITION FACTOR

Growth rates can be measured as weight and/or length increases. Most often they are
measured in terms of weight gains, however, both concepts are important. Generally, weight

gains show an exponential pattern, length increase a linear one. This is shown in Figure 1.

The relationship of weight and length can be expressed by means of what is known as the
condition factor (k for metric, ¢ for English), which reflects the shape of the fish. For metric
measurements we use grams for weight and em for length (g/cm?) for English, pounds and inches
(Ib/inch?). The condition factor in metric uses the letter k, English the letter c, both in lower

case.

W
k = 3";C=VSVlb ey
LCM Linch

The nice thing about the metric condition factor is that there is a good relationship
between length (cm) and weight (g). For instance, it is reasonable to assume that the specific
weight of fish is the same as for water itself, namely one. This means that one cubic cm of fish

(water) weighs one gram. In other words, a perfectly "cubed" fish has a condition factor of one:

1.0
k=—% =10
1.02,

A 10cmx 10 cm x 10 cm "cube” fish, with a specific weight of one, would weight 1000
g (1.0 kg), again showing the k-value of 1.0.



For English equivalents, a "cube” fish has a condition factor of 0.0361, and therefore a one inch

“cube” fish weighs 0.0361 |b.

To illustrate: 1.0 inch equals 2.54 cm and 2.54° is 16.387 cm’, thus the weight is also
16.387 g (specific weight - 1.0) which is the same as 0.0361 1b (one pound equals 454 g).

To convert therefore from k to ¢ and vice versa:

c
0.0361

¢c=k=00361 and k =

2

Note: The metric condition factor is much more "elegant" and easier to use, it is also easier to
use grams for weight, rather than pounds, especially for small fish. It also makes good sense to
use cm for length, instead of inches. In metric, every measurement can either be divided or
multiplied by 10. One tenth of a cm is a millimeter, a cm multiplied by 10 is a decimeter (dm).
For gram, we have milligram (1/1000 of a gram), and kilogram (1000 g), etc. In metric we work
with decimals, 5.4 cm equals 54 mm, 40 g equals 0.04 kg, etc. Fish culturists should become
proficient with the use of the metric system (SI system). In this unit on of Fish Growth, we will

primarily use metric equivalents for weight and length.

Returning to the topic of fish shape, as reflected by the condition factor. Fish do not have
a cuboid shape, far from it. Therefore, condition factors are much less than one, more in the
range of 0.020 to 0.005, which means that the weight of a fish with a length of one cm ranges
from 0.020 to 0.005 g (0.000044 to 0.000011 1Ib).



W=kL3;L==3Eor(E) ()

Fish 10 cm long would weight 20 and S g respectively (23 and 91 per pound).

#lb = 454/ W, “

Although most fish probably fall within this range of condition factor, there certainly are
many exceptions, such as the eel, which is snake-like. On the other extreme, there actually is a
fish with the scientific name "cubicus.” Its common name is box fish (Gold Striped Grouper,
Ostracion cubicus). This particular fish looks like it lives in a box with its head and tail sticking
out. Not a very aquadynamic shape! Table ! shows length and weight relationships for four

condition factors.

Northern pike and muskellunge have condition factors around 0.005 salmonids and

percids around 0.010 sunfish near 0.015 and Tilapia have k-values around 0.020!

Throughout this chapter a condition factor of 0.010 will be used. It not only fits many
salmonids, whose k-values range from 0.009 to 0.012, but it also makes it easy to convert this
value to any other condition factor. For instance, a fish with a condition factor of 0.009 requires

that the 0.010 weight values of Table 1 are multiplied by 0.9, etc.
FEEDING LEVELS
Fish, as cold-blooded animals (poikilotherms), take on the temperature of thetr

environment; i.e. the water. They perform best at their species specific, standard environmental

temperature (SET). At this temperature, the best growth rate and food utilization can be realized.



Feed utilization 1s measured by feed conversion ratios (FC) or feed efficiencies (FE). The
first represents food fed divided by weight gain. The latter is its reciprocal, i.e. weight gain over
feed fed, and 1t is expressed as percent. For example, a feed conversion of 1.4 is the same as a

feed efficiency of 71 percent (1.0/1.4), a conversion of 1.0 represents a feed efficiency of 100%.

This 100% efficiency is misleading. We know that biological systems, nor any other
system, can ever be 100% efficient. Indeed, efforts ("dreams") to create the perpetual motion

machine have always failed for that very reason.

A feed conversion ratio of one, is in reality a conversion of three or greater. This is why.
Fish feed may have a moisture content of 10%, so the dry matter is 90%. Fish flesh has a
moisture content of around 75%, so its dry matter is only 25%. For a feed conversion of one, the
dry to dry conversion is 3.6!

The following equation can be used to reflect the "true” feed conversion ratio:

x FC (5)

Where: TFC is true feed conversion, %DF is percent dry matter in feed and %Df is percent dry

matter in fish.

For a feed conversion of 1.4, a 12% moisture diet and 70% moisture of fish flesh, the

"true"” conversion is:

TFC = 38 x14 = 4.1
30



Temperature regulates the metabolic rate, it is the main factor responsible for feed intake

(appetite).

Depending on temperature, daily length increases can be as little as 0.01 c¢m or as great as

0.10 cm. Table 2 shows percent weight gains for 1.0 cm fish (L = 1.0) and daily length increases

(aL) from 0.01 to 0.10 em (AL = 0.01 to 0.10).

The percent gain in weight is independent of the condition factor (k). The percent gain is
the new weight (W) less the starting weight (W) divided by the starting weight times one
hundred:

%GAIN = [(W, - W)/ W,]x 100 (6)

The percent gain, multiplied by the feed conversion, represents the feed fed as a percent
of the original weight (W,). Feeding levels are commonly expressed in percent body weight or
biomass (%BW). The percent gain values of Table 2 are also the feeding levels as percent body
weight for feed conversions of one. For feed conversions below one, feeding levels are less,
while they are greater for feed conversions over one for the corresponding length and weight

gains of the table. Recall that values of Table 2 are based on a starting length (L,) of 1.0 cm.

To determine % gain values for other lengths, these values must be divided by those
respective lengths. For example, for 5.0 ¢m fish the listed percent gains of Table 2 must be
divided by 5.0. The larger the fish the smaller the percent gains realized. Also: The larger the
fish the lower the %BW feeding levels and metabolic rates! (Figure 2).

Another characteristic of the percent gain values is the fact that for each 0.01 c¢m length
increase, the values increase by 3.0. In other words, the percent gain is three times the daily

length increase, times 100 for 1.0 cm fish (for weight determinations, length is cubed W =kL%).



% Gain = 3.0 x DL x 100 (N

For other lengths (L)

% Gain = (3.0 x DL x 100) /L 8)

Because %BW equals % gain times the feed conversion, the equation for %BW is:

%BW = (3.0 x DL x 100 x FC) /L. 9)

The two unknowns in the equation are AL and FC.

Daily length gain is equal to the temperature unit growth rate (TUG) multiplied by the
temperature (°C). There is evidence that TUG is greatest at SET (Standard Environmental
Temperature). Under these conditions the best feed utilization is realized, i.e. the lowest feed

conversion and highest feed efficiency.
The product TUG x FC appears to be relatively constant, independent of temperature
(Westers, 1987). Such values may range from 0.004 to 0.008 depending on species, quality of

the rearing environment, feed quality as well as other factors impacting fish growth.

Where TUG x FC equals 0.004, the feeding equation is:

%BW = (°Cx1.2)/L (10)

For 0.008 it is;
% BW

(°Cx24)/L (11)



As discussed under condition factors, the length (L) can be converted to weight (see

equation 12;

L=W/K" (12)

The feeding equation now becomes:

%BW = (°Cx1.2t024)/(W/k)" (13)

The greatest difficulty is in determining the proper value for TUG x FC. High quality
diets have performed extremely well, accomplishing feed conversions as low as 0.6. These diets
must be fed at lower levels, they generate less waste and are therefore more environmentally
compatible. For instance, when a diet with a protein level of 45% and a lipid level of 10% has
the lipid level increased to 30%, the fish will reduce their feed intake but maintain the same
growth rate. Nitrogen excretion decreases, indicating that the fish are making better use of the
available protein. In addition, there appears to be a reduction in oxygen demand by the fish, as
well as in the system itself (because less NH, needs to be oxydized). It is, of course, extremely

important to avoid feed waste!

All fish have a maximum growth potential which is observable within a population
("runts” versus “hogs™). Through selective breeding (domestication) and other manipulations,
growth rates of certain species, such as channel catfish, rainbow trout, and Atlantic salmon, have
been accelerated. This sort of domesticated stock requires high feeding levels, i.e. product TUG
x FC x 300 will be greater.

As for new species entering aquaculture, such fish are still far from being domesticated.
They are still “wild” fish. Little data on growth rates and feed conversion are available. An

example is yellow perch, a species of considerable interest.

7



At this ime 1t appears that, based on limited data, a TUG of 0.0025 for a rearing

temperature of 20°C and a feed conversion of 1.4 is reasonable. The resulting feeding level is:

%BW = (20 x 0.0025 x 300 x 1.4)/ (W/K)"® (1)

and for a condition factor of 0.01;

%BW = 21/(W/0.010)"? (15)

For a fish weighing 10 g the %BW =2.1.

Greater TUG values, feed conversions and condition factors, singly or combined, result in
greater feeding levels. An elevated rearing temperature might also yield greater TUG values.
Some research has shown a SET of 22°C for yellow perch. Unfortunately, at this time, not much

data is available for yellow perch.

Another potential problem with yellow perch, in addition to its undomesticated status is
the finding that males may grow considerably slower than females. Add to this the lack of
knowledge of species nutritional requirements (optimal diets), and it becomes obvious that much
research and genetic selection is still required before this fish species can be as successfully

reared as channel catfish and salmon and trout.

However, yellow perch is a very popular food fish in the Great Lakes region, it
commands a high price, making it an attractive candidate for recirculation aquacuiture systems
(RAS), especially in light of the fact that the Great Lakes, the traditional source of yellow perch,
no longer delivers a catch sufficient to meet the demand. The market weight for yellow perch is

only 150 g (0.33 1b).



I believe it is but a matter of time before this species wiil make an important contribution
as a “farmed” product. Table 3 presents feeding levels for yellow perch for three different

temperature unit growth rates.
GROWTH MODELS

Without the ability to predict growth rates one cannot manage a fish production facility
efficiently. Without information on expected growth, it would be impossible to predict feed
requirements for specific time periods, or the approximate date when the fish are ready for

harvest (or release).

Several growth models have been developed for predictive purposes, but these tend to be
relatively complex. We need models that are easy to use yet provide a high degree of accuracy in
making growth projections. Because length increase is linear, it is less complicated to use in a
growth model versus weight increase, which is exponential. On the other hand, fish samples are

routinely taken in weight instead of length.

But, as pointed out earlier, length can be converted to weight, and vise versa, by means of

the condition factor (k).

L=MW/k)" and W = kL?

One model can be written as:

W, = k[(W/K)"” + (TUGx °Cx 1))’ (16)

W, is beginning weight in g.
W, is final weight.

t is time in days.



Iwama (1996) proposes the following growth model:

W/ =W +°C/1000 x t (17)

The medel is based on the same two assumptions as the previous model; that the cube
root of weight increases linearly over time and that the effect of temperature on growth is also

linear (for salmonids between 5° and 15°C).

From the model one can calculate the growth coefficient (Gc) which compares the actual

growth rate (Gs) with the theoretical growth rate (Gs'). The growth rate coefficient is their ratio:
Ge = Gs/Gs’ (18)
Thus the model becomes:

W, = wl® = (°C/1000 x Ge) x t (19)

Growth coefficients for various species and stocks may range from 0.899 to 1.089 for
steelhead and 0.930 to 0.984 for chinook salmon.

But, chinook salmon grown on commercial farms in seawater show coefficients ranging
from 1.081 to as high as 2.292 over a 12 month period. The average was 1,757, the average for

coho salmon grown in seawater over a similar period was 1.849 (Twama, 1996)
In other words, these fish grew at nearly twice the rate of those reared in land-based,

fresh-water facilities. To compare the two models, the following values are used:

Wy =15 g; t=150; °C = 12; TUG 0.005; k = 0.01; Gc = 1.000

10



Model 1:

W, = [(15/0.01)"° + (0.005 x 12 x 50)]°

-

=
il

0.01 (11.44 + 3.0)°
W, = 30.11g

Model 2:

W3 = 15" + (12/1000x 50)
W2 = 2.466 = 0.6

W = 3.066 W, = 3.066° W, = 28.82

By rearranging the growth models, one can determine the temperature required to arrive
at a specific weight within a predetermined time period or the time required to reach a given

weight at a particular temperature.

°C = [(W,/k)"” - (W, /K)" 1/(TUG x t) (20)

and

t = [(W,/k)" - (W,/k)"* 1/TUG x °C) (21)

Another common way to measure growth performance is by means of the specific growth
rate in % per day (SGR).

SGR = 100 [(LnW, - LaW,)/t] 22)

11



Where Ln is the natural logarithm, and using previous values: W, = 15; W,=30.11 and T = 50

SGR

100 [(Ln 30.11) - (Ln 15.0)/50]

SGR = 100 [(3.405 - 2.708)/50] = 1.394% per day

Recall equation 7:

%Gain = (3.0x DL x 100) /L

For the average length of the fish during the time period (t):

xL = (L, +L,)/2 or (1144 + 14.44)/2 = 12.94
%Gain = (3.0 x 0.06 x 100)/12.94
% Gain = 1.39

See Figure 2 for the effect of fish weight on the specific growth rate (SGR)!

12



Table 1. Length to weight relationship for three condition factors: k = 0.005; 0.010; 0.015
{ ¢ =0.00018; 0.60036 and 0.00054).

Length Weight
em (inch) g (Ib) g (Ib) g (Ib)
0.005 0.010 0.020

5 0.625 1.25 2.50
(2.0) {000144) (0.0028) (0.0056)
10 5.00 10.00 20
(4.0) (0.011) (0.022) (0.044)
15 16.8 33.7 67.4
(6.0) (0.037) (0.074) (0.148)
20 40.0 80.0 160
(8.0 (0.088) (0.18) (0.36)
25 78 156 312
(10.0) 0.17) (0.34) (0.68)
30 135 270 540
(12.0) (0.30) (0.59) (1.18)
35 214 428 856
(14.0) (0.47) (0.94) (1.88)
40 320 640 1280
(16.0) (0.70) (1.41) (2.82)

English values in parentheses.




Table 2. Percent gain for 1.0 cm fish realizing daily length increases from 0.01 to 0.10 cm, for two condition
factors: ¢.010 (W,=0.010) and 0.015 (W, = 0.015).

AL L, k=W, =0.010 k=W, =0.015
2 % Gain w, % Gain

01 1.01 0103 3.0 01545 3.0
02 1.02 0106 6.0 01592 6.0
03 1.03 0109 9.0 01639 9.0
04 1.04 0112 12.0 01680 12.0
05 1.05 0115 15.0 01725 15.0
06 1.06 0118 18.0 01770 18.0
07 1.07 0121 21.0 01815 21.0
08 1.08 0124 24.0 01860 24.0
09 1.09 0127 27.0 01905 27.0
10 1.10 0130 30.0 01950 30.0

14



Table 3. Recommended feeding levels for yellow perch, reared at 22°C. A condition factor of 0.012 is
assumed and a feed conversion of 1.4, Three TUG’s are used: 0.0025, 0.0035, and 0.0045, the resulting

nominataor values are 23, 32, and 42,

W, L., %BW %BW %BW
TUG .0025 TUG .0035 TUG .0045

10

10 9.4 2.4 3.3 4.4
20 11.8 1.9 2.6 3.5
30 13.6 1.7 2.3 3.0
40 14.9 1.5 2.1 2.7
50 16.1 1.4 1.9 2.6
60 17.1 1.3 1.8 2.4
70 18.0 1.3 1.7 2.3
80 18.8 1.2 1.7 22
90 19.6 1.2 1.6 2.1
100 20.3 1.1 1.5 2.0
110 20.9 1.1 1.5 2.0
120 21.5 1.1 1.5 1.9
130 22.1 1.0 1.4 1.9
140 22.7 1.0 1.4 1.8
150 23.2 1.0 1.3 1.8

15
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IV. FISH REARING UNITS

INTRODUCTION

Flow-through fish units come in many shapes, depths and operational modes. Two flow
patterns are commonly used: plug-flow and circular flow (Figure 1). In plug-flow mode, water
enters at one end and travels in a direct line, at a uniform velocity, to outflow at the opposite end.
The rectangular raceway is the most common example of this, while an upflow silo is another. In
a circulating mode, water enters a unit at a selected location and travels in a circular motion
towards a central outlet. The circular or round tank is the most common representative of this
design. A second popular version of a circular-flow unit is the square Swedish tank with
rounded corners. This latter system was specifically developed for rearing Atlantic Salmon, and
for that reason is shallow to provide this species a two dimensional rather than three dimensional

space based on the belief that Atlantic salmon do not tolerate stacking.

A hybrid rearing unit is the Burrows pond (Figure 2). This type of pond was designed to
incorporate the advantages of both rectangular plug-flow and circular units into a single pond.
Water is introduced through a series of nozzles at different depths into one or two opposite
comers of the pond. Curved vanes radiate from the center wall towards each corner to reduce
turbulence and maintain an even water flow. Velocities diminish as flow approaches the center
wall, allowing solids to settle and be carried out by floor drains positioned on either side of the
center wall, but in opposite locations (Burrows and Cheneweth 1970). For a time, this system
was very popular with public agencies producing Pacific salmon. Few, if any, are constructed

today because of high cost and poor self-cleaning properties.

A more recent attempt to combine the advantages of plug-flow and circulating rearing
units (Watten and Johnson, 1991) was the cross-flow rearing unit. Water is introduced through a

series of inlet ports near the bottom along the longitudinal axis, and exits through a perforated



drain line opposite the intake line (Figure 3). The tank can be converted to a plug-flow mode of

operation for cleaning and fish handling.

Circular or round ponds enclose the largest volume of water per unit wall area (Figure 4).
Depending on dimensions, a raceway requires 1.5 to 3.0 times as much wall area to enclose a
given volume of water compared to a round tank. However, rectangular shapes are more

economical with respect to floor space.

FLow VELOCITY

There are interesting differences between plug-flow and circulating rearing units with
respect 1o the rearing environment. From here on the term raceway will be used when referring
to plug-flow units and the round tank will be representative of the circulating rearing unit.
Raceways create a distinct gradient in water quality from inflow to outflow. Dissolved oxygen
(DO) levels decrease downstream, while metabolic byproducts, such as ammontia and carbon
dioxide, increase. Water velocities are generally very low, from 1.0 to 3.0 ¢m per second (0.033-
0.1 ft/s). Feces and excess feed settle quickly and accumulate on the bottom. This is 2 distinct
disadvantage since fish activity resuspends these materials, breaking them into finer fractions
which take longer to settle out. As a result, some solids move out of the rearing unit, but overall,

raceways are not self-cleaning,

The poor handling of solids is a serious drawback of raceways for the following reasons:

1. solids settle and are broken up by fish activity;

2. solids re-enter the water column as finer particles and so pollute the rearing
environment;

3. broken or fragmented solids take longer to resettle and, therefore, require a larger

settling basin;
4. smaller particles, which have larger surface to volume ratio; leach nutrients faster

into the water;



5. a portion of fractured solids continuously leaves the rearing unit and, were serial

reuse is applied, degrade water quality in lower rearing unit,

Fish in raceways often concentrate themselves in the upper one-third of the system and
sparsely occupy the lower two-thirds. Since the fish themselves select this higher rearing density,
it seems logical to shorten the raceway to one-third without altering flow. This would increase
water exchange rate threefold, generally resulting in an exchange rate of around four per hour.
The next logical step would be to utilize the raceway in its entirety by increasing flow to affect an
exchange rate of four per hour for the entire raceway, rather than shortening the tank. Even this
relatively high exchange rate does not create water velocities exceeding 5 cm/s (0.016 '/s) unless

the unit is extremely long.

Flow velocity in a raceway can be calculated as:

LmeR
Vs ——— (1)
36
and
v= LfxR (13)
3600

Where v s velocity in cm/s, Lm raceway length in meter and R the familiar exchange rate as

water turnover rates per hour.

The value of 36 represents seconds per hour (3600) divided by 100 (to convert meters to
cm). To accomplish a velocity of 10 cm/s at an R of 4 would require a raceway length of 90 m

(nearly 300 feet). Commonly raceways range from 18 to 35 m (60 to 120 feet), which would



give velocities from 2.0 to 4.0 cm/s (0.067' - 0.133 !/s) at an éxchange rate of 4. This is
considerably below a cleaning velocity of 10 to 20 cmv/s, and also below recommended velocity
for fish conditioning which range from 0.5 to 2.0 body lengths per second (BL/s) (Poston et al
1969; Besner and Smith 1983; Woodward and Smith 1985; Leon 1986; Totland et al. 1987;
Needham 1988; Josse et al. 1989; Youngs and Timmons 1991).

Youngs and Timmons (1991) pointed out these deficiencies and stated that in practice
raceways can be managed much closer to their design requirements for oxygen supply than for
cleaning requirements: in other words, raceways are designed to function below required
cleaning velocities. To overcome this deficiency, it is necessary to either design very long
raceways, or raceways with very small cross-sectional areas. To at least partially overcome these
shortcomings with standard size raceways, Boersen and Westers (1986) propose the use of
baffles spaced at equal distances. Such baffles are solid barriers, forcing all water through a
narrow gap between the lower edge of the baffle and the bottom of the tank (Figure 5). The
width of this gap determines water velocity through the gap. With a gap one-tenth of the water
depth, water velocity under the baffle is approximately ten times average raceway velocity. In
the above examples, water velocity under the gap would be 20 and 40 cm/s. Generally, optimum
velocity varies from 15 to 25 cm/s, depending on fish size. The major objective of such
velocities is to make the tank self-cleaning, removing solid waste as it is generated, thereby
preventing its build- up and resuspension by fish activity. Intact solids can settle quickly in a
small end section of the raceway dedicated to settling (Figure 6). As a rule of thumb, the settling
zone should be as long as the tank is wide. This same ratio can be applied to spacing of the
baffles. This simple modification provides an effective solids management approach. The
interception and removal of solids in intensive fish culture operations cannot be stressed enough,

as aquaculture faces increasingly tighter restrictions on effluents.

The use of baffles in raceways does not completely overcome the shortcoming of
providing ideal velocities for fish health and conditioning. Baffles increase velocities, but only

over a small area along the bottom. Fish may utilize this high velocity zone, but there is room for



only a relatively small proportion of the total population in that zone. Fish probably will

exchange positions and select different areas in the tank over time.

Youngs and Timmons (1991) recommend that safe velocities for salmonids should be one
half the critical speed based on data provided by Beamish (1978). Safe velocity can be calculated

a5

v, =(0.5) e (10.5/L"%) 2)

Thus, for a 10 cm fish, raceway velocity should not exceed 2.2 BL/s or 22 ¢cm/s, while for
a 20 cm fish, this is 1.73 BL/s or 35 cm/s.

Velocity, Benefits to Fish

Totland et al. (1987) exercised large Atlantic salmon Salmo salar; (56.3 cm and 2,038 g)
during culture at velocities of 0.45 BL/s. They found improved survival of exercised fish over
caged fish except during the initial two week adjustment period when losses were 1.2 percent,
much greater than the reference group. Final losses were 4.4 percent for exercised fish and 8.8
percent for reference fish, Weight gain was nearly 40 percent greater in exercised fish, and by
industry standards, quality was rated 9.2 percent higher. Based on equation 2., the recommended
velocity for 56-cm fish would be 1.3 BL/s, but favorable results were obtained at the lower
velocity of 0.45 BL/s. Neeham (1988) recommended velocities between 0.5 to 1.0 BL/s for
Atlantic salmon, which he considers a riffle species in contrast to trout and coho salmon
Oncorhynchus kisutch which tend to live in pools. Besner and Smith (1983) exposed coho
salmon to velocities of 0.2 BL/s (control) and 1.0, 1.5, and 2.0 BL/s. Endurance in test groups
improved over the contro! group. They concluded that long-term velocity regimes before release
may be profitable for survival, because this early training allowed energy conservation during
migration. Woodward and Smith (1985) exercised rainbow trout O. mykiss at velocities of 1.5

BL/s for 42 days. This improved fish quality in terms of better stress resistance; indeed sustained

5



swimming exercise has been shown to improve disease resistance. Leon (1986) found improved
disease resistance, growth rates and feed conversions when brook trout Saivelinus fontinalis were

reared in velocities of 1.5 to 2.0 BL/s.

Josse et al. (1989) maintained rainbow trout at sustained velocities of about 2.5 BL/s with
bursts of 3.8 BL/s for a few minutes daily, the latter velocity specifically aimed at developing
white musculature without exhausting fish. Continuous swimming also had a positive effect on
tail muscle developmental. Red muscle area increased by 27%, the white by 9% over controls
maintained in still water, Furthermore, muscle fibers increased 75% and 39% in number,
respectively, resulting in denser muscle as well, Josse et al. (1989) concluded that permanent
rotary water movement ensured perfect homogenization of the medium, optimal distribution of
fish, and inhibition of territorial behavior which, in turn, resulted in 100% increase in rearing
density over the control group (68.35 kg/m’ versus 35.98 kg/m’). Mortalities during early rearing
were significantly less in the high velocity environment, and experimental fish grew as well as
controls, despite sustained swimming action. They aiso concluded that experimental fish were

most likely better prepared for survival in nature.

Earlier studies by Poston et al. (1969) pointed out similar benefits to rearing at high
velocity. Brook trout, exposed to velocities in excess of 2.0 BL/s had increased stamina, more
efficient feed conversion ratio, and faster replacement of muscle glycogen after exposure to
strenuous exercise in a stamina tunnel, compared to unconditioned fish. Those authors

recommended physical conditioning of hatchery trout before stocking.

Forced exercise, contrary to common expectations, seems to result in reduced O,
consumption compared to non-exercised fish. This reduction has been attributed to physiological
adaptations, such as increased white muscle activity (Nahhas et al. 1982), improved cardiac
output, and enhanced oxygen carrying capability of blood (Woodward and Smith 1985). There
may also be reduction in energetic costs of ventilation. Fish that maintain position in fast

flowing water need only to open their mouths to ventilate their gills. This has been termed "ram"



ventilation. Ram ventilation can contribute to saving energy in two ways: (1) passive movement
of water over the gills which, in turn, results in (2) a more streamlined flow of water over the
body. This latter hydrodynamic advantage results in small, but measurable, reductions in oxygen
consumption (Randall and Daxboeck 1984), However, cost of active ventilation in a dense
media such as water can be substantial; reports indicate from 10 to 30 percent of total oxygen

uptake is required for active ventilation {(Shelton 1970; Jones and Randalt 1978).

Watten and Johnson (1990) offer yet another theory for the better performance of fish in
high water velocities. The elevated surface velocities in their cross-flow tank, along with a
homogenous DO concentration, may accelerate diffusion of oxygen at the air-water interface.

This would make more oxygen available than that added initially with inflow water.

Sustained velocities for small salmonids (< 0.5 kg) should be maintained, if at all
practical, between 1.0 to 1.5 BL/s. These are well below those expressed with equation 2 or

those used by Josse et al (1989) and Poston et al. (1969).

Plug-flow rearing units do have physical, i.e., flow rate, limitations based on the
maximum practical flow rate per cross-sectional area. Plug-flow rearing units use foot screens to
keep the fish confined. The screens, basically, represent the cross-sectional area of the rearing
unit. The volume of water they can "process" without frequent plugging, dependes on the water

quality (debris load) and screen type (percent openings) and size of openings.

Raceways for large fish can accommodate flow rates of 1000 to 2000 lpm per square
meter (25-50 gpm 1 f), tanks for median-sized fish 750 to 1250 lpm per m? and troughs for
small fish from 500 to 1000 Ipm per m®. Table 1 shows flowrates for raceways, tanks, and
troughs based on averages for the above values (1500, 1000, and 750 lpm).

Also shown are required flow rates to meet the specific selected velocities for these units,

namely 3.0, 2.0, and 1.0 cr/s respectively. Furthermore, we show the loading values based on



5.0 mg/l available oxygen {AQ = 5.0) and feeding levels in %BW of 1.0, 2.0, and 4.0
respectively. The results are too high rearing densities. If there are to be 60, 40, and 25
respectively for raceway, tank, and trough, then these units should be placed in series of 2, 3, and

5 respectively.

ROUND TANKS, WATER QUALITY CHARACTERISTICS

Round tanks do not have a distinct water quality gradient and frequently the rearing
environment is homogeneous. Colt and Watten (1988) described the ideal round tank as a
continuous-flow, stirred-tank reactor where dissolved gas concentrations are well mixed and
equal to concentration in the effluent. However, Tvinnereim and Skybakmoen (1989) pointed
out that in a complete mixed flow reactor, the maximum possible water exchange will be 63.2
percent during the theoretical mean retention time. High concentrations of oxygen entering
round tanks are rapidly diluted with lower DO water. This is very different from raceways. If
incoming water from a raceway has 10.0 mg/l DO, available oxygen to the fish might be 4.0 mg/t
(10.0 - 6.0). Dissolved oxygen levels gradually decline from upper to lower portion of the tank,
while the opposite is true of waste products in solution, In a hydraulically ideal round tank, with
near homogeneous water quality, the rearing environment has the same DO level as effluent
water. If the same oxygen consumption is allowed as in the raceway example above (same level
of fish production per unit of flow), the rearing environment will be degraded to a uniform 6.0
mg/l, and the production capacity per unit of flow would have to be reduced by 25 percent (from
10.0 to 7.0 makes only 3.0 mg/l DO available rather than 4.0 mg/l). When water is sprayed
forcefully onto the surface, some aeration is accomplished. This could make the round tank as
productive as a raceway or, where outflow DO levels are maintained equal to those of raceways,

the round tank actually may have a higher production potential.

Round tanks are very popular, especially for production of Atlantic salmon in Norway,
Scotland, and New England. Whenever low rearing densities are practiced, round tanks seemed

to be preferred over raceways. One advantage round tanks have over raceways is that water



velocities are, to a large extent, controllable. This most critical factor in water velocity control i1s
design of inlet and outlet arrangements. Tvinnereim and Skybakmoen (1989) tested three
submerged inlet systems: a horizontal spray bar, a multilevel vertical slot, and a point source
inlet. The vertical slot inlet provided stable and uniform flow patterns at all flow rates, along
with stable bottom current towards the outlet. The horizontal inlet accomplished better mixing
and water exchange, but created weaker and less stable bottom current, and was therefore poorer
in self-cleaning. The single point source inlet gave an unstable flow and insufficient water
exchange. It also created very high velocities along the edge, driving fish to the center of the
tank where mixing may be inadequate. Tanks were tested without fish and at exchange rates
from 0.5 to 1.2 per hour and inlet velocities ranged from 20 to 235 cm./s. The tests were
conducted in tanks with non-sloping bottoms. Tanks with bottom sloping toward the center are
easier to manage as far as the self-cleaning characteristics are concerned, because bottom water

velocities are not as critical in solid removal.

Circular tanks can function as "swirl settlers.” For this they need a relatively swift
velocity in excess of 15 to 30 cmy/s, a velocity that is strong enough to move settleable solids

along the tank bottom to a center drain.

Distributing the inlet flow with both vertical and horizontal perforated pipes can achieve
uniform mixing and effectively transport waste solids along the tank bottom to the center drain
(Summerfelt 2000). See Figure 7.

When a circular tank is managed as a "swirl settler”, the bulk flow is discharged from a
location distant from the settleable solids concentrated at the bottom and center of the tank. The
majority of the settieable solids should then leave the tank through the bottom center drain with
only 5-20% of the total flow. The bulk of the flow, withdrawn from an elevated drain is
relatively free of settleable solids. There are a number of dual-drain designs, some are patented.
A recent, non-patented, design is the "Comell-type" dual-drain tank with an elevated drain

partway up the tank sidewall (Figure 8).



Removing settleable solids from the bulk flow has many advantages. Less water needs to
be treated intensively, higher concentrations of settleable solids (20 mg/l or more) make micro-
screening more effective. The quality of the bulk flow relatively free of solids, can be reused
again. Dual-drain tanks are of excellent design for partial or semi-reuse systems, to be discussed

later.

Round tanks are more difficult to manage for fish handling, since fish cannot be comnered
as in raceways. This difficulty can be overcome with specially designed fish crowders (Figure 9).
Removing dead fish is also more labor intensive, On the other hand, round tanks lend
themselves more readily to automatic feeding systems, requiring fewer feeding stations than
raceways to distribute feed throughout the rearing unit, since water currents will distribute the
feed more uniformly. Major differences between raceways and round tanks, with respect to

design and operation, are summarized in Table 1.
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INTENSIVE FISH PRODUCTION: - .
(1) DESIGN, OPERATION AND CARRYING CAPACITY
OF RACEWAY (PLUG-FLOW) AND ROUND TANK
(CIRCULATING) FISH REARING UNITS

Harry Westers!

Fisheries Division
Michigan Department of Natural Resources
« Box 30028
Lansing, Michigan 48909

Abstract—Two basic types of fish rearing units: plug-flow (raceway) and
circulating (round tank), are compared with respect to their physical, hydraulic, water
quality and fish production characteristics.

Raceways require 1.5 to 2.0 times as much wall area as do round tanks. Also,
less wall thickness is required for round tanks, Raceways are operated far below
recommended water velocities of 0.5 to 1.0 body lengths of the fish per second. Even
with relatively high water exchange rates of 4 to 6 per hour, generally velocities do not
exceed 5.0 cm/s. Round tanks can create optimum velocities through proper design of
the inlet and outlet structures, and velocities are largely independent of intake volume.

Raceways have a distinct water quality gradient from intake to outlet, while
round tanks have a more or less homogeneous water quality environment. Raceways,
due to their capability to operate at high water exchange rates, can support fish at high
rearing density. The homogencous water quality enviropment and relatively low
exchange rate in round tanks does not allow for high density rearing. In round tanks,

- water guality equals effluent quality and this can create a condition of continuous low
level un-ionized ammonia in the presence of relatively low dissolved oxygen levels, a
major disadvantage. The application of pure oxygen can overcome this disadvantage,
since the homogencous rearing environment can be maintained at saturated DO level
making high density rearing possible without exposing fish to hyperoxic conditions.

These facts make it worthwhile to consider round tanks for high density fish
production, since they can also provide optimum water velocities for fish health
conditioning, while simultancously they can be self-cleaning. This combination is
difficult, if not impossible, to accomplish with standard size raceways.

'Mailing Address: Aquaculture Bioengineering Corporation
P.O, Box 8
Rives Junction, MI 49277



The present trend in fish production
appearsto follow that of chickens,hogsand
other meat producing industries, i,e., an
evolution towards increased intensity, or
greater production per unit of space. This
requires greater reliance on controlled
environments, through mechanization and
automationandlessonhumanaction. Todays
technology makes this approach possible,
Properly controlled rearing environmentslso
permithigh rearingdensityfor mostspecie®f
fish.  Such environmental controls start with
sourcewater which must be &ee of specific
pathogens, have the right chemical and
physical characteristicsand a relatively stable
temperatureegimewithin the desiredangefor
the cultured species. This may requiresome
form of pre-treatment of ii~r  such as
disinfecting, degassing, aerating, bufFering,
filtering and heating or cooling.

Since water quality is impactedby fish
metabolism, proper rearing water quality
parametersmust be known for the species
reared, such as tolerance for accumulation of
metabolic byproducts and dissolved gas
concentrations. Of immediate interest and
concern are dissolved oxygen, ammonia,
carbondioxide and suspendedolid fecesand
waste food!. As these variablesare related
directly to quantity of feedaddedo the system
Haskell 1955!, carrying capacityis in direct
proportionto amountof feedapplied. Feeding
rates are influenced primarily by inter
temperature and fish size.

High density rearing requireslarge flows
of ivater to deliver oxygen and remove
metabolic ~ products, just as power
ventilation air exchangehs well asliquid and
solid waste removal are requiredin intensive
chickenand hog production. This paperwill
discussintensivefish culture in two types of
flow-throughrearingunits, the plug-flowlinear
raceivayandthe circulating roundtank. This
comparisonwill be followed by a genera
review of limits to intensive fish culture, then a
design of several raceway and round-tank
systemsto optimize productionunderdifferent
constraints.

ComparindRoundTanksandRaceways

Flow-throughfish rearing units comein
many shapes,depths and operationalmodes.
Two low patternsare commonlyused: plug-
flow and circular flow Figure 1!. In a plug-
flow mode, water enters at one end and travels
in adirect line, at auniform velocity, to
outflow at the oppositeend. The rectangular
racewayis the most commonexampleof this,
while an upflow silo is another. In a
circulating mode, water enters a, unit at a

selected location and travels in acircular
motion towards acentral outlet, The circular
or round tank is the most common

representativef this design. A secondpopular
versionof a circular-flow unit is the square
Sivedish tank with rounded corners, This latter
systemwas specifically developedor rearing
Atlantic salmon, and for that reasonis shallow
to providethis speciesa two dimensionatather
than three dimensionalspace based on the
belief that Atlantic
stacking.

A hybrid rearing unit in commonuse is
the Burrows ponds Figure 2!. This type of
pondi' designedto capture advantagesof
both rectangularplug-flow and circular units
into asingle pond. Water is introduced
througha seriesof nozzlesat different depths
into oneor two oppositecornersof the pond.
radiate

salmon do not tolerate

Curved vanes &om the center ivall
toivel'ds each corner to reduce turbulence and
maintain an even water flow. Velocities dimin-
ish as flow approacheshe centerwall, allow-
ing solidsto settleand be carried out by floor
drains positionedon either side of the center
wall, but in oppositelocations Burrows and
Chenewetth 970!. For a time, this systemi~m
very popular with public agenciesproducing
Jacific salmon. Few, if any, are constructed
today becauseof high cost and poor self-
cleaningproperties,

In a more recentattemptto combinethe
advantagesf plug-flow andcirculatingrearing
units, Watten and Johnson 991! developed
the cross-flow rearing unit. Water is
introducedhrougha series of inlet ports
locatednearthe bottom alongthe longitudinal

axis, and exits through a perforateddrain line



oppositethe intake line Figure 3!. Thetank
can be converted to aplug-flow mode of
operationfor cleaningandfish handling.

Circular or round ponds enclose the
largestvolume of water per squaremeter of
wall area Figure 4!, Depending on
dimensionsa racewayrequiresl1,5to 3,0times
asmuchvtM areato enclosea givenvolumeof
water comparedto a round tank. However,
rectangularshapesare more economicakith
respecto floor space,

Flow Velocity

There are interestingdifferencesbetween
plug-flow and circulating rearing units with
respecto the rearing environment. From here
on the term raceway will be used when
referringto plug-low units and roundtankwiU
be representativef the circulating rearingunit.
Racewayscreate a distinct gradientin water
guahty from inflow to outflow. Dissolved
oxygen DO! levels decrease dream,
Nthilemetabolic byproducts such as ammonia
and carbon dioxide increase. Water velocities
are generallyvery low, from 1.0to 3.0cm per
second. Fecesand excessfeed settlequickly
and accumulate on the bottom. This is a
distinct disadvantage since fish activity
resuspendshesematerials, breakingtheminto
finer &actionswhich take longerto settleout.
As a result, some solids move out of the rearing
unit, but overallra~ays arenot selfwleaning.

The poor handling of solids is a serious
drawback of raceways for the following
reasons:

a, solids settle and are brokenup by Gsh

activity;

b. solids re~ter the water column as
finer particles and so pollute the
rearingenvironment;

c. broken or fragmentedsolids take
longer to resettle and, therefore,
requirea largersetthngbasin;

d. smaller particles, which have larger
surfaceto volumeratio, leachnutrients
faster into the water;

e. aportion of fractured solids con-
tinuously leavesthe rearingunit and.

whereserial reuseis app/ied, degrade
watemgualityin thelowerrearingunit.

Fish in raceways often concentrate
themselvei the upperone-thirdof the system
and sparselyoccupythe lower two-thirds.
Since the fish themselvesselect this higher
rearinglensityjt seemsogicalto shorterthe
racewayto one-thirdwithout altering flow.
This would increase water exchange rate
threefold, generally resulting in an exchange
rate of around4 per hour. The next logical
stepwould be to utilize the racewayin its
entirety by increasinglow to afFectan
exchangerate of four per hour for the entire
racewayatherthanshorteninghetank. Even
this relatively high exchangerate does not
createwatervelocitiesexceedings cm/sunless
theunit is extremeljong,

Flow velocity in a-~ay
calculated as

can be

V=Lm-R
36

with symbolsgivenin AppendixTable 1. The
valueof 36 equalssecondger hour 600!
dividedby 100 to convertmetersto cm!, To
accomplish velocityof 10cm/satanR of 4
wouldrequirea racewalengttof 90m nearly
300feet!. Commorracnlvaysange&om 18to
35 m 0 to 120 feet!, which would give
velocities &om 2,0 to 4.0 cm/s at an exchange
rate of 4. This is considerably below a
cleaningelocityof 10to 20 cm/s,and also
below recommended velocity for fish
conditioningshichrangeom0.5to 2.0 body
lengthpersecondBVs! Postoretal. 1969;
Besnerand Smith 1983; Woodwardand Smith
1985; Leon 1986; Totland et al. 1987;
Needhaml1988;Josseet al. 1989;Youngsand
Tinunons 1991!.

YoungandTinunons 991! pointedout
thesedeficienciesand statedthat in practice
racewaysanbemanagechuchclosetto their
desigmequirementsr oxygersupplythanfor
cleaning requirements: in other words,
racewaysare designedto function below
requirealeaningelocities.To overcoméhis
deficiencyit is necessaiy eitherdesigrvery
long racewayspr ra~vays with very small
cross-sectionalarea. To at least partially



overcome these defects with standard size
raceways, Boersen and Westers 986!
proposeduse of ba6lesspacedat equal
distances. Such bafBes are solid barriers,
forcing all waterthrougha narrowgapbetween
the lower edgeof the baKe andthe bottomof
thetank Figure5!, The width of thisgap
determinesvater velocity throughthe gap,
With a gap one-tenthof the waterdepth,water
velocityunderthe baffleis approximatetgn
times averageracewayvelocity. In the above
exampleswater velocity in the gap would be
20and40 cm/s. Generallypptimunvelocity
variesfrom 15to 25 cm/s, dependingn fish
size, The major objectiveaf suchvelocitiesis
to makethe tank self-cleaning,removingsolid
s~mteasit is generatedtherebypreventingts
build up and resuspensionby fish activity,
Intact solids can settle quickly in a smallend
sectionof the ra~ay dedicatedb settling
Figure6!, As a rule of thumb the settling
zone should be as long as the tank is vide.
This sameratio can be appliedto spacingof
thebaKes. This simplemodificatioprovides
an effectivesolids managemenapproach, The
interceptionand removal of solidsin intensive
fish culture operations cannot be stressed
enoughasaquaculturefacesincreasinglyight-
errestrictionson efBuents Westers1994b!.

The use of baffles in racew~>xdoesnot
completely overcomethe shortcomingof
providing ideal velocities for fish health and
conditioning. BaKes increasevelocities,but
only overa small areaalongthe bottom. Fish
may utilize this high velocity zone butthereis
roomfor only a relatively smaHproportionaf
thetotal populationin that zone. Fishprobably
will exchange positions and selectdifferent
areas in the tank over time.

Youngsand Timmons 991! reconunend
that safe velocities for sahnanids should be one
half the critical speedbasedon dataprovided
by Beamish 978!. Safe velocity can be
calculated as

Vs= 5! ~ 0.5/L's! !
Thus, for a 10 crn fish, racewayelocity
should not exceed 2.2 BL/s or 22 cm/s, while
for a 20 cm fish, this is 1.73 BL/s or 35 cm/s.

Tatland et al. 987! exercised large
Atlantic sahnon Salvo salar; 6.3 cm and
2,038 9! duiing culture at velocities of 0.45
BUs, They found improved survival of
exercisedish overcagedish exceptduringthe
initial two weekadjustmenperiod whenlosses
were 1.2 percent, much greater than the
referencgroup. Final losseswere 4.4 percent
for exercisedish and 8.8 percentfor reference
fish. Weight gain was nearly 40 percent
greater in exercisedfish, and by industry
standards, quality was rated 9.2 percent higher.
Basedon equatior2, the recommendedelocity
for 56wm fish would be 12 BL/s, but
obtained at lower
velocities of 0.45 BL/s. Needham 988!
recommended velocifies between 0.5 to 1.0
BL/s for Atlantic salmon, which he considersa
rifne speciesin contrastto trout and coho
salmon Oncorhynchug/risuich which tend ta
live in pools. Besner and Smith 983!
exposedcohosalmonto velocitiesof 0.2 BL/s
control! and 1.0, 1.5and 2.0 BL/s, Endurance
in testgroupsimprovedover the control graup.
They concludedhat long term velocity regimes
beforereleasemay be profitable for survival,
becausethis early training allowed energy
conservatiomuringmigration. Woodemvland
Smith 985! exercised rainbow trout O,
mykissat velocitiesof 1.5 BL/s for 42 days.
This improvedfish quality in terms of better
stress resistance; indeed sustained swimming
exercisehas been shownto improve disease
resistance. Leon 986! found improved
disease resistance, growth rates and feed
conversians when brook trout Salvelinus
fontinalis wererearedn velocitiesof 1.5t0 2.0
BL/s.

Josseet al. 989! maintained rainbow
trout at sustained velocities of about 2.5 BL/s
with bursts of 3.8 BL/s far afew minutes
daily, the latter velocity specificaUyaimed at
developingvhite musculature, The continuous
cruising speed served to develop red
musculature, but it was also suf5Scient to
stimulate the  white
exhaustingfish. Continuous mvimming also
had a positive effect an tail muscle develop-
ment. Redmusdeareaincreasedby 27%, the
white by 9% over controls maintainedin still

favorable results were

musculature without



~mter. Furthermore, muscle fibers increased
75''0 and 3970 in number, respectively,
resultingia densemuscleas well. Josseet al,
989! concludedhat permanentrotary mter
movementensuredperfect homogenizatiorof
the medium, optimal distribution of fish, and
inhibition of territorial behaviorwhich, in turri,
resultedin a 100/o increasein rearingdensity
over the control group 8.35 Kkg/rn' versus
35.98kg/m'l. Mortalities during early rearing
were significantly less in tbe high velocity
environment,and experimentalfish grew as
well as controls, despite sustainedswimming
action. They also concludedthat experimental
fish were most likely better prepared for
survival ia aature.

Earlier studiesby Postanet al. 969!
pointedout similar benefitsto rearingat high
velocity. Brook trout, exposedo velocitiesin
excessof 2.0 BL/s bad increasedstaauaa, more
efFicieat feed conversion ratio, and faster
replacemenbf muscleglycogenafterexposure
to strenuous exercise in astamina tunnel,
comparedo unconditionedish. Thoseauthors
recommendephysicalconditioningof hatchery
trout beforestocking.

Forced exercise, coatrary to common
expectationsseemdo resultin reducedO~
consumptioncomparedto non~ercised fish.
This attributed ta
physiological adaptations.such as increased
white muscle activity Nahhas et aL 1982!,
improvedcardiac output, and enhancedxygen
~mg capability of blood Woodwardand
Smith 1985!. Mere may also be reductionin
energeticcosts of ventilation. Fish that can
maintain position in fast flowiag water need
only to open their mouthsto ventilatetheir
gills. this has beentermed"ram" ventilation.
Rain ventilation can contribute to saving
energyin two ways: ! passivemovemenof
wateroverthegills which, in turn, resultsn
I a more streamlinedflow of wateroverthe
body. This latter hydrodyaarnicadvantage
resultsin small, but measurablereductionsin
oxygen consumption Randall and Daxboeck
1984!. However, cost of active ventilation in a
densemedia such as water can be substantial;
reportsindicatefrom 10to 30 percentof total
oxygenuptakeis requiredfor activeventilatioa

reduction has been

Shelton1970;Jonesaad Randall 1978!.

Wattea and Johnson 990! ofFer yet
anothertheory for the better performanceof
fish in high water velocities. The elevated
surface velocities in their cross-flow tank,
alongwith a homogeneou®0O concentration,
may acceleratediFusion of oxygenat the air-
waterinterface. This would makemoreoxygen
availablethan that addedinitially with inflow
water.

Sustained velocities for small salmonids
< 0.5 kg! should be maintained, if at all
practical, betweenl.0to 1.5BL/s. Theseare
well belowthoseexpressedvith equation2 or
those used by Josseet al. 989! and Poston et
al. 969!

Round tanks do not have a distinct water
quality gradient and frequently the rearing
enviroruneais homogeneousColt and Watten
988! describedthe ideal round tank as a
continuous-flow, stirred-tank reactor where
dissolvedgas concentrationsare well mixed
and equal to concentrationin the eNueat,
However,Tvinncreimand Skybakmoen989!
painted out that in a complete mixed flow
reactor,the maximumpossiblewater exchange
will be 63.2percenduringthetheoreticalrneaa
retentiontime. High concentration®f oxygen
enteringround tanks are rapidly diluted with
lower DO water. This is very different from
ramizys. If incomingv~~r in a racem.y has
10,0 rng/L DO, available oxygento the fish
mightbe 4.0 mg/L 0.0 -6.0!. Dissolved
oxygenlevelsgradually decline&om upper to
lowerportiorof thetank,whilethe opposites
true of waste products in solution. In a
hydraulically ideal round tank, with near
homogeneouswater quality, the rearing
environment has the same DO level as cfnuent
water. If the same oxygen consumptionis
allowed as in the raceway example above
samelevelof fish productionper unit of flow!,
the rearingenvironmenwill be degradedio a
uniform 6.0 rng/L, andthe productioncapacity
perunitof low wouldhaveto be reducedby
25 percent from 10.0to 7.0 makesonly 3.0
mg/L DO availableratherthan 4.0 mg/L!.
When water is sprayed.forcefully oato the
surface,someaerationis accomplished. This
could makethe roundtank as productiveas a



raceway or, where outflow DO levels are
maintainedequal to those af raceways.the
round tank actually may have a higher
productionpotential.

Since around tank has no gradient,
ammonia and carbon dioxide are also mixed
into the rearing environment. This resultsin
continuousexposureto at least somelevel of
arrunonia.Burraws 964! foundthatfish can
toleraterelatively high levelsof ammoniaon a
short term basis, but continuousexposureto
low levels can causegill problems. Other
investigatafsavefoundthat chroniexposure
to low levelsof ammonia,in the presencef
relatively law DO levels, causesgill lesions
Smith and Piper 1975!. Low oxygen
concentrations may increase toxicity of
ammoniasignificantly Lloyd 1961!. Round
tanks, therefore, may be more prone to
problems with ammonia, under equal
production levels, than are raceway
environments.

Natvnthstandinghe aboveconsiderations,
round tanks are very popular, especiallyfar
production of Atlantic salmon in Namby,
Scotlandand New England. Wheneverlaw
rearing densitiesare practiced, round tanks
seemedo be preferred over race~mys. One
advantageround tanks have over racev,e>vs
that water velocities are, to a large extent,
controllable.  The mast critical factor in water
velocity control is designof inlet and outlet
arrangements. Tvinnereim and Skybakmoen
989! testedthree submergednletsystems:a
horizontal spray bar, a multilevelvertical slot,
anda point sourceinlet. The verticalslotinlet
providedtableanduniformfloe patternatall
flow rates, along with stable bottom current
ttmmds the The
accomplished better mixing and water
exchangeput createdweaker and less stable
bottom current, and was thereforepoorer in
self-cleaning. The single point sourceinlet
gave an unstable flow and insufficient water
exchange. It also createdvery high velocities
alongthe edge,driving fish to the centerof the
tank wheremixing may be inadequate.Tanks
weretestedwithout fish and at exchangeates
from 0.5 to .2 per hour. Inlet velocities
ranged from 20 to 235 an/s. Thbe tests were

outlet. horizontal inlet

conductedn tankswith non-slopingbottoms.
Tankswith bottom slopingtowards the center
are easieto manageasfar asthe self-cleaning
characteristics are concerried, because bottom
water velocities are not as critical in solid
removal.

Water level in round tanks can be
controlledwith anadjustablestandpipe located
outsidethetank Figure 7!. In this design,the
center drain in the tank is covered with mesh
screen. Solidsare sweptinto the centerdrain,
but few are carriedout throughthe standpipe.
Instead they settlenearthe centerof the tank,
on the screenand in a trap beneaththe tank,
Thetrap is a properlyaizeddrain pipe leading
to an outer double stand pipe. By briefly
removingor lowering the stand pipe which
controlsmaterlevel,hydraulic pressureof tank
water ~<1 farce solids through tbe cleanout
drain, directingwater and salids into a solid
collection basin.

Roundtanksare moredifficult to manage
for fish handling,sincefish cannotbe cornered
as in ra~vays. This difficulty must be
overcomeawith fish crowders. Removingdead
fish is also more labor intensive. On the other
hand,roundtankslendthemselvesnorereadily
to automaticfeedingsystems,requiring fewer
feeding stationsthan racewaysto distribute
feed throughoutthe rearing unit, since water
currents will distribute the feed
uniformly. Major differencesbetweenrace-
ways and roundtanks, with respectto design
and operation, are summarized in Table |.

more

Limits To Intensive  Fish Production

Loadingand Density

. Intensivefish culture requiresa high quality

rearing environmenwhich starts with proper
water quality characteristicsput also involves
rearing unit design, operational modes and
managemenpractices. Production capacity
can be expressedn two ways; in production
per unit of flow or per unit af space. In this
discussion, loading Ld! will be used for
capacity expressedin kg fish per liter per
minuteflow kg L-'. min-'l, while density D!



will be usedto expresscapacityaskg fish per
cubicraetenf spacekg/m'!. Therelationship
betweenthesetwo can be expressedvith the
following formulas

Ld= D 0.06Y/R
D = Ld ~R!/0.06 !

.06 is 60 litersor 0.06 m' whichequalsl
L/min for onehour!. IsolatingR gives

R = D x 0.06!/Ld [

The loadingcapacitydependgrimarily on
source water quality, particularly dissolved
oxygen,temperature total alkalinity, and pH,
but alsoonfish sizeand species.Densityis a
functionof fish size,speciesand characteristics
of the rearingenvironment, At onetime it ~m
believed that Atlantic salmon could not be
"stacked"; in other words, they could not
successfullytilize three dimensionaspace.
However when sufficientdepthis provided
underconditionsof disuse light, thesefish will
toleratestacking. Evenundertheseconditions,
Needham 988! recommended maximum
densitiemot to exceed0 kg/rn' for yearling
srnoltsand only 15to 20 kg/m' for two-year-
old smolts. Maximum allowable densities are
much more difficult to ascertain than maximum
loadingsbecausef behavioraresponsesf
fish. It is still a very subjectiveprocesand
holds much controversy. This is unfortunate
since density determinesspace requirements,
frequentlythe mostcapital intensivecoraponent
of a fish productionsystem.

Maximum allowable loading can be
establishedon the basis of dissolvedoxygen
available to fish, water temperature pH, fish
size and species,as speciesconcerngelateto
their  metabolic characteristics and their
responsedo vi~r quahty variables,suchas
un-ionized amiaoaia, carbon dioxide, sus-
pendedsolids, and other environinentahctors
includindight,watervelocitiespr handling.

For the rest of this paper, nearoptimum
conditiongreassumewith respecto source
water quality, overall rearing environment,
rearingunit designand modesof operation.

The objective is to obtain nmrimum fish
production &om water in as little space as
possible, while maintaining environmental
guality conduciveo productionof healthyfish
displaying near optimum growth rates and
favorablefeed conversions. After discussing
methodgto establishmaximum loading on the
basisof availableoxygenand metabolicwaste
build-up,the informationwill be appliedto the
two types of rearing units discussedia the
previoussection: the plug-flow racewayand
the circulatingroundtank.

DissolvedOxygen

Maximum allowable loading can be
determinean the basisof oxygenavailableto
fish. This is the amount of oxygen the
incomingwater delivers lessthe amount that
shouldleavethe rearingunit. Understandably,
oxygenshould aot go below a level species
specificlwherestressbegins. For salrnonidsas
a group effluentshouldcontainfrom 5,0to 7,0
rng/L DO. This variation is includedbecause
partialoxygerpressurepOz!appearso bea
more valid way to determinethe lower limits
thanconcentratioA pO,of 90 mmHg seems
to be a reasonablearget Downey and Klontz
1981!. Sincethe atmospherecontains 21%
oxygen,at standardpressureof 760 mm Hg
this representsa partial oxygen pressure of
0.21 x 760 or 159.6mm Hg. At 20 C dis-
solvedoxygensaturationis 9.0 mg/L, 90 mm
pO, represent®0/159.6! 9.0 =5.1 mg/L,
andat 5 C whensaturationis 12.5mg/L DO,
90 rnmpO, is 7.0mg/L, | recommendhat
pure oxygenshouldbe usedwhereverpractical
to elevate DO levels to saturation or above
Westers 1994al. In the following discussion,
incomingoxygenlevels are assumedio be at
saturation,thus in ail cases4.0 mg/L DO is
available to fish for metabolism.

To derivea practicalloadingequation the
following criteriaare used:

a! Onekg feedto salmonidsrequires&om

200to 250 g of oxygento metabolize
OF; Westers1984!,

b! Optimum feeding icvel FL! is ex-

pressedin percentof the biomass of



thefish. As any feedingchartshows,
this is directly relatedto fish sizeand
water temperature two major hctors
affectingcarryingcapacity.

c! A16.7-hour day 000 min! rather
than a 24-hourday. | assumehatthe
greatermetaboli@ctivity takesplace
duringthis 16hourplus"feedingay”,
followed by aperiod of reduced
metabolicactivity.

The maxunumfeedper unit of fiow LdF!

can be calculated as

LdF = AO/OF I

To convertthis to kg of fish per liter per
minutebasedon availableoxygen LdO!

LdO = AO/'OF 100/FL !

By usingoptimunfeedindevelin theloading
eguation,both water temperatureandfish size
are taken into account, and these are the two
main factors which affect metabolic rate. It is
obvious&om equation7 that moreoxygen
availablggivesa greateproductiompotential,
It is therefore imperative to determinethe
rnaxunum available oxygen MAO! before
waterqualityis degradetb a degrethatit is
no longersuitablefor fish culture.

Ammonia

The MAO issue brings us to the second
concernthat is ainmoniabuild-up. Ammonia
nitrogen, specifically un-ionized ammonia,is
very toxic to fish. Meade 985! reviewed
publishedliterature on the effectsof ammonia
onfish. Two of his conclusionare quoted
below:

I. "A truly safe, maximum acceptablecon-
centrationof un-ionized,or total ammonia,
for fish culture systemss notkncnvn."

2. "The apparent toxicity of ammoniais
extremely variable and dependson more
than the mean or maximum concentration of
ammonia."

What, then, shoulda productionmanager

do? To this Meade responds that use of a
calculatedestimateof NH3 concentrationto
determinenaximum,or optimum, safeproduc-
tion levelsis far better than no quantitative
guidelines, Consequentlyi, select 0,025 mg/L
as the maximum allowable un-ionized ammonia
AUA! levelfor salmonidculture accordingto
recommendationsy the European Inland
FisheryAdvisory Cominissionof FAO Solbe
1988!, provided that dissolved oxygen levels
are not below a pO, of 90 mm Hg, water
temperatureis above5 C, and pH doesnot
exceed 8.0.

For the calculationsleadingto maximum
loadinglevelbasedn un-ionizedammoniathe
followingfactorswill be used.

a! One kg of feed requires 250 g of

oxygenfor metabolism OF!.

b! Onekg of feedgenerates30 g of total

ammonianitrogen TAAF!.

c! The maximum allowable un-ionized

ammoniaUA! is 0.025rng/L AUAL.
Theequatiorto determinghe TAA mg/L! is

TAA= AO/OF! . TANF/1.44! 8!

where 1.44 equalsthe total TAP/ g! for 1.0
mg/1TAP/per 24 hour day 440 minl. The
first part of this equationrepresentskg feed
that canbe fed per liter per minute flow, andis
thesameasequatiorb;

Whenthe previously selectedvalues are
used in this equation the TAN is 0.33 mg/L.
But since the concentration of the toxic un-

ionized ammonia UA! is of primary
importancethis canbe calculatedas
UA = TAA  %UA/100! 9!

The %UA is a unction of water temperature
andpH Piperetal. 1982!. For apH of 7.9
and temperatureof 9C, %UA is 1.35.
Applying all of the previously usedvalues,the
UAis 0.0045mg/L

The genericequationfor un-ionizedammao-
niacombinesequation8 and9, or

UA= AO/OF!- TANF/1.44!
%UA/100! 0!



For the valuessuggestedUA mg/L! per AO
equal®.00125mg/L. MAO, thenjs equato
AUA/UA, or

MAO =AUA .OF.

O0/TAPF!

1,44'
/oUA I!

Basedon selectionof A UA= 0.025 mg/L and
theotherselectedraluesMAO is 22.2mg/L.

The nmmnum loading, basedon un-ionized

ammoniaLdA! isLcQ = MAO/OF! x 00/FL!.
The genericequation,incorporatingEquation?,
Is

LdA =A UA 1.44 100 00/
TAKF! . ~/oVAFL 2!

Forthevaluesused AUA = 0.025and TAAF =
30! LcQ is

LdA = 12/ '/DUA FL! 3!

The value 12 can rangefrom a conservatively
low of 6 toa liberalhighof 18.

The ratio of loading basedon available
oxygenwithout supplementatiors LdO =
4.0/2.5= 1.6, andLdrf = 12//AU = 8.8,which
meansthat 5.5 times the originaJAO of 4.0
mg/L canbe provided. This is the samevalue
encounteredh Equation11l MAO 22.2!. This
oxygercanbe distributecdoy mean®f serial
reusalesigror singlepass,andtheseoptions
will be discussedinderProductionSystems.

Carbon Dioxide

Another metabolic by-product to be
considered as alimiting  factor in fish
productions carbordioxideor &ceCO~.For
eachmg/Lof O, utilizedby fish, 1.1mg/LCO,
isgeneratedNeedham 988! butaccordintp
Colt and Watten 988!, salmonidsproduce

temperaturpH, alkalinity carbonatgndDO
levels,it is dif5cult to settleona specificvalue,
For instanceAlabasteretal. 957! mentioned
that in well-aeratedwater, toxic levelsof CO,
are usuallyabove 100mg/L for rainbowtrout.
Contrastinglyl0 mg/L causednortalitiesat
pH of 4.5, andat 20 mg/L CO<mortalities
occurredat pH of 5.7 Lloyd and Jordan
1964!.Piperetal. 982! stated¢hat40 mg/L
CO,hadlittle effecanjuvenileohasalmon,
buttheyalsomentionethatCO, in excessf
20rng/LmaybeharnW1o fish. Furtherthey
proposethat whereDO levelsdropto 3-5
mg/L, lower concentrationsf CO~may be
detrimental,and long term exposure of' one
year or more shouldnot exceedl12 mg/L.
Smart 981! suggestedhat fish are able to
acclimat¢o elevatetkvelsof CO,. His data
show that rainbow trout performance was
equalvherexposetb 12or 24 mg/Lof CO,.
At 55 mg/L,growthratewaspoorduringthe
first 28 days, but subsequentijthere was a
markedmprovementHe alsoobservethat
increase@O~concentrationsere correlated
with increased incidence of a condition known
as nephrocalcinosifhie presenceof white
calcareouseposité thekidney. Theseverity
of this conditionappearedo vary greatly
accordingp dietandenvironmentédctorsas
welL

Carbondioxide is very solublein water,
butsinceCO, concentratian air is only0.03
percentompared21'/dor0,!, equilibrium
concentrations in water are lessthan 1,0 mg/L-
for temperaturezboves C Colt andOavicz
1991!. Once CO-~ reachesa state of
supersaturatiarwater somecanbe driven
off throughaeratiorusingopensystemsuch
as packedcolumnsor other conventional
aeratiordevices. Howeverpure O~aeration
willnotloweCO-€oncentratidueothelow
gado liquidratio Coltandwatten1988!.

The relationship between CO,, pH,

75rng/LCOfor everyng/LOzconsumed temperatur@nd altodinity can be usedto

These latter authors also recommend that the
maximumconcentratiof CO-~shouldnot

determinéhe concentratioaf free CO~the
gasof concern. Table2 provideghe rnulti-

excee@0 rng/L,while Needhame @>mmendgiicationfactorsto determinearbondioxide

themaximumnot exceed10 mg/L. Becausef
themanycomplexeactionef COzwith other
water quality characteristics,such as

&om pH, temperaturandalkalinity. In our
examplefor a temperaturef 9 C, pH of 7.6
andassuming total alkalinityof 200 mg/L,



thefreeCO-concentratias 0,065 2000r 13
mg/L.

Carbondioxide can easily becomea
limitingfactorunderconditionsf lowpH and
pooraerationcapabilities,andindeedhasbeen
found quite darrulginginder such conditions

Lloyd andJordan1964!.

Solids

Wheneverwater is reused,as in serial
reuse,this water must not passsolid waste
feceandlostfeedto thenextmuingunit.
Approximately800 g of solid waste in the
formof fecestanbegeneratepcrkg of food
PvVesteli®994b!. At a loadingdevelof 0.016
kg 16 g! feedperL permin equat'iod!, the
suspendedind settleablesolids generated
would amountto 3.33 mg/L if evenly
distributex thewaterovera 24-hoyreriod
6 g-L' min-'~ 0.3 3.8g solids L' . min
'11.44= 3,33 mg/L!. Howevermostsolids
settleout quiterapidlyand accumulate the
rearingunit, &zomwhichtheymustemnoved
&equentlyo preventin-tankpollution. For
instancea racewawith a rearingvolumeof
60 m' and an hourly exchangeate of 4
operates on 4,000 L/min. At the maximum
feedingotentiadf 0.016«g feegerhterper
minuteflow, a totalof 64 kg of feedcouldbe
addedto the pond daily 000 . 0.016!,
generatingl9.2kg of solid waste. Evenif half
of thesolidsvouldremainthe potentigbr
pollution would be great. This one day
accumulationf evenlydistributedhroughout
water m the tank, would representver 100
mg/L of suspendesblids. This clearly
illuStrateShe ilnpOrtanCe&f Self~leaning
rearingunits, but alsothe needto separate
solidsfrom outflow to preventsolids&om
enteringa lower rearing unit or receiving
water.

Kffeetlve SO1ldfallagementherefOre,
hadwoimportartbjectivedixstiyoplevent
within rearingunit waterqualitydegradation;
andsecondlyo preventpollutingthe natural
water receivingthe effluent. Sincesolidscan
containa significant portion of phosphorusit
is alsoimportanto separatsolidwasteom

outflow as &cquentlyas possible to prevent
thisnutrien&omleachingeavinghc facility
as soluble phosphorus with the cfRucnts
Wcsters 1994b!.

Productiorsystems

Production capacity is self-limiting
throughfish metabolism,such as the rate of
oxygen consumption and accumulation of
waste products. Other factors conduciveto
fishhealttarepropemwatervelocitieandlight
intensitiesabsenceof disturbancestearing
unit design, modes of operation and
managemerractices.

It is possibleto determinethe maximum
productionpotential on the basis of low, as
shownearlier. Basedon water quality
characteristics and tolerances of salmonids to
un-ionizedammonia,it was shownthat, with
4.0mg/Lavailabl®xygeranda feedingevel
of 1.0 %BW, the maximum production
potentiais 1.6kg L-'.min" equation/!;
base@nun-ionizedmmoni# is8.8kg L' .
min' equation13!. Dissolvedoxygenis
clearlythe first limiting factor,which canbe
corrected through oxygen supplementation.
Theexamplesedshowshatavailablexygen
can beincreasefl.5 fold, &om 4.0 mg/Lto
22.2mgl/L.

The parametersised aboveto determine
maximuntoading®n the basisof oxygerare
guite conservative. Those for un-ionized
ammonia are considered safe under favorable
dissolved oxygen conditions, while those
suggested.for carbon dioxide are still
problematic for reasonsdiscussedearlier.

Raceways

The following exercise assumes that
30,000/minwateris available. Theaverage
feedinglevel FI! at the time of maximum
biomasss 1.5. All otherparamete@rethose
usedpreviously.

ThemaximunavailablexygenMAO!is
22.2 rg/L, If the cfnuent dissolvedoxygen
levelis 6.0 mg/L,the incomingoxygenlevel



shouldbe 28.2 mg/L. At atemperatur®f 9 C
and an assumed elevation of 400 rn, the
saturatiorlevelis 1.0 mg/L. A singlepass
designwould receivea dissolvedoxygenlevel
in excess of 250 percent saturation. For
raceways this presents two problems;
extremelyhyperoxic conditionsat theinlet area
andan oxygenlossat the air-waterinterfaceas
the water travels the distance from intake to
outlet. In addition, adding high levels of
oxygenreduceghe absorptionebiciency.

A twa-pass design would result in an
incoming®O of 11.1+ 6.0 = 17.1mg/L per
seriesor 155 percentsaturation,~&ch is still
quite high. The choiceis for a three-pass
design, each series supplied at maximum
biomasswith 7.4 + 6.0 = 13.4 mg/L DO or
122percentsaturation.

At maximum biomass the total oxygen
requiremerfor 30,000L/min is 959 kg/day
0,000 .1.44 g- 22.2!. At anabsoq!tion
ef6ciencyof 50 percent,some2,000kg of
oxygenmust be madeavailable perday. This
requiresan oxygengeneratingcapacityof
2,000 cubic feet per hour, if a PSA systemis
used. Aliquid oxygen golem LOX! must
pravide about 18 gallonsper day at maximum
biomass. At 7.4 mg/L AO, the maximum
biomasgerseriess about60,00kg .97 kg
-L-"- min"  30,000L/min!.

Many specieof salmanidsanbe kept
healthy at densitiesexceeding100kg/m'. In
this exercise, 100 kg/rn" will be usedas a
maximumdensity. Accordingto equatiorb,
this resultsin an R value af 3,0 R = 00
0.06Y/2!. To accomplish a velocity of 3.0
crn/stheracewayengthaccordingp equation
I, is36m. 'TMds anacceptabliength.

Westers 984! recommendsthe width of
a racewayto be equalto about 1/10the length.
This would give thc racewaya widthof 3.6 m.
Thisisnotbad,buta somewhaiamur pond
is easieto equipwithbafHes Thewaterepth
shouldrmge &om 0.8 m to 1.2m, depending
onpersonalpreferences.

Aracnvay 36 m3.6 m 1.0 mequals
129.6m'. To realizean exchangeateof 3,
this pond should receive 6,480 L/min

29.6/0.06! 3!. With a total flow of 30,000
L/min, it seemsreasonabldgo dividethe water
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over five units, eachreceiving 6,000 L/min.

This reduceghe racewayvolumeto 120msto

retaintheR valueaf 3, an'dthe velocity at 3,0
cm/s ,000 0.06!/3!. If an operatingdepth
of 1.0 rn is preferred,the width of the pond
must be reduced to 3.3 rn, a more desirable

dimension. An additional 3,3 m must be added

for solids settling, resulting in an overall
racevt,elengthof 39.3rn. This designrealizes
a proper balancebetweenmmimum loading
.0l andmaximumdensity 00! as expressed
with equation3.

The maximum biomassper raceway can
reach 12,000 kg. Five ponds in the upper
series, five in the middle series and five in the
lower seriegogethercan support,theoretically,
180,000kg of fish, fed an averageof 1.5
percentbodyweightperdayar 2,700kg. At a
feedconversiorof 1,4or feede%ciencyof 70
percentthe daily gain in weight, is 1,890kg,
this would be 689,850kg per yearor 3.8 times
the maximum allowable biomass. This annual
outputis moretheoreticalthan real, However,
an annual output can exceedthe maximum
biomasdwo to four fold, dependingon growth
rates. In the aboveexaJnplea more realistic
productionstrategywould be to maintain an
averagemaximumbiamassof 80% and a 300
dayannualfeedingprogram. This would result
in anannualproductionof 0.80 2700 0.70.
300=453,600kg which is same2.5 timesthe
maximum possible biomass of 180,000 kg!
This raceway design for 30,000 L/min is
depictedn Figure 8a.

A similar  exercise uses 10,000 L/min
availablewateranda maximumrearingdensity
of 80kg/m'. A maximum loadingof 2.0 kg
L' min-'  results in amaxunum biomass of
20,000kg per series,60,000 kg for a three-
passsystem. At 80 kg/m' this translatesinto
750m’' rearingvalume,250 m' per series. To
provide for fiexibihty, a minimum of 12
rearingunits are desiredat 62.5 m' per unit.
Twelve units results in faur per series,
receiving2,500 L'/min per unit, and this results
in an exchangeate of 2.4 perhour. To realize
a velocityof 3.0 cm/sthe lengthof the raceway
is45,0m 6 ~ 3!/2.4!, For arearingvalume
of 62.5m' andan operationaldepthof 1.0 m,
the width of the unit is only 1.39 m. To



overcomethis problem, rearing units could be
atrangedastwo parallel insteadof four. This
increasesthe flow to 5,000 L/min, reducesthe
lengthto 22.5 m and increaseghe seriesfrom
3to 6. The width of units would be 2,8 m.
Dependingon site specifics, suchas areaand
topography, it may be possibleto place the
rearingunits parallel and directthe waterin a
serpentinefashion throughthe system Figure
8b!.

Finally, if racewaysare usedfor low
densityrearing, for instancenot to exceed0
kg/ma3,it is importantto not sacrificeimportant
hydraulic characteristics such as minimum
velocities .0 cm/s!. For the aboveexample,
bvice the rearing spacemust be provided. To
maintainthe propervelocities,eachserieamnust
consistof 12 units 22.5 m. 2.8 m. 1.0m,
preferably arranged parallel Figure 8c!.
Placingtheselinearly would requirea lengthof
270m 2 -22.5! not countingspaceb~em
these units.

However, there are other optionsfor low
density rearing. For instance, the entire
available Qow of 10,000 L/min could be
directedthrougha singleunit. Fora maximum
biomassof 60,000kg at 40 kg/m’', 1500m3of
rearingspacamustbe providedr 500m’' per
series.If a minimunof 12unitsarerequired,
each series consists of 4 units at 125 m'. At
10,000 L/min Ris 4.8. For a minimum velo-
city of 3.0 cm/s, the lengthis only22.5m, the
width would be 5.55 m for a depthof 1.0m,
which is not a goodratio. Since3.0cm/sis a
minimum desirable velocity, 5.0 cm/s might
evenbe more desirable. TMs would bring the
lengthof the unit to 37.5m, thewidtbto 3.3 m-
-a much better ratio. Even bettermightbe a
depthof 1.2m anda width of 2.8 m. Thefour
units per seriesare, in efFectalsoplacedn
series. The total available oxygenper seriess
7.4 mg/L. This can now be distributed over
four unitsor 1.85mg/L perunit. Eachofthese
racevays could be equippedwith low head
oxygenatorshut a better optionis to equip
every other one with aLHO and have the
capabilityto add 3.7 rng/L
DO.

As is obvious from the above exercises,
thereare various options of choice,but, atthe
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sametime, designis also driven by critical
biologicalandphysicalparameters.

Round Tanks

The samebasic processis appliedto this
type of tank as ~as usedfor raceways. The
major differences relate to the fact that round
tanks canbe efFectivelyperatedat low water
exchangeates low R-values!. Relativelyhigh
velocities can be realized to benefit fish health
andselfwleaningcharacteristics.

Sinceroundtanks mix rapidly, high input
DO levelscan quickly be reducedto normal
levels, thus preventinghyperoxic conditions.
High rearingdensitieanthus be realizedwith
round tanks at low water exchangerates, in
contrastwith raceways. Although the same
amount of rearing space must be provided,
basedon a selectedmaximum density, serial
reuse can be reduced or even eliminated.

The exampleof 10,000 Lhnin will be
appliedto roundtanks. At a density of 80
kg/m' anda maximumloadingof 2.0kg L'
min', 250 m' rearingspacemust be provided.
For a singlepassuse,i.e. thewateris usedonly
once,the full complementof oxygenmust be
addedto sourcewater, which is 22,2 mg/L as
availableoxygenand 6.0 mg/L as cBluentDO
for atotal of 28.2 mg/L DO at the time of
maximum biomass. Although this createsa
supersaturationf 250 percent,the biomassof
fish continuously consumes the oxygen
provided, while new water ca~kg
supersaturatedxygenimmediatelymixeswith
depletedwater. In theory, one can estabhsh
somedegreeof in-pond equilibrium at or near
DO saturation.

A round tank with a diameter of 4.0 m and
water depthof 1.2m has a rearing volume of
15m3. To providethe 250 m3 needed,16.7
tanks are required. Either 16 or 18 tanks
shouldbe provided. For 16 tanks, eachtank
would receive 625 L/min for an R value of 2,5.
This is a reasonableoperating strategy. The
maximumrearingdensitywill reach83 kg/m'

.0 2.5Y/0.06!. For 18tanks theR value
would be 2.2, maximum rearing density 73



kg/m'. Atwo-pass design would reduce the
maximumincomingDO levelto 17.1mg/L,

At maximumrearingdensityof 40 kg/m’,
twice the number of units are required, A
single-pasgesignwould provide 312.5L/inin
pertank for an exchangeaate of 1.25perhour.
At this low Rvalue, round tanks can still
function very satisfactorily. However,single-
pass design requiresthat maximumavailable
oxygenis providedwithin a singlerearingunit.
Adding very high DO levels to the water
reducesbsorptionefficiency,

Figure 9 illustrates design options for
roundtanks. Maintaininga nearDO saturation
rearing environment in round tanks will
ameliorate the toxic effects of un-ionized
ainmonia and carbon dioxide.

Unfortunately, there seemsto be a lack of
informationwith respectto optimumflow
rates, water intake designsand pressuresto
accomplishthe desired hydraulic characteris-
tics for round tanks. This is further
complicatedasit relatesto size variationsand
diameteto depthrelationshipsLarmoyeust
al, 973! statedthat, to a large degreeflow
patternsare a function of depth,diameterand
the inanner of introducing water. Wherethe
depthWameteratio becomegoo great,a large
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dead or viscous area may be formed. Flow
patternsin tanks with diametersfive to ten
timesthe water depthdo not differ drastically
&om thoseof small, relatively deeptanks i,e,
diameterghreeto five tunesthe depth!. Josse
et al. 989! operated their small 0.6 m
diameter tank, which they termed an
ichthyodrome,at a R value of over 10!
However, Rosenthal and Murray 981!
wartiedagainstusing small scale experimental
parameterdor upscalingto large production
units. Flow distribution, mixing, residence
time distribution, and volume to arearatios can
createmanyunforeseescale-upproblems.
The objectiveof roundtank systemss to
achievean optimum water quality throughout
the rearingunit in order to grow healthy Gsh
successfully. Tvinnereim and Skybakmoen
989! intend further studies on factors
responsiblefor hydraulic properties of fish
rearingunits. In their first studies,fish were
excluded &om the system. High density
rearingin a round tank could add to a more
completemixing with fish acting as an active
stirrer. High density rearing is possible in
round tanks provided high purity oxygen is

used.



Water Quality

Table 1. Major differencedhehvemracewaysndroundtanks.

Raceways

Inflow dependent

Inadequatéor solidremoval
unlesequippedvith bafHes

Inadequatéor fish exercise

Distinctgradient

Passepeakmetabolitesut

Requiresl.5to 3,0timesas
much~M perwatervolume

Easyto crowdandharvest
fish

Easyto collectdeadish
Difficult to equipwith feeders

Difficult
treatments

to mix, disease
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Round Tank

Independentf inflow
Selfwleaning

Canmeetffish requirementsf
1.0to 1.5BL/s

Uniform

Mixes metabolitesaandallows

some to remain

Most efficientshapein water

volume to e& area

Dif5cult to crowd fish

Difficult to collect dead fish
Easyto equipwith feeders

Easyto mix diseasdreatment
compound



Table2. Multiplicatiofiactors
alkalinity.*

pH

6.0

6.4

6.6

7.0
7.2
7,4
7.6
7.8
8.0
8.2

8.4

' Forpracticglurpos€dO<concentrationsarenegligibédoveH 8,4.

41F
sC

2.915

1.839

1,160

0.732

0.462

0.291

0.184

0.116

0.073

0,046

0.029

0.018

0.012

50F
10 C

2,539

1.602

1.0I0

0,637

0.402

0,254

0,160

0.101

0.064

0.040

0.025

0,016

0,010

59F
15C

2.315

1,460

0.921

0.582

0.367

0.232

0.146

0.092

0.058

0.037

0.023

0.015

0.009

68F
20C

2.112

1.333

0.841

0.531

0335

0.211

0.133

0.084

0.053

0.034

0,021

0.013

0.008
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T7F
25 C

1.970

1,244

0784

0.493

0.313

0.197

0.124

0.078

0.050

0.031

0.020

0.012

0.008

86F
30C

1.882

1.187

0.749

0.473

0.298

0.188

0.119

0.075

0.047

0.030

0,019

0.012

0.008

to determinearbomioxidérompH, temperaturendtotal

95 F
35C

1,839

1.160

0.732

0.462

0,291

0.184

0.116

0.073

0.046

0.030

0.018

0.011

0.007



Tabl&. Desigdrivindorce$orracewagomplex@sB andC ofFiguré.

DesignDriving Forces

TF L/min! 80,000 20,000 20,000
D kg/m" 80 80 40
Zd kg/L/min! 1,6 1.6
AO rng/L! 4.0 4,0 4.0
MAO mg/L! 10.0 10.0 10.0
15 25 25

V cm/s! 3.0 3.0 3.0
R; D -0.06!/Ld 3.0 3.0 15
Zm;R 36/VI 36 36 18! 72, 24
Total Volume TV!: .06 TF!/R 1,600 400 800

Totalwidth TF!. [TV// L,mODj

Lunits:TWI ,1-L,m! perpass! 12.34 3.08 12.34
3 unitsselectedper pass! 12.0

Uniti~idth LOV!: 7W/* units 3.7 1.85 2.78
Unit volume UP!: TV/* units 133.2 33.3 66,6
Unitflow UF!: UV R!Y/0.06 6,660 3,333 5,000

'Seetextfor explanation
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AppendiXablel. Symbolsisednvariousequations thetext.

First
Equation Symbol Definition
Watervelocityin rearingunit cm/s!
Lrrr Lengthof the rearingunit m!
Numberof waterturnoversperhour
! Safewatervelocityfor continuoudish swimming
! Loadingaskg fish per liter flow per minute
[ Densityaskg fish per cubicmeter
! Maximumkg feedper liter flow per minute
I Availableoxygen
! OF Gramof oxygenrequiredper kg of feed
Maximumloadingbasecbn availableoxygen
Optimumfeedindevelas percenbodyweightperday
8! Total ammonianitrogenin mg/L
8! TANF Total ammonianitrogengenerateth g perkg feed
ol Un-ionizedarnrnonian mg/L or in %
[dxmnum allowablelevelof un-ionizedammoniain mg/L
lda:mnunavailableoxygenin rng/L

21 Maximumloadingbasedon aHowabl@mmonialevel

19



Figurel. Linear raceway a! and round tank b! flaw pattern
and dissolved oxyge~ characteristics.

Influent ~ Effluent

Length

b!

influent E

Length

Figure2. Burrows Pond design.

INLET



Figure3. Diagrams of the cross-flow fish rearing tank.
a! LOngitvdirial vlevf b! CroSS-SeCtiOnalview



Figure4.
different types of fish rearing units.
ROUND TANK
SQUARE TANK
> >?" 50,2, ~~g~~i;;,~~>0y  "-M.-». »e'@+~~"
RECTANGULAR  RACEWAY

EnClOSurearea Wall SpaCe!COmpariSOnbetWeen

Diameter is 80 m
Operating depth is 1.2 m
Free-board is .3 m
Rearing volume is 60 m'

Wall area is 37.7 m'

Dimensions are 80 x80 m
Operating depth is.94 m
Free-board is .3 m

Rearing volume is 60 m'

Wall area is 39.7 m'

Dimensions are 24 x 24 m
Operating depth is 1.05m
Free-board is .3 m
Rearing voiume is 60 m'

r-4.g Walareala77m'.

Ratio of round to squareto raceway = 1.0to 4.05ta 2.06.



F<gUre. Raceway equipped with baffles.

Figuré. Solidssettlingcharacteristicen racewaysolidssettling
section behind fish retaining barrier.



Figure7. Water level and solids management system for a
circulating, round tank.

~ SOLIDS
CLEANOUT






Figuré86. Racewaycomplexon 20,000L/minflow. Seiectect
design driving forces: D =80; Ld =1.6;
AO =4.0;, COC=10.0;, V=3.0; OD-=1.0.

Add 4.0 mgfL DO

m 'l -pass ~ - pass
3333 Umin 11 Uy -" 33D
12
13
1.8s€8 14
15
16
I 18m~ I 18al~
Actual R =6 Could add 2.0mg/L DO

between each aariaa.



Figur8C. Racewagomplexn20,00minflow. Selected
designdrivingforcesc D =40; Ld= 1.6;
AO=4.0; COC=10.0; VvV =3.0; OD=1.0.

111 m

Add 4.0 mg/L DO

5000 Vmia UV =66.6

24m 24m 24m-~

Actuat R= 45



Rgure 9. Round tank complex on 2G,000Dmin flow.
D =80 D =40for two-pass system!; Ld =1.6;
AO =4.0; COC =30.0;, OD='12; DIA =8.0.

INTAKE AT 20,000 LfMIN

SOLID
WATER
DISC HAR
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Figurel. Enclosurarea wallspacetomparisometweemlifferent
types of fish rearing units.

ROUND TANK

SQUARE TANK

24m

RECTANGULAR RACEWAY

Diameter is 8.0 m
Operating depth Is 4.2 m
Free-board Is .3 m

Rearingvolume Is 60 m'
Wall area Is 37.7 mi

Dimensions are 8.0 x80 m

Operatingdepth is.94 m
h.3 m
Rearingvolume Is 60 m'

Wall area Is 39.7 m

Free-board

Dimensions are 24 x2.4 m

Operating depth is 1.05m
Free-board is s3 m
Rearingvolume is 60 m'

«'s 3 Wallarssls77.mm*

Ratio of rourid ta squareto raceway= 1.0to 1.D50 2.06.



Figure2. Linearraceway a!androundtank b! flaw pattern
and dissoiveci oxygert characteristics.

Influent ~ Efficient

Figure3. Burrows Ponddesign.



Figurd. Diagrantdthecross-flofrshrearingank.

a! Longitudinaliew b!Gross-sectionaiew



Figure S. Racewayequippedwith baffles.
|

Figure6. Solidssettlingcharacteristids racewagolidssettling

section behind fish retaining barrier.



Flure h@mmficsEInt

injection pipes awlth orifices

outlet flow

'‘Carnell-type’ dual-draintank
Figure 8.

Courtesy of Red Ewald, Inc. TX!

Source: TimrnonandSumrnerfel®97!, Advances CirculaCulturelTankEngineering
to EnhancédydraulicsSolidsRemovagndFishManagemenin: Advances

Aquaculture Emgorneering- Tirnmons & Losordo, ED's
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V. FACILITY DESIGN  PROCESS

A. lIvTRow.tcT[oN

Designinganintensivefish productionfacility involvesmuchinput andrequiresmany

decisions.

[. Of primary importance.

1.
2.

II. Questions

1.

® o B w N

Quantityandquality of thewatersource.

Desiredproduction:speciesnumbersandpurpose,

to consider.
Doeghesourcevaterequirgre-treatment3houldt bespecifipathogefree?
Is somelevel of re-circulationacceptable?

Do we needbio-security measures?

Whatis to bethe level of monitoring,alarms pack-up,andautomation?

What level and kind of rearing water treatment is desired?

Whatlevelof effluentreatmeris required”Regulationgyvailabléechnology!.

lll. Numbersvaluesimust be selectedrelative to specific productiorand design

parameters.

Maximum permissiblerearingdensitiesMD!.
Oxygenrequiremenper unit of food OF!.
Animonia generategerunit of food TANF!.

Maxiinum permissible safe,concentratiorof unionizedammonia MUA!.



IV.  Other choices.

l. Typeof rearingunit desired plug-flow or circulating!.

2. Minimum/rnaximurnsizeandnumberof rearingunits.
3. Indooror outdoorrearing biosecurity predation!.
V. Considerthe fish culturist worker!.

1. Pleasamworkenvironmenlight,noisesmell breakkoom gtc.!.

2. Manageability
al Feedhandling storagemoving, feedersetc.!.
b! Fishhandlingsortingmovingharvestingreatingetc.!,
c! Sanitatiorhosingfloordrainsyashbasinsetc.!.
d! Rearingtank depth,diameter,equipmentetc.!.

e! Overalkequipmenteedidentifywith inputfromfishculturist!.
Laboratoryspaceproperequipment!.

Heavyequipmenistorageandmaintenancepace.

VI.  Visitor/educationalacility managingisitors!.
1. Especiallyappropriatefor public flsh hatcheries.
2. Importanpublicrelationgunction."Aquacultures agriculture @ conceptot
wellunderstoodlythegenergbublic. Ignorancaeveiservesocietyvell!

Obviouslyherearemanycomponentenddetaildo considewhendesigning
"completequacultufacility. Thisworkshopfecuss onproductiotapacitgndearing

spaceequirementzgasesnwaterquantityquality andproductioprogram/goals.

A step-by-stgpocesss usedo arriveata rationatlesigrconceptMajordrivingforces
areparametaralueselectetly the"client." Probablyhemostsignificantoncepis theflow,
spaceandoperationaklationshipxpresseasloadingLd!, density D!,andrearingunitwater

turn-overor exchangeate R! presentedn unit I:



Ld = D x 0.06!/R; D= Ld xR!/ G.06; R= D x0.06!/Ld

8. DESIGN PROCESS
Thefollowing samplescenariautilizes a seof arbitrarily selectedbarameters.
|. Thewater a somewhatdealsourcdo keepthingssimple!.

Thesourcevaterisa 10000ipm 642 gpm!spring.It hasa constamémperaturef
14 C 7T'F!, apHof 7.6, Thesetwo, pH andtemperaturgesultin anammoniafractionof 1.0/0

of the total ammonianitrogen.

Thewatethasnofishinit, it is specifipathogen-fred.hedissolvedxygen

concentrations 10.0mg/1. Thewaterdoesnot requirepre-treatmentno gassupersaturation!.
Il. The productioa program.

Rainbowiroutareto berearedo500g .1 Ib! eacHorthefoodmarket.Theproduction
progranstartsvith feedrainedingerlingsata sizeof 1.253 %= 1.25!. Theirconditiorfactor
k! is 0,010resultingn a lengtlof 5.0cm[L = W/k!"].

Thefishwill berearedndoordo a lengttof 15crn,a weightf34g " and13.4/Ib!.
Thisis phasé of therearingprogram.Theirtemperatunenitgrowthrateis 0.005%m,thedaily
lengthincreasds 0.077cm [~L = TUG x 'C].

Thefeedconversioduringtheindoomrearingperiods 1.0. AAerphasé rearings
completeghefisharemovedo theoutdoorearingystenfior grow-outo 500g. Thisisphase

II. During phasell, the k-factor is 0.012 andthe feed conversion is 1.2. The TUG value is



0.0050, the ~L = 0.070. Phasel spansa period of 130days t = 130!, phasell 281 days t = 281!
[t L, -LY/~L!. Fora finalweightof 5004, the lengthis 34.7. It requires411daysto complete
the full rearing cycle RC!, Becausea new group of fingerlings entersthe facility once a year,the
systemsupportdwo cohortssimultaneouslyor a 46-dayperiodeachrearingcycle. It wiH be

assuinedthat a new cohort entersthe facility on March lsteachyear.

Phasel fish move outdoors on July 10 March | + 281 d!, From April |8through July 9

thereareno phasell fish in the system 82d!. Facility is usedinefficiently.

[ll. Design.

Selectecparameters

al Oxygenrequiredperkg foodper"day"is 250g OF= 250!.

b! TAN generategberkg food per“"day"is 30g TANF = 30!.

c! TAN concentration per AO usedis 0.1 mg/l TANC =0.1!.

d! Maximum allowableunionizedammoniaconcentrations 0.025kg/I
MUA =0.025!. Recall: %UA =1.0.

e! Maximunrearinglensitieare60kg/m'for phase, 96kg/m’ forphaseil
MD =60 and 96!.

fl The%BW feedinglevelis  x 'Cl/ W/K!'

Valueglerivefrom 1: a througli "choices

al Maximum availableoxygenis 25 mg/l [MAO = MUA x 1000!/%UA].

b! Feedingevelin %BW for phasel, atendof rearingperiod,is 1.87%
[ x141/15].

c! Maximum loadingfor phasel, at endof rearingperiod,is 5.38kg/lpm
[MLd = MAO x 100!/ OFx %BW!].

d! Feedinglevelin %BW for phasell, atendof rearingperiod,is 0.81%
[ x141/34.7].



el

m!

Maximum loadingfor phasedll, atendof rearingperiod,is 12.4kg/lpm.
Phasd maximumweightperfish to maximumloadingratio is 34to 5.4 or
6.3 to 1.0.

Phase II Wto Ld ratio is 500 to 12.3 or 40.6 to 1.0.

Theratio's6.3t0 40.6 .0 to 6,4!,representheratiosof maximum
fiowrates MQ! requiredfor phasd andphasell attheendof theirrearing
period.

Maximum flowraterequiredfor phasel is 1351lpm [MQ = TQ/ sumof
ratiol] andin our casethisis: [MQ = 10,000/ | + 6,4!]. Thisleaves
10,000pm - 1351Ipm for phasdl. It's maximumfiowrateis 8649Ipm.
Maximumbiomassfor phasd is 7268kg [MBM = MQ x MLd!] or:

MBM =1351 x5.38.

Maximum biomassfor phasel is 106,38%g [MBM = 8649x 12.3].
Theserespectivebiomassesepresen13,765and212,765fish [* Fish=
MBM/Wg! x 1000].

Note: Thedifferencesn numbersaretheresultof roundingvalues.
Rearingolumeequiredor phasé is 121m’, forphasél 1108n'

[MB M/MD].

Rearingvolumedo rearingunitdesigrandoperation.
Recall: [ Ld = D x 0.06!//R]and[D = Ld x R!/0.06].

al

b!

Theexchangeates R values!for phase andphasell, basedon flowrate
andrearingvolume,are0.67and0.47respectivelyfR = Q x 0.06!/RV].
Important: Theseflow ratesareto provide a maximumavailableoxygen
of 25mg/1theincomindOmusthereforéeashighas31mg/lif a
minimumresidualDO of 6.0mg/l is required.

RecaHheMLd for phasd is 5.38andtheMD is60[R = 96 x 0.06!/5.38
= 0.67], Forphasdl: [R= 96x 0.06!/12,3= 0.47].

Too highAOI AssumeAO of 5,0D0, = 11.0, Requiresa seriakeuseof



five passesb+5+5+5+5. Total rearingvolumeperrearingunit RV,! for
phasé¢is24,3m' 21/5!. Forphasél itis221.6n' 108/5!.
c! The resulting exchangeratesare 3,35 and 2.35 respectively for phasesl
andll [R = Qx 0.06!//RV]. Thenewloadingsare:1.076and2.46[Ld =
x 100//50 x %BW] [R=0 x0.06/1.076! = 3.35]
[R = 96 x 0.06/2.46! = 2.35].

Selectplug-flo~ rearing unit

Criteria:For phasd, velocity mustbe2.0cm/sor greaterv = > 2.0!, for phasdl
3.0cm/sor greater v => 3.0!. Also the length to width ratio must be 10 or
more! to 1 > 10to 1.0!

al Plug-flow rearingunit designfor a ratioof 1 tow of 10to 1.0is:

w =Z RV!/ Ox d!'Fora depthf0.8n o= 0.84ndh rearivgplume
of 24.3m'’ forphasé, thel xw xd is17.4m x 1.74m x0.8m.

b! Theresultingvelocityis 1.62cm/s[v = x R!/36] [v= 7.4 x 3.35!/36=
1.62].

c! Velocity doesnot meetthe criterion of 2.0 or more cm/s. Must either
increasel oR seeequationabove!. Cannotchangeherearingvolume

RV! becausef maximundensitycriterionof 60kg/m', Cannothange
the flow rateeitherbecausef the loadingvalue. SinceD, Ld, andR must
balance cannotchangeheR value.

d! Changehelength but notthe RV! to 21.49m [1= v x 36!//R] [1= X
36!/ 3.35= 21,49]. Thenewwidth isnow 1.41m [w = RV!/ xd!]. The
ltowratio is 13,5to 1,0, This makes the total linear distance of the four
sidesl.2timesaslong. Froma totalof 38.2m to 45,7m. The costwill be
greaterput hydraulicallybetter,more channel-likedesign,

e! Phasdl dimensionsare52.6m x 5,26rnx 0.8m. Thevelocityis 3,4cm/s
[v= 2.6 x2.34!/36= 3.4]. Meetsthevelocity criterionof 3.0 or more

cm/s. Goodhydraulics but not self-cleaning,



Selectcircularrearingunits

Criteria:Exchangeatesfrom 1.5t0 2.5; diametemot to exceed® m *30'!, Can

introducesuper-saturatdssolvedxygerconcentrationgpto 150'/saturation.
Saturatiors 11.0mg/1150'/@f saturatiors 16.5mg/1,

Thevelocityis independenf theflowratebutto accomplispropehydraulics
for self-cleaningequiresherightdesigngorintakeandoutlet Unit IV!.

al

b!

e!

fl

Usea three-passriabdesign.TheAOvalueis 8.3rng/15/3!, theDO,-
is 14.3mg/1 + 135'losat.!,

Phasérearinginitvolumas 40.3m' 21/3! foranoperatingepthof
1.5m,thediameteis 5.85m 9.1'! [diameter 2VRV/ $x d!]. TheR
value is 2.0.

If sixunitsaredesiredsplittheflow! thediameteis4.1m 3.5'!. No
changein R value.

Thenewloadings 1.78Ld= 8.3x 100!/ 50 x 1.87![Check{R = 60x
0.06!/,78! = 2.0] Balance!

Phasd rearinginitvolumes 369.3n" 108/3!. Foranoperatingepth
of 1.5m,thediameteis 17.9m 8'l. Tankistoolarge! Forsixunitsthe
diameter is 12.5'.

OptionsSixunitavitha deptbf2.85diametes 9.0tn. Wantokeep
depthat 1.5m or less. Considerl2units either4 x 3 for AO or 8.30r 3 x
4 forAO of 6,25!. Diameteford =1.5is 8.85m. Thisis acceptable.

IV. There are otheroptions.

Design: PartialRecirculation Unit VI!.

2. Program: Sequenti®earingstrategyunit VIII!,



Thedesignegroductionprogramfor feedingfingerlingsof 1.25g toharvestsizeof 500
g onceperyearrepresentshe batchcultureapproach.This occurscommonlyin "conservation”
hatcherieshatmimic the naturallife cycle of the specieseared. Theresultis inefficient useof

thefacility,becausmuchof thetimethebiomasss farbelowthemaximuncarryingapacity.

Thisfacility,theoreticallygan"processd maximurof 100kg feedperday. This
numbers derived&omthemaximunmAO valueof 25mg/Jandthemaximunavailablélowrate
of 10,000 Ipm:

[MF/d= MAO x Q,!/ OF}j

At theendof phasél, thernaxirnunbiomasss 106,388g,thefeedingevelis 0.81'/o0
BW. Daily feedfedis 862kg. By thistime phase0 fish 13,000! havebeenrearedfor45d. At
a dailylengthincreaseof 0.077cm thesefish gained3.46c¢rnin length,which makeshem8.46
cmlong. Theweightfor thislengthis 6.05g andheirobvioubiomasss 129kg 13,000 fish
@ 6.0%! for a totabailyfeedrequiremertf 60kg. Themaximundailyfeedrequirementis
922kg 862kg+ 60kg!, whichis neathemaximunof 100kg. Letusassuméhatwecan
feed100kg perdayeverydaythroughouteyear. Todosowouldrequirgheremovabf the
dailygaineachday hamel\800kg fora feeadtonversionf 1.25.Todothis365daygeryear
wouldresultiin anannuabutpuif 292,00k. How closecanwecometo the 100kg feedper
dayona year-arourmhsis?Thiswill bediscusseith thenextunitwhichaddressesquential

rearing strategies.
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PRODUCTIONCAPACITYOFAQUACULTUREYSTEMS
INCLUDINGRECYCLESYSTEMS!

Harry Westers
AquacultureBioengineeringCorp.
Rives Junction, Ml 49277

Theraareseveravaydoexpresanddeterminproductionapacitiesfaquaculturgystemsrhis
hascausedomeonfusiomelativeio terminologyForinstancahetermloadingdensity'lsan
examplefa poorlgelectedxpressiciorproductionrcarryingapacityThiswill becomelear
in the discussion to follow.

Productiazapacitgrcapabilitparbeexpressaufourways.Theyareall validandntegrate

with each other.

1. Productionexpressedsmaximumveighoffishperunitofflow.
Forthisl recommenithetermLOADING Ld! eitheraskg/lpmor
Ibs/gpm.

2. Productionexpressedsmaximumveight of fish perunitofrearingpace.
Forthisl recommenithetermDENSITY D! eitheraskg/m'or |bs/ft’

3. Productionexpressedsmaximuncarryingapacity.
Thisis theonetimemaximunbiomassa facilitycansupportMBM!, either
in kg or Ibs.

4. Productioexpresseasmaximunannuabutput.
This is the maximumannualproductiona facility candeliver AP!, eitheras
kg or Ibs.

LOADING Ld!

Productionn termsof weightper unit of flow shouldbe designatedOADING Ld! andis
expressegitheraskgfishperlprn kg/lpmloraslbspergpm bs/gpm!, Themaximunallowable
loadinghatcarberealizedependsimanyactordhemostmportarinesre:

a! Speciesandits weight.
b! Fish size

c! Sourcevatemualitycharacteristieofspecialmportancaredissolved
oxygen; temperature; pH and alkalinity.

d! Tolerandewardmetabolwast@rodudbuild-umtherearingvater of
speciaimportancareammoniaitrogengcarbordioxideandparticulatand

dissolved solids.



Becausdeedisresponsibldor all waterquality changesproductioncapabilitycanberelatedto feed
canbeaddedo the system. How muchfeedcanbeadded fed! per unit of flow dependsn how
muchoxygenit requiresandhow muchammoniacarbondioxide andsolid wasteit generateand
atwhatpointthesecomponentsmpactthequality of therearingwaterto suchanextentthatit is no
longer acceptablefor the speciesreared.

Dissolved Oxygen

The amountof oxygena unit of feedrequiresis relatively constantfor a particularspeciesand
independentof fish size and water temperature. For many speciesthis seemsto range from 200 to
280 g per kg feed 91 ro 127 g per Ib!,

In theexamplegresente®50g/kg 114 g/Ib! will be used,anddesignateOF thus OF= 250 or
O~ = 114 for Englishequivalents.Theloadingequationdor feedperunit of flow LdF!are.

LdF= AO/O and 3.8A0/OF

AO is available oxygen for the fish. This is the difference betweenthe incoming dissolved oxygen
concentration DO»! andthe rninirnum allowable effluent concentration DOOUT!.

AO DOrN DOoUT

Onelpm 0 1,0 rng/1delivers 1440mg perdayor 1,449, becausehereare 1440minutesin a day
0 x 24! If a 16.7hourdayis usedinsteadof a 24hourday, 1.0lpm | 1.0 mg/I delivers1002mg

or 1.0g per"day". This | consider a feedingday, a period of greatestactivity. The result is a more
conservative approachbecause,instead of 1.44 g oxygen, only 1.0g is considered available. In

above equations, AO representsone, from 1.0rng/1DO available, pergpm .785 1l!this is 3.8. For

valuesOFis 250 14!, thefollowing amountsof feedcanbefed perlpm gpm! peroneAO:

LdF 1.0/250 = 0.004 kg/lpm [
and
LdF = 3.8/114 =0.033 ebs/gpm [

Note: 1.0kg/ Ilpm equatesto 8.3 lbs/gprn.

To convertthe"feedloading”equationo a fishloadingequatiorwe mustknow how muchfeedthe
fish require. Most oftenthisis expressedspercenbodyweight %BW!. If theyrequire1.0%BW,
thantheloadingfor fish is 100timestheloadingfor feed.

The loading equation for fish is:
Ld = AO/OF! x 00/%BW! !
Ld = .8 AO/Oj,! x 100/%%uoB [

ForoneAO andone %BW the valuesare0.4 kg/lprn and3.3 Ibs/gpm.



How muchoxygencanbe madeavailablebeforemetabolicwastebuild-upmakegherearingwater
unsuitable?

Only ammoniabuild-up will be considered.First of all this wastecomponents usuallythefirst
limiting factor after oxygen! and secondly,design and operationalmodesshould allow for
managing, i.e. removal, of carbon dioxide and solids.

Unlessrecycle technologyis used,ammoniabuild-up becomeghe limiting factor. In recycle
technologyit maybe suspended/dissolvesblidsor nitrates. This will bediscussedhortly.

Ammoniais primarily toxic in theun-ionizedform NH,!. FishexcreteNH, whichreactswith the
waterto form NH'4 ions, Not all of theNH, becomedNH+~thelesstoxic form, but, fortunatelyin
mostculture watersby far the largestpercentagehangedo the ammoniumion. Thetwo forms
togethemmreknownastotalammonianitrogen TAN! andall ammonidas measuredsTAN. In most
culturewatertheun-ionizedportionof TAN rangesrom0,2to 3.0percentijt is pH andtemperature
dependent.

The amountof TAN generatedper kg feed TAN ! dependson the protein content, on diet
compositionj.e. protein energyratio andspecie®f fish, Generallyit rangesrom 25to 30g per
kg feed 1 to 16 g per Ib!,

In thefollowing examples30g TAN perkg feedwill beassumed3.6 gllb!.

Equatior2 showthatperoneAO andOFof 250,0.004gfeedcanbefedperlpm. This,atTAN
= 30,generate.12g of TAN Engtishequation3; .033x 13.5gis 0.45g TAN!.

In bothcasestheconcentratiorof TAN is0.12rng/1.12/1.0 and.45/3.8!. Again,thisis basedn
a "feedingay"of 16.7hours.Peakl AN productiomccursaboud hoursfterfeeding.

Theequationfor TAN asmg/1 TANC! is:
TANc= AO/0! x TAN /1.0 !

TANc= .8AOIO~! x TAN~I3.8 !

Simplified:
TANc = TANF! / !
For metric:
TANc = 0! / 50! =0.12mg/1
For English:

TANc= 3.6! | 14! =0.119mgll 0!

Recall,thisis peroneAO. Thesevaluesmustbemultiplied by the AO values. Thustheequations
should be:

TANc AO x TANF!/ OF!

Theconcentratiorof un-ionizedammoniaUAc! is theconcentratiorof TAN timesthepercenun-
ionized ammonia divided by 100.



UAc =[AO xTAN! /Orlj x[%UA! /100] 2!
Simplified:
UA< AO x TAN x %UAL/ 00 x OF!
For our examples UA is 1.0% and AO =1.0!
UAc= .0 x30x1.0!/ 00 x 250!'=0.0012mg/I 4]
UA< 0 x13.6x1.01/00 x114! =0.00119 5l

Finally it is necessaryo decidethe maximumconcentratiorof un-ionizedammoniaacceptabldéor
thefish the particularspecies!.This is designatecasAUA.

Forourexample,a concentrationf 0.02mg/l will be used AUA = 0.02!.

It wasshownthat,peroneAO, andthevaluesusedin theexamplestheUA, is 0.0012. ForanAO
value of 2.0 this concentration would be0.0024 x 0.0012! etc.

Thereforethe maximumoxygenthatcanbe madeavailable MAO! is 16.7mg/1.02/0.0012!.
MOA = AlI~A / UAg

Recallthatit is basedn a onepercenun-ionizedammoniavalue %UA = 1.0!. Shouldthis value
be0.5%,twice asmuchoxygencanbe madeavailable at 2.0%only half the amount.

The loading for AO of 16.7 and at 1.0% BW, is;

Ld= 6.7 x100!/50 x1.0! or 6.6kg/lpm 6!

and

Ld = .8 x 16.7x 100!l 14 x 1.0! or 55.6Ebslgpm 7!
For recycle systems

In recyclesystemgshe ammonianitrogenis convertedyia nitrite nitrogen NO,! to nitratenitrogen
NO,! by nitrifying bacteria biofilters!.

At steadystatethe daily removalrateof ammonia TAN! hasto be equalto the input.

The concentrationof TAN, at steadystate,must be in balancewith the allowable un-ionized
ammonia AUA! concentration.

TAN, = AUA x 100!/ %UA! 8!

AsTAN isconvertedo NO,, nitratescontinueto accumulaten therearingenvironmenteventually
reachingheallowablenitrateconcentrationANO,!. Oncethishasbeernreachedanydaily addition
mustberemoved, Thisis accomplishedby flushingit outof the systemwith the propervolumeof
water,which mustthenbereplacedwith newmake-upwater.



Forinstanceata loadingof 1.0kg/l[pmanda feedindevelof 1.0%BW, 0.01kg feedis introduced
per day, generating 0,3 g of TAN perday .01 x 30g!.

Stoichiornetricallypnegramof TAN equals4.2g of NO therefore0.3g of TAN generated.26
g of NO,.

If the maximumallowable concentratiorof NO, canbe 200mg/1 ANO, = 200!, then,oncethis
concentrations reachedt steadystate, any daily input of NO, mustberemoved. For the above
examplethisis 1.26g. Oneliter of 200mg/INO, contains200mgNO, or 0.2g. If 1,26g mustbe
removed,then we mustremove 6.3 1 of water having a concentratiorof 200 mg/1NO,. This
representsa certairpercentagef therearingvolume. Peroneexchanggerhour R = 1!, onelpm
exchange’d0lperhoura rearingolumeof 601 RV = 60 or 0.06m'!. Sixtyliter @200mg/1
NO, representd.2,000ngNO, or 12.0g. To thisis addedl.26g orNO, perday andthisrepresents
10.5percentof the 12.0g 0.5% of theRV!. To maintainsteadystateat200 mg/1,10.5%of the
rearingvolumemustberemoveddaily andreplacedvith make-upwater. This makestherecycle
system 89.0 percent efficient,

Thedaily percentrearingvolume % RV! replacementanbedeterminedwith thisequation:

% RV = Ld x %BW x TAN X 4.2x Rx 100!/ x ANO3! 9!
and

%RV = Ldx %BWx TANFx 4.2 x Rx 100!l 2.7x ANO3! 0!
In this latterequation22.7is from 6 x 3.785 onegallonequals3.7851!.

Forexamplefor a maximumoadingof 1,5kg/Ipm,a feedingevel of 1.0percent,TAN is 30,R
is 2.5andANO, is 500,the percentdaily replacements 15.7%1

The aboveequationscanbe convertedo loadingequations.

Ld= %RV x6x ANO,!/ %BWx TANXx4.2x Rx 100! 1!
and:

Ld = %RVx 22.7x ANOJ / %BW x TAN~x 4.2 x R x 100! 2!

Forinstancd | wantherecyclesystento be80%efficient0% RV!; ANO,at250;anexchange
rateof 3.0andtherequiredfeedingrateis 1.5percent %BW = 1.5!,themaximumloadingis:

Ld= 0 x60x 250!/ .5 x 30x 4.2x 3.0x 1000!=0.53kg/lpm
The nextexpressiorfor carryingcapacityis relatedto rearingvolumerequirements.
DENSITY D!

Carryingcapacityasit relatedo rearingspaceis expressedskg fish percubicmetemrearing
volume or aspounds per cubic foot.



The maximumallowable,or safe rearingdensitydepend®n manyfactors,but the specieandits
size,arethe primary ones. Determiningthe optimumdensityis still a rathersubjectivedecision
driven by personal convictions and/or experiences,traditions and/or reportsin the literature. Even
the terminology of "low" and "high" rearing density is an uncertain one, becausewhat someone
might consider a low density someoneelse may consider high.

To bring someuniformity into this rather arbitrary situation the useof a densityindex DI! hasbeen
proposed. This index relatesthe length of the fish directly proportional to anallowable, or optimum,

rearing density. The longer the fish, the greaterthe density it can tolerate, thus the DI multiplied

with the length of the fish provides the density.

For metric equivalents, a density index of 3.2 meansthat a 10cm fish can be reared at a density of
32kg/m'. ForEnglisrequivalentieDl1is0.5thusa 4'fish Ocm! carbereare@t?2 Ibs/ft'.One
pound per cubic foot equateswith 16 kg per cubic meter.

The more commonly usedDlI's are shown in table 1.



Tablel. Commonlyuseddensityindicesarethosdistedin themidrange.Thelow andhigh rangesaretheconservative
and extreme values, Values in parenthesesrepresentthe number of fish basedon a condition factor of 0.01.

Theratio'sof weightsare: 1.0to 1.5t02.0t0 3.0
Versus those of numbers: 1.0to 0,44 to 0.25 to 0.11



Low rearingdensitiesrequiremuchrearingspace expensivelandoften this resultsin low water
turnover rates, low R values.

Ideally thereshouldbe a balancebetweenloading,densityandexchangerates. This balanceis
expressedwith theseequations:

Ld= Dx.06/R and D= Ld xR!/.06 and R= D x.06! Ld 3!

and:

Ld= Dx8!IR and D= MxK!/8 and K= Dx8!ILd 4!

wher@®.0Gepresents from1.dpmx 6min= 0.06n'and represefitsrom1.0gpnx 60
min= 60gal.= 8ft'.

Loadingcanbedeterminedationally seeequationst and5!.

The selectionof densityis subjective put a choicemustbe made. Oncethis is accomplishedthe
exchangerate R! follows.

Equationsl9and21 areusedto determingheefficiencyof a recyclesystembasedn a numbeof
parametensicludinga maximurallowableearingenvironmermoncentratioof nitrate ANO, .

Bothequationimcluddoadingancexchangate and pncehesdavebeereterminedherearing
densityis fixed equation23 and24!.

It now becomesa rnatterof selectingthe bestvaluesfor loadingandexchangeates density!to
accomplishanacceptableecyclesystemefficiency.

For flow-through systemadesigndriving forcesalsoincludeloadingandexchangeates density!
which may include the needfor serialreusedesignto efficiently balanceloadings,densitiesand
exchangeatesaccordingto equation®23 and24.

Thethird andforth wayto expresgproductioncapabilityis by meansof determiningthe maximum
biomassa systemcan support MBM! and how this relatesto a maximum annual production
capability AP!.

MAXIMUM ONE-TIME, BIOMASS MBM!

Themaximumbiomassa systentansupportis expressedh kg or Ibs. Oncethis biomasshasbeen
reachedish mustberemovedatthedaily rateof weightgain, A facility is usedmostefficiently if

it canmaintainthis maximumbiomassontinuouslhby daily harvestingheadditionof weight. For
instancejf themaximumbiomasss 1000kg andthedaily feedlevel is onepercent,10kg of feed
is addeddaily. For a feedefficiency of 70 percent feedconversiornof 1,4!, the daily gainin fish
weighis 7.0kg. If'thiswaspossibléo dothroughoua year65 d!theannuabutputwouldbe
2555kg, whichis 2.55timesthe maximumbiomassof 1000kg.

Dec. 1997
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ViIl. GAS MANAGEMENT IN INTENSIVE  AQUACULTURE

INTRODUCTION

The following gasesmay have to be managedor controlled in intensive aquaculture;
oxygen, ozone, nitrogen, hydrogen sulfide, and carbon dioxide. Oxygen , !must be addedto
thewaterin the culturetank and,eitheris taken&omthe ambientair aeration'!or from a pureor
high purity source oxygenation!.If ozone,! isusedit too is eitherproducedrom air or from
pure oxygen. Becauseozone is toxic to fish, it may have to be removed from the water aswell.
Nitrogengas N,! cancausehebendsin fish, i.e., creategasbubblesin the blood, whenpresent
in rearingwaterundersupersaturatecbnditions. Nitrogen supersaturatiois notuncommonn
groundwaterijt canoccurwhenwatertemperaturés increasedandsometimess causedy air
leaksin pumps. Low level supersaturationancausechronicgasbubblediseasegasbubble

trauinalwhile high concentrationsanleadto high mortalitiesin a veryshortperiodof time.

Carbon dioxide too, canbe presentin groundwater. Limestone, for instance, canbe a
reservoirof carbondioxide, As hasbeendiscussediving organismghatuseoxygen fish and
nitrifying bacteriaon biofilters! alsogeneratearbondioxide in largeamounts.Becausenuch

oxygenis utilized in intensivefish culture,carbondioxide mustbe inanagedn suchsystems.

Ox YGENATIolv

Becausair containsonly 21'/0oxygenandabout78'/anitrogen,the maximumsafelimit
of aerationis to 100'/0saturation. Goingbeyondthis will resultin supersaturateditrogenlevels
andmay result in gasbubble disease,potentially causing acute mortalities. Continuous exposure
to a total gaspressure TGP! even slightly over 100'/0saturation can causegastrauma.
Dissolvedoxygencanbe above100'/saturatiorwithout exceedingl00/0TGP, provided

nitrogen is below saturation and at increasingly lower levels asoxygen increases.



With the useof high purity oxygen,it appearshatonecansafelyexceedlissolved
oxygen supersaturationwithout creating conditions leading to gasbubble disease. Oxygen

toxicity can occur when partial pressureexceeds300 mmHg. This is equivalent to 21 mg/1DO at
12 C,16mg/hkt25'C.

Whatis importantis that,asmoreandmoreoxygenis dissolvednto thewater,nitrogen
gasmustbedisplacedo avoidexceedingr GP over 1000, especiallycritical wheresourcewater

is supersaturatedith nitrogengasto beginwith.

To accomplisithata non-pressurizedxygencontractoris required,suchasa sealed
column. Qntheotherhand,pressurizedgystemdavelimitations becauseheycanincreasdhe
TGP above100'/Gsaturation. Thesesystemsaremoresuitablefor side-streanaerationwherea
relatively smallportion 0-25'/0! of thetotal fiow is supersaturatedith oxygen 00-400'/0!
thenblendedinto the mainflow. Thistechniquecanonly beusedif thereis noinitial nitrogen
gassupersaturationSincemostgroundwateisourcesarenaturallysupersaturatedith nitrogen
gas,pressurizegystemsshouldnot be installedon suchsources.Application of high purity
oxygenoffersaneffectivemeando controlnitrogengassupersaturationOxygenintroduced
into water fiowing througha negativepressuresystemsuchasthe Michigan spraycolumn,will
effectively displacethe nitrogengaswith oxygen,while maintaininga totalgaspressurenear
100'/0evenwhendissolvedoxygenlevelsareelevatedo 200'/0saturatioror more Figure 1!.
Michigan spraycolumns,dueto their dual function,areonly moderatelyefficient. Figure2

showsa varietyof oxygencontactorsjncludingthe Michigan spraycolumn.

Designand Operational Characteristicefthe MichiganSealedColumn

The columnconsistsof anairtight chambeiinto which waterandoxygenareintroduced
while preventingoutsideair from entering Fig. 1!. Wheneverclean,nutrient-freewateris used,
a sealedolumnsuchasthis cancontainpackingmaterial,suchaspall rings, tri-pack, or other

materialsto breakup the flow of waterandcreatethe maximumpossiblegas-wateinterface.



In caseof nutrientrich water,asin a serialreusedesign packingmediaquickly biofouls,
plugginghesystemsln thiscasetheMichigarsealedolumrbecomea sealegpraycolumn,
equippedvith a non-pluggingprayerevice. Oxygencanbeintroducedinto thewaterdelivery
line atthetop of thecolumn,or into the columnitself, nearthebottomto createa countercurrent

gasflow with thedownwardflow of the water.

Somestudieshaveshownthat athigherwaterflow ratesa bettembsorptionis realized
whenoxygenis introducedatthe top ratherthanthe bottomof the column, A uniquefeatureof

the sealeccolumnis thatit operatesindera partiavacuum createdhroughventuri action,

Onedesign Figure 1! showsthatthe columnoutletis reducedo half thediameterof the
columnproper. This causeshewaterto backup higherinto the column. This heightis directly
proportionalto the waterflow rate hydraulicloading!. Becauseof this, the columncanalso
serveasa flow meteringdevice. By installing a viewingwindow, waterlevel in the columncan
be observed.After makinga serie®f flow measurementshe columnor sightglasscanbe
markedoff to indicatespecificflow rates. Table 1 provideperationalandperformance
characteristics.The partial vacuumoccursnaturally law of physics!andvarieswith flow rate. It
is this featurethatmakessealecdcolumnsanexcellentdeviceto controland/orpreventTGP over
100'/0 Oxygerabsorptioefficiencys of considerabienportanca theeconomicsf using

pure oxygen.

However,high absorptiorefficienciesdo not necessarilyesultin lessexpensiveoxygen
injection. Thecostperunit of 0, absorptions a functionof amortization,energycost,0, cost,
waterflow, andDO increase.Excellentabsorptiorefficienciescanbe achievedat low oxygen
flow rate relative to water flow rate, but this occurs at a higher cost becauseonly a small amount
of oxygenis addedrelativeto capitalexpenditurgor the system.In casedike thesemechanical
aeratorsmaybe moreeconomical. Thepercentoxygenabsorptiorefficiency AE! of sea/ed

columnscanbedeterminedvith equationl.



AE = Q x10GxDDO!/ .43x1000xQ, !

WhereQ is waterflow rateandQ, is oxygenflow ratein 1pm,ADO is DO increasén rng/1,

1.43stheweight g! of oneliterof oxygeratSTP and100Gonvertsng0, tog, To

mathematicallysimplify the equation:

AK = Q xDDO! /4.3xQ,! !
AE = Q xDDO! /.8xg,! al

The equationmustbe adjustedbasedon % oxygenpurity. The absorptiorefficiencyor
performanceoptimizationof a sealecdolumndepend®n manyvariables. Certaincombinations
of suchvariablescanresultin the sameDO gain,but not necessarilyat the samecost. Through

trial and error it was determined that a sealed column functions well with a cross-sectional area

of 1.0to 2.0cm perlpm 44 to 122gprnper squarefoot!.

Thecolumndiametercanbe determinedvith equation3:

DIA = |

whereaQis areaperunit flow cm'/lprn!.

Initial dissolvedoxygenconcentrationgearsaturatiorcontributeto relatively poor
absorptiorefficiencies,while initial low DO concentrationganresultin high absorption

efficiencies. Theseobservationspf coursefollow a typicallaw of diminishingreturns,”



Reducinghe heightof a columnwhile maintainingthe samedevel of dissolvedoxygen
requiresinincreasa thegado liquidratio,hence reductiom absorptioefficiency,Overall,
theeffectof columrheighis notasimportané desigparametdorpureoxygersystemasit

is for atmospheripackedcolumns.

How Much Oxygerr?

Thepotentialbenefitsof increasedlissolvedoxygenlevelscanbe very significant.
Generally thesebenefitsaretwo-fold, namelyimprovedquality of therearingwaterand

increasedish productionpotential.

In situationswheretheobjectiveis to increasalissolvedoxygenlevel of sourceand/or
rearingwateronly moderatelymechanicaberatiomrmight be themosteconomicamethod.
Althougha lowoxygento waterratio canproducegoodaeratiorefficiericy,thebenefitsfrom a

costlyoxygenatiorsystemmakethis economicallyproblematic.

In generalanyincreasen dissolvedoxygenmakesthatmuchmoreoxygenavailableto
thefish. Anincreasef aslittle as1.0rng/Tanrepresera 20to 25/oincreasen carrying
capacityln casesvherencominglissolve@xygerevelsalreadwpproackaturatioesshan
50'/oof the oxygenwill beavailableto salrnonidsevidencedy the factthatthe effluentshould
contairanywher&omb5.5to0 7.5mg/IDO. Whersupplementakygens usedo increase
productiompnehasto determiné whatextenadditiongbroductiomanbeaccomplished
beforaunionizedmmoniaeachethernaximuracceptablevel Il. Asmoreandmoreoxygen

is made available, carbon dioxide concentrationswill continue to rise.

Ina previoudiscussionye assumea maximuravailablexygerof 30mg/1Table3-
V1. At maximumbiomassor carryingcapacity the daily requiremenis for 30 mg/1DO, the
loadings 12kg/lprntherearingrolumds 500m', themaximundensityl 00kg/m’,the

resultingrnaximurnbiomasss50,000kg, andtherequiredflow rateis 4167Ipm. To determinghe



flow rateof oxygenrequired Q,! to provide30mg/lin a flow rateof 4167lpm Q!, equatiord

can be used:

Q, = QxAQ! /4.3x%abs! !

Forourvalues assuminga 50%absorptiorefficiency!:

Q, = 167x3G! /4.3xSG!

Q, =1751pm

To determingheminimum capacityof anPSA oxygensystemwhich areratedon volume
generategoerhour ft orm'! the1759prn0, equald049Q/hor 370ft'/h onefV=28.31!.1n
the caseof LOX we mustdecideonthe sizeof the storaggank. Onegallonliquid oxygen
equatds 115t gaseoudssumthatforeacH 00t /hrequireme®20gallonsfliquidare
neededer month. Fora 6-monthsupply,a 4,320-gallortankis needeger 100fl'/h. For 370
ft'/h a 15,984-galldankisrequired.

It is importantto maintaina steadypiomassof fish in the systemanda biomasdessthan
the maximum,yetonethatapproacheg asmuchasis practical. Thiswill be coveredvhen

discussingnaximizingproductionthroughsequentiatearing VII!.
Oxygen Sonrce and Cost
High purity oxygenfor aquacultureanbe suppliedin threebasicforms:

Bottled oxygenunderhigh pressure550 psi!, Thecostis high, from $8to $10per 100
ft. Cylindersaresized&om 100to 250ft. Oxygenpurity is high, &om 98to 99%,



Liquid oxygen LOX! underpressureof 150to 200psi, To inaintainthelow temperature
-182.96'C;-297.3'F!,0.25%is venteddaily dueto pressurancrease.Storagganks
rangingin sizefrom "portable"of 1001 toover40,0001 0,000 gals.! TanksareoAen
rented along with the required evaporatorand regulator, The cost of oxygen varies from

$0.250 $3.0Qper 100ft", dependingndistancandcompany.

Liquid oxygen may be the best choice when;
aninexpensivenearbysupplieris available.
the culturesiteis remoteandhasvery limited and/orunreliableelectricalpower,

oxygenatiorrequirementareverylarge to 10tonsperdayor 5,000to 9,500ft/h!.

Thepressureswingadsorption PSA! oxygengeneratocanprovide on-siteoxygen
productionasneeded.Thegeneratorareavailablein a widerangeof capacitiesfrom
lessthan15to over400ft'/h. Verylargesystemsanbecustontesignedndassembled
on site. PSA systemsequiredry, filtered air underpressureof 90to 150psi. Air
compressorsf thepropercapacityareanintegralpartof a PSAoxygengenerator.
Althoughair contain21%o0xygenor approximately.Oft' per5 ft' of air,a PSAnay
require 13to 15unitsof air to generat®mneunit of 0,, Eventhen,its purity is only 85to
95%. Thecostof oxygerrange$rom$0.3¢0 $0.7(er1000', dependingnthe

electric  cost.

Recently,a low-pressur®SAhasbeenmarketedalthoughnotasyetfield tested. This
systemusesa low pressurehigh volumeregeneratindplowerto supplyair. Energycostsare
significantlyreducedbecausehe high pressureir compressors eliminated. Oneserious
drawbackis thatthe oxygengeneratedh this mannetis only slightly pressurized<5 psi!. An
additionalcomponenmaybe neededo pressurizehe 0, soit canbedeliveredto the oxygen

contactor in adequatevolumes.



MANAGING CARBON DIOXI nE

Carbondioxide is very solublein waterandreactswith it in a complexgdynamic,acid-
baseequilibrium. Thelowerthe pH the morefree CO, gaseous!thegreaterthepH themore

CO,ispresenasbicarbonatéiCO,! and/ocarbonaten CO,=!.

Whenremovingyaseousoxic! CO, it isreplacedfomtheHCO,or CO,sinkto
maintairequilibrium.BelowpH 5, almostll CO, existsaasfreeCO betweermpH 7 an®, it is
convertetb non-toxidicarbonat@taboupH 11it existamostlyascarbonatel-roma practical

viewpoint, thereis no free CO, abovepH 8.4.

StrippingCO, fromthewaterequiregargequantitiesf air. Thegas-liquidatio G/L!
mustbe5:1and10;1.Aerationtypicallyusesa <3:1ratio,oxygenatioonlyrequirebetween

0,05:1 and 0.3:1.

Thebestwayto stripCO, isto expose¢hewaterto theair. Theairconcentratioof CO,
is low, onlyabouB50mg/1.035'/0! versu®xygerat21'/thasa concentratiarfi210,000ng/l.

The saturatiorconcentrationin wateris at 0.69mg/1for CO, versus10.1mg/1for DO at 15C.

A packedcolumndegassetanbe usedto strip CO, Romthewater. Summerfelt 000!
stateghatthehigh gas/liquidratio is accomplishedby forcingair througha 1.0-1.5m tall
cascadeolumn,sizedto treat 1000to 1400lpm waterflows persquareneter .0 Ipm per 10to
7 cm'lonesquanmmetersequaio 10.76@'". Hydraulimadingatesshighas166704167
Ipmperm' havebeersuggested to 102I'/gpm!.

Air discharged&om strippingcolumnsshouldbe ventedfrom buildingsto preventcarbon
dioxide from accumulatingn thebuilding space, The OccupationaBafetyandHealth
AdministrationrOSHA!limitstheallowableéime-weightedveragexposureveraneight-hour



workday to concentrations lessthan 5000 mg/l Vinci etal, 1998! A concentration of 50,000

mg/l is consideredmmediatelydangerouso life.

BecauseH controlstherelativeconcentrationsf eachspecief CO, in theinorganic
carbonsystemmethodsto increasehe pH will lowertheproportionof freeCO,. Adding lime,

causticsoda,sodaash,or sodiumbicarbonateo the waterwill increasehe water'spH.

When stripping CO, the equilibrium is shined asbicarbonatesreleasecarbonateions.
This shiAsthe pH to a highewalue. Within minutescarbonicacidwill havedehydratedo
establisha newequilibriumreplenishingreplacing!'someof the carbondioxide thatwas
removed, This dynamicmakesit dificult to stripa largefractionof carbondioxide from well-
bufferedwaters, BecausgH alsocontrolsthe acid-basequilibrium betweenammonia NH,!
andammonium NH'!, increasinghe pH to reducefree CO, concornittantlyincreaseshe
proportionof unionizedammoniaa toxiccomponent.This limits thepH rangeavailablefor

CO, control SeeFigure 3!,

OZONEIN INTENSIVEAQUACULTURE

Introductiol

Ozoneis a triatomicoxygengas,!. It is unstableandhighly reactive,andis thusa very
powerful oxidizing agent. Thesepropertiesmakeit a bettedisinfectionagentthan ultraviolet
radiation UV! andchlorine. It hasa pungenbdor,which is sometimesoticeableaftera violent
thunderstormwhenlighteningthroughthe atmosphereausesomeof the oxygenmoleculego

changeinto ozone.

Ozonegeneratorapplythis principle by creatinganelectricalarc lightening! between
two high voltageelectrodesFigure4!. As oxygen.the feedgas,flows betweenthe electrodes

someof theoxygen to 6'/0by weight! is changedo ozone. Much heatis producedaswell,



whichcanrepreseré0%of theenergwppliedwith only 10%goingtowardheproductiomf

ozone. Becauseheatdestroys ozone, the units must be either air-or-water cooled.

Although someunitscanconvert10to 15%of the oxygento ozone,generatinghese
highempercentagesakeshemlessefficientandthecostof ozongproducedvill begreater.

Whereatmospheriairisused 1% 0,! only 1-3%of the oxygenis convertedo ozone.
It ismuchmoreadvantageotsusepureoxygenespeciallin aquaculturgituationsvhere
oxygens usedo oxygenattherearingvater.Whetheairor oxygens usedthegasnuste

dry, freeof watervapor.

Ozonecanalsdbeproducety meansf UV radiationbutthisrequire$ to30times
moreenergtharthecorondischargaethodApplicatioof ozonés costlyntermsfcapital
expendituesmcenergsequiredT hecapacityfozongeneratasgatedn weighofO,
produceavetimekg/hrorlb/hr.JohrColt 000! reportthatt require§-7kwh/kd,

produced.

Therarefourunitprocessesquiretbrozonesananaquacultuagplicatiori!O,
gasgenerationcoronadischarganethod!;2! gas-to-liquidabsorption3! contacttime and

concentratiorfor reaction;4! 0, removalanddestruction.
Gas-to-1 ig @id\bsorption

Thehighcostof ozonanakedts efficientransfemtothewaterimportant Becausk
canbe co-transferreavith oxygenthe samedevicecanbeused. Therateof ozonetransferinto
wateris a functionof theconcentratiorof ozonein the gas,the contactareathethicknessand
rateof exchangef thetwo stagnaryersandtherateof ozongeactionIncreasingass-
transfeefficiencycanbeaccomplisheslith theuseof mediahatthatcreatea largesurface
areaof a thinfilm of eithergasor liquidor by reducindubbleor dropletize.
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Increasedurbulencedecreasethethicknesf the stagnantayers. This decreasethe

resistand® thetransfeof ozoneacross. It alsokeepsvaterandgasmixed.

Unitsthathavea continuougasphase, e.,unitsthatdisperséquiddropsandfiims
withina gassuchasspraycolumnspackedolumns,.HO's provideefficientransfebul very
little time for reaction. In this casea separateontactthambemayberequiredfor reaction.
%lostozonecontactorgely on continuoudiquid phaseaunitsthatbubbleozoneinto the liquid.
These units are best suited to situations where reaction is rate limited and an ozone residual must
bemaintaineébra specifieengthof time,suchasduringdisinfectionTheirabsorption
efficiencys notasgoodasthecontinuougagphaseechniqueSystemthatpassvatetthrough
aircanbedesignetbrmuchhighetransfeefficienciethansystemdesignetb passair

through water.

Contact Time and Concentration Necessaryfor Reaction

Themostcomnonmethodo provideadequateontactimeis by mean®sf a deepasin,
separatedtothrego five chambersy meangfbaffle Figures!. Theozonas introducetly
diffusersyenturieductorsr statianixers, Thelengthof contacandstrengtlof the
concentratiothepenadnthequalityof thewatermandtheobjectivesFordisinfectiorthelonger
theexposurthegreatethekill, but,in theorypzoneequireifinitecontactimesto reduce
microbiapopulation® zero sterilization!asshowrwith theequation;

where N, = numberof organismsattimet
N, = number of organisms attime = o
t= time in minutes

k' = constant/minute!
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Forinstancea concentratioonf 1,000,00®acteria/mLis equalto 6 logunits 0'l. It
takesthe sainecontacttime to reducethe concentratiorfrom 6 to 3 log units ,000,000 to
1000/mL!asit takesto reducethe concentratiorfrom 2 to-1 log units 00 to 0,1/mL!. The

greatetthe concentratiorihe lesscontacttime is requiredasshown:

Ct = constant
where C = concentration of ozone.

t =time requiredto achievea givenkill.

Ozoneis ratherunstablein water. In purewaterthe half-life of 0, isabout165min at
20'C. In aquaculturgystemthehalf-lifemaybelessthana fewminute®ecausefan
abundanaaf organicompounddt canbeworsdn high-densityyater-recirculati@ystems

where half-life can be as short as 15 seconds.

Microbiareductiondisinfectionarelargelylimitedby theabilityto maintaira certain
dissolvedzoneoncentraticior a giverimeperiod.Fordisinfectiontherequiredesidua0,
concentratias usuallypbetwee.1- 1.0mg/witha hydraulicetentionimeanywheréom

0.5to 20 minutes Langlaisetal. 1991!.

Obviouslyhesarerathemwiderangesheresuliof thetargebrganismandthequality

of thewater organicload!.

Thehighozonedemanafrecirculatedater causetly accumulatemitriteandorganic
matter,makesmaintaininganadequate@zoneresidualdifficult. In orderto achievelarge
microbialreductionsin RAS or PRAS,muchmoreozonewould be neededo disinfect,for

instancemostinAuentwatersof a typical,flow-throughaquaculturesystem.

Studieshaveshownthataddingozoneattherate of 0.025kg/feedimprovedwaterquality

andreducednortalityassociatedith bacteriagill diseasdyutfailedto producevera ondog
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reduction i.e., 90'roreduction!in thenumbersf heterotrophidacterian thewateror onthe giH

tissue Summerfelt, etal. 1997, andBullock etal. 1997!.

To achievea largebacterialreductionin recirculationsystemsequiresmoreozonethan
hasbeenreported in the literature. This increasesthe cost of ozonation, andin addition the
contacttime mustbeincreaseaswell. Becausehe capitalcostsfor addingozonearelarge,the

economyof usingozonewithin recirculationsystemss questionable.

Ozone Removal and Destruction

Increasinghe ozoneconcentratiorio accomplistsomemeasuref disinfectionrequires
the incorporation of a mechanismto remove ozone residual from the water before it entersthe

culture tanks,

Eithethecontactimemustheextendedntiltheozones fully "usedup”or other
treatmentsnustbe applied,suchasactivatedcharcoal stripping,or UV destruction.Residual
gasesfrom a contactchambermust be collected and vented to an ozone destruction device before

entering the atmosphere.

Ozoneis harmfulto humansaswell asaquaticorganisms.lIt is importantthatthereare
noleakswithintheozonealeliverysystemOnlyozoneompatiblenaterialshouldeused,

suchasstainlesssteel,Teflon., specialfiberglassandcement.

At low concentrationgn the air, ozonehasa verydistinctive odor,andcanbe detected
wellbelowthedailysafetycriteridimitsof 0.1p.m.byvolumedeterminedsa time-weighted
averageovera full working day 8-hourmaximum!or 0.2 ppmby volumeasa rnaximurnlO-
minute exposure.For fish, lethallevelscanbeaslow as9.3 p,g/1.0093 mg/1!. However,
productioiconditiongoncentratiomstherangeof 10-2Qpg/1.01 - 0.02mg/1havebeen

foundto havenoimpacton sahnonideggsandfry. The chemicalozonedemandrom uneaten
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feedandwasteproductswill quickly reducetheozoneresidualto nearzero. Ozonehasattracted
a greatdealof interest. Improvementsn waterquality andsolidsremovalhaveresultedfrom

appliedlose# therangeof 0.0250 0.045%g 0,/kg feed.

In anearliepresentatiol it wasconcludethatbase@nO, demandy feedof 250
g/kg,onecanfeedd.004kgfeedperlpmfor everyng/IDO available,

If ozonés appliedttherateof0.02kgperkgfeed).004eedequire8.00kgof
ozoneperlpmor 0.1g/lpm/mgDO/day.

Becausenelpm@1.0rng/Meliversl.44g/daythe0,1g/day0, represents
concentratioof 0.07mg/1.1 : 1.44or 70pg/l.

Usingherangef0.02%00.04%g0,/kgfeedorwatequalitymprovememngsather
riskywithrespetdpotentigdxicitproblemslativethefish.Accordingyolt 000!
recommeniti&ta moréocuseckseardineedemrationallgevelothedesigparameters
andperationsirategiésrtheuseof ozonén aquacultusgstems,
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TwsLz |Alperation and performanceharacteris-
tics of a sealed packed column at the Harrietta State
Fish Hatchery Figure I'. Columndiatneteris 30.5cm
and dischargepipe diameteris 15.25m. Water charac-
teristics: temperatureg.2'C; dissolvedoxygen DO!,
0.7 mg/L; O, saturation,92%; N, saturation,|Ol-
105%.

Water flow in L/min

Measure 200 400 600 800

Cross-sectional  area- 3.6S 1.80 1,20 0.91
to-Bow relation-
ship em~/ Vminl!

DO gainin mg/L for

0> inllows of
1.0 Vmin 2.5 1.5 1.0 0.9
1.5 Vmin 3.9 2.3 1.$ 1.3
2,0 Vmin 4.7 37 2.1 1,8

O~absorption eli-
ciency in percent
for O. inflows of

1.0 Vmin 35 42 42 50
1.5 L/nlin 36 43 50 48
2.0 Vrnin 33 52 44 50

% gas:liquid ratios
1'orOz inflows of

1.0 Vmin .G.SG 0.25 0.17 0.13
1.5 Umin 0.75 0.37 0.25 0.19
2.0 Urnin 1.00 0.50 0.33 0.25
Vacuum in mm Hg 36 54 74 91
~l00<saturation for 121 108 104 103
0> inflow of 1.5
&min~

%N, saturatiorfor
0> inflowof |.S
LImin~
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Figurel. Designof a sealeadolumn

Source: Westers et al. 1991. Design and operation of sealed
columns to remove nitrogen and add oxygen.

AFSsymposium 10:445~9, 1991






Low DO water

Sealed Packed Column

Low DO water

"I1Jiichlge®®aledColumn

Perforateddistributiorplate

| pe

Low
DO
water
Dam boards Side view Lowbead
oxygenator Off-as
Dam boards LHO!

-High DO water

Downfiow Bubble
Contactor

Pure oxygen gas

Top view

Source: n Colt, 000!

ncyclopedguacutl&htickn&DJohhVileg Somp705-742!



Technologiesused in aguacultureo oxygenatefish

rearing water

LowDO+

U-tubes

Law DO

Packed column

LovDO+

HighDO p

High DO

MultistageLOwheadOXygenatorLHO!

Low DO

~High DO High DO

Screened column






VIII.  NIAXIMIZING PRODUCTION THROUGH SEQUENTIAL

REARING STRATEGIES

IIVTRODVCT[OIV

Theproductiopotentiabf intensivdéishculturesystemsyhetheflow-througlor
recirculatingshoulderatednthebasiof howmuchfeedheycan'processperdaywithout
exceedingpecificpredeterminediateiqualityparametesichasammoniaitrogerandits
derivativesiitriteandnitratenitrogenandcarbordioxide suspendesblids anddissolved

oxygen.

Torealizeoptimumi,e.maximumannuaproductiothedailyfeedallotmenshoulde
asclosé¢othemaximuragpracticaltalltimes Forexampld,a systeoar'process'2kg
of feedperday thedailygainin biomassvouldbe 120kg for a feedonversionfone.Fora
feedconversionf 1.25thedailygainwouldbe96kg, Annuaproductionvouldbe43,80kg
and35,04&grespectively a steadgtateof maximundailyfeedallotmentouldbe
maintainethroughouheyearandgainsn productiomerereinovedlaily, Thisis not
practicalputthegoalisto comeasclosdo thismaximunaspossible Toaccomplisthis
requires sequentiedaringstrategywherea newgroupof fish,a newcohortjs introducehto

the systematregular tiine intervals.

Summerfeltetal. 993! describeandmodela sequentialearingstrategywheremarket-
sizefishareselectivelparvestelomtheentiresystemiyrespectivef theirlocatiorwithinthe
systemT hisapproadhusedbycatfistiarmer®accompligiearoungroductiarough
"cull" harvestingTheperareautputtanbemorethandoubledcomparetbtraditionabatch
culturewhereanentirepondis harvestedttheendof thegrowingcycle andis therrestocked
with a newbatclof fingerlings.Theannuabutputora one-yednatctcultureproductiorycle

is basicallyequalto the carryingcapacity.



Most public hatcheriesusethe batchculturestrategyastheymimic the naturalspawning

cycle of fish intended for releaseinto the natural environment.

Themodelpresentedhereusesoutinefish culturaldata,suchasgrowthrates,feed
conversionsfeedinglevels,conditionfactors,andmortality rates. Thesedataare speciesand
facility specificandoAenshowsomevariationfrom growing seasorto growing season.

However,establishedish farmsshouldhavereliableinformationfor theseparameters.

METHODS

Five differentculturestrategiesarepresented,Theyare ! singlecohortor batchculture,
I twocohort,! fourcohort,! six cohort,and! twelvecohortsequentiatearingculture.

Themodelis basedonthe following assumptions:

a! The systemcan”process"a maximumof 120kg of feedperday MFd = 120!,

b! The FeedConversions 1.25 FC = 1.25!,theFeedEfficiencyis 80% FE = 80!,

c! TherearingwaterTemperatures a constantt5 C T = 15!

d! The Temperatur&Jnit Growthrateis 0,006cm/d TUG = 0.006!. Thedaily growth

rate equalghe averagedaily temperaturegimesthe temperatureinit growthrate,
e! Thedaily growthrateis 0.09cm hL = 0,09!.

fl Theconditionfactoris 0.0100 k = 0.0100!. It is assumedo remainconstant
throughout the rearing cycle.

g! Thebeginningweightis2.75g W, = 2.75!.
h! The harvestweightis 500g W = 500!.
I! Thebeginninglengthis 6.5cm L, = 6.50!.
j' Theharvestlengthis 36.84crn L = 36.84!.
k! The length of the rearing cycle is 337 days RC = 337!.
I Cohortsareintroducedat equaltime intervalsduring a rearingcycle.

in! For multi-cohort rearing the number of fish arethe samefor eachcohort.



If a fish is stocked at aninitial length L,! and grown until harvestedat a final length L!,
thenthe lengthof the rearingcycle RC! canbe estimatedy dividing the lengthgainduringthe

rearingcycle L - L,! by the constantaily increasen length ~L!,

RCtday] L

Thefeedinglevelis determinedvith the formuladevelopedy Westers 987! andis

expressedin percentbody weight or biomass '/O0BW!.

Tx300x TUGXFC!
W/k!

Thevalueof thenumeratoiis a constanbecauséehe valuesfor temperaturetemperature
unit growthrate,andfeedconversiorareassumedo remainconstanthroughouttherearing
cycle. Thisvalueis 33.75, Thedenominatorepresentshe lengthof thefish, but because
samplesaremeasuredsweight, ratherthanlength,the equatiorusesweightandthe condition

factor, k.
Single Cohort, Batch Culture
Fisharestockedinto the facility only onceperyear,andgrowthroughonerearingcycle

to a maximumweightof 500g andlengthof 36.84cm. Their final feedrequirementaccording

to equation2, is 0.91/0BW/d.The maximumpermissiblebiomass MBM! canbe estimatedy:

MFd x 100
O/oBW






point at which maximumloadingoccurs. Lengthsandweightsfor eachcohortareobtainedoy:

Li=  Li+Mt |

Wheret is theageof the cohortin days. For the multi-cohortexampleghat follow, maximum

loadingoccurson day-337just prior to harvestinghe first cohortof therearingcycle.

Thefeedinglevel for individual cohortsis determinedby equation!. Basedon initial
parametersandequations-8!, a simpletablecanbe constructedjiving valuesof L, W, '/oBW.

andFd/Fsfor eachcohortat the point of maximumloading.
An equationfor estimatinghenumberof fish in eachcohort N! canbe derivedfrom the
maximumamountof feed MFd! the systemcanprocessandfeedinglevelsof all cohortsin the

system.Complexityis reducedhroughthe assumptiorthat all cohortscontainthe samenumber
of fish N=N,.h.,=N . etc...l.

MFd = Z:Teed,.
= ZI N,.x Fd/Fs!.t

MFdx1000

C
i:Zi Fd / Fsl,.



Thevalueof 1000in equation 9! convertsgramsto kilograms.

Themaximumannualproduction MAP! for a selectedequentiatearingstrategycan

then be estimatedby:

NXW xC 365
X o!
1000 RC

whereC is equatlto thenumberof cohortsin therearingcycle.

Equationg -10dehndahebasianathematicabnceptsehindhesimplifiedsequential
rearingmodel, In latersectionswe presentresults&om 2, 4, 6, and 12cohortsperrearingcycle
basedon historicaldata,anddemonstratéow fish producersnight usethis modelto help

optimizethe productionpotentialfor theirindividual systems.

Effects of Growth Rates On Production

To examinethe effectof growthrateon productionwe usedslowergrowingfishin a six-
cohort rearing strategy,
The parameter®f slowergrowingfish areasfollows;

a! TherearingTemperaturés 10C T=10!

b! The TemperaturéJnit Growthrateis 0.005cm TUG = 0.005!

c! Thedaily growthrateis 0,05cm aL = 0.05!
d! Thelengthof the RearingCycleis 607 days RC = 607!

e! A new cohortis introducedeveryl0ldayst= 101!
fl. The%BW s 18.75/L 00 x 10x 0.005x 1,25/L!



Mortality

Seasonefish farmersknow nearlyall cohortsof fish experiencanortality losses
throughoutherearingcycle. Oftenmortality ratesvary betweerncohortsandbetweenlife stages
within cohorts. Basedon pastexperiencer historicaldata,a fishfarmercanestimateannual
and/oragespecificmortality ratesin the form of percentagesf fish expectedo survivefrom one
stageto the next. To examineeffectsof mortality onthe modelwe assuineadonstanimortality
from yearto year,but highermortality for youngerfish thanolderfish. This caneasilybe

demonstrated for the 2-cohort model.

Assumptions:
a! Mortality ratefor thefirst 168daysis 8 percentm, = 0.08!.
b! Mortality ratefor days169-337s 5 percentm = 0.05!.

c! Numbersof fish at ageareequalbetweerncohorts.

As in the caseof themulti-cohortmodel,length,weight,andfeedlevelscanbe estimatedrom

equations !, 8!, and !.

Thenumberof fish on day 337 equalghe nuinberof fish on day 168lessfive percent.

This canbe shownwith equation11.

337 Ni i6sX1 m ii!

Maximum loadingoccurgust prior to harvestwhich is on day-337for the examples
presentedhere. The maximum amount of feedthat the systemcan handle must be distributed

betweernthe numberof cohortsin the system.For a two-cohortearingstrategy:

MFd = Feed,.., + Feed ,,



Onday-337 the ageof cohort-1is 337d, andtheageof cohort-2is ] 68d. The maximum

amountof feedcanbethenrelatedto thenumberandageof individual cohorts:

MFd = Nt 337XFdf coho<-ANt=t6sxFdf cohor?

Throughsubstitutionf equationl! intotheaboveequatiorandafterrearrangingp solvefor

MN, ,, thenumberof fish atthe midpointof therearingcyclecanbe obtained:

IVIFd x 1000

Fd/Fs , ,x -mri! Fd/Fs 2!

Finally theinitial stockingqiumberor eacltohorenteringhesystencanbeestimately:

3!

RESULTS

Single Cohort, Batch Culture

A singlecohorf fishentershesystenonday1;thefishgrowthrougtonerearingcycle
in 337d to a harvessizeof 500g. Fromequation! the maximumbiomasss determinedo be
13,18kg, andhemaximummumbeof fishthatshouldestockeahtothesystenms 26,374ish

equation 4!,

Batchculturenormallyrequiresa full rearingcycle,sometimes full year,to achieve
maximumbiomassandto harvesthefish. Feedinputto the systemapproachethe maximum
feedallotmenthesystencanprocessnlyonceperrearingycle. Thusthroughbatchculture

strategieshefishfarmeiis notoptimizinghebiologicakfficiencyof theculturesystem.



Multi-cobort, Sequential Rearing Culture

Model estimatedor a 2-cohorrearingstrategyis shownin Tablel. Oneassumptiorof
thismodelis thatthe numberof fish percohort MN! is the samefor eachcohort. Maximum
feedinput to the systemshouldoccurwhenfish arereadyfor harvesti.e., at maximumbiomass!.
Equation 9! stateghatatthetime of maximumdaily feed 20 kg or 120,000g feed! thefeed
requirements all cohortsn thesystenshouldequathismaximum Assuming/IN,= MN

and cohort Il starting at 168 we can write;

1.57 MN +4.55 MN = 120,000

6.13 MN = 120,000

MN = 19,576

All critical informationfor two or morecohortsis summarizedn tabularform Tab]esl through

4! andgraphicallypresentedn Figures1 throught.

Theresultsof thefive rearingstrategie@resummarizedn Table5. Column3, "ratio”
givesheratiohetweethemaximunannuaproductiomealizedavith thedifferentearing
strategieandthemaximunbiomasghesystencansupport,e.,thecarryingapacityln the
singlecohortbatchculturestrategythemaximunannuaproductiorqualshecarrying
capacitythusitsratiois 1.0. Thetwo-cohomprogranaccomplishesmannuabutputhatis 1.6
timesasgreatstheone-timenaximunbiomassij.e.,thesystemisiaximuncarryingapacity!.

Column5 of Table5!, "kg/ch liststheincreasen productionpercohort. As the
numberof cohortsincreasesthe gainpercohortdecreasesColumn6 "toTMAP" showsthe

maximumi.e. 100'leefficiency.Thistheoreticahaximumsrealizedf 120kg feedcouldoe



fed365d oftheyear, For a feedconversiorof 1.25 feedefficiencyof 80%!,the theoretical
maximumannualproductionequals35,040kg 20 x 0.80x 365!.

Column7,"meanFd/d" recordsthe maximumaveragedaily amountof feedrealizedat
timeof maximunbiomass T heclosethisisto the 120kg,themoreefficienttheproduction.

Effects of Growth Rates on Production

Figure5 graphicallyillustrateshow diminishingreturnson productionarerealizedasthe
numbeof cohortaddedo therearingycleincreaseslhemaximummumbepercohortN!
andmaximunannuaproductionMAP! for theslowemgrowingishweredeterminedsing

equations 9 and 10.

N = 120,000/7.37 = 16,290
MAP = 6,290 x 500x 6 x 365!/ 000 x 607!= 29,386

Noticehathisgroupequirean80%increasafingerlingg24fish,ovethefastegrowing
fish Table 3!, butthe maximumannualproductionremainsthe same. The maximumbiomass
for the slowergrowingfish understeadystateconditionsis 1.21timestheoneof the faster
growingspecies) Table3. Thusforequatearinglensitietherearingzolumeanustbe 1,21

timesgreater.
Mortality

Mortalityeffectavereincorporateith themodelfor a 2-cohorsystemEquationsl!-

3! wereusedo estimataumbersf fishin thesystenovertime. Takingmortalityinto
account, initial stocking levels were estimatedto be 22,108 in order to achieve the sameMAP
estimatddrthebasi¢wo-cohomodel,Thusthebasienodelvithoutortality,
underestimateitialstockinggveldy 12.9% scomparadthemortalityncorporataaodel.
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Dtscvssrox

Contraryto whatonemight expect fastergrowthratesdo notresultin greaterannual
production than slower growth rates,providing there is no difference in feed conversions. Once
the maximum biomass hasbeen attained, i,e., the steadybiomass of a specific amount of daily
feed allowance, the daily gain in fish flesh is the same,as long as feed conversions are identical.
However, there are distinct disadvantageswith slower growth rates. Slower growing fish require
longer time periods and more fish per cohort to achieve steady state. As a result, more spaceis

required, resulting in higher capital costs.

Non-mixed cohort rearing is preferred over mixed rearing in intensive aquaculture.
Uniform sizefish populationsgreatlyexpeditegoodfeedmanagemeny producinglessfeed
waste. This is animportant envirorunental issue and a critical economic factor Midlen and
Redding1998!. Table5 andFigure5 clearlyshowdiminishingreturnswith eachadditional
cohortaddedto the program. The mostsignificantincreasgper cohortaddedo a production
programis to move from batchcultureto two cohorts. Theresultsshowthatthis changen
strategyincreaseproductionby 61'/0. The overallincreasan productionis 104/ofor four
cohorts 6'/a percohort!, 123'/dfor six cohorts 0.5'/0 percohort!'and 145.5'/Gor twelve

cohorts 2'/0 per cohort!.

For a non-mixedsequentiatearingstrateqyit appeargrom the abovedatathata program
of two to six cohortsmaybe optimal. Much depend®n theavailability of eggsor fingerlings
throughouta yearaswell asspeciesdomesticationbroodstockprogramsnumberof rearing
units,andeconomics,At thevery least,fish culturistsshouldattemptto go from batchcultureto

one of two cohorts.

Routinefish culturedatahasbeenusedin this simplified methodfor sequentiatearing

strategies.Valueshavebeenroundedto simplify handcalculations. Constantvalueshavebeen

11



usedhroughouterearingyclefortemperaturégedconversiorgrowthrate andcondition
factor.Thissnotrealistidyutit makethepresentatiessomplicatel@sconfusinglhe
mechanispnesentesialidanccarbeappliewher¢hesparametesbangeuringhe
productiocycle.ltisofgreatmportanderproductiomanagetsestablish reliabléata
baséorthesdishcultur@parameterSoday'somputecarreadilylealviththevariables,

including mortalities.



Table 1. Projectedfishlengthweight,feedpercentoodyweight '/oBW!, feedper fish Fd/Fs!,
biomaggercohortBM/chlaadmaximunfieedoercohortMFd/chifora two-cohorgaring
strategyat the end,day-337 of thefirst cohort'srearingcycle.

Cohort Age Length Weight '/oBW Fd/Fs BM/ch MFd/ch

<l cm! 9! g! kg! kg!
168 21.62 101 1.56 1.57 1,980 30,9
337 36.84 500 4.55 9,804 89.1

Total 6.12 11,784 120
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Table 2. Length, weight, feed percent body weight %BW!, feed per fish Fd/Fs!, biomass per

cohort BM/ch! and maximum feed per cohort MFd/ch! for afour-cohort rearing strategy,

Cohort Age Length Weight %BW FdfFs  BM/ch NIFd/ch
d! ~m! 9! g! kg! kg!
84 14.06 27,8 2.4 0.67 345 8.3
168 21.62 101 1.56 1.57 1,254 195
525 29.18 248 1.16 2.88 3,080 35.7
337 36.84 500 4.55 6,210 56.5
Total 9.67 10,889 120
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Table 3. Length, weight, feed percent body weight '/oBW!, feed per fish Fd/Fs!, biomassper

cohort BM/cb! and maximumfeedper cohort MFd/ch! for a six-cohortearing strategy.

Cohort Age
d!
56
112
168
224
280

337

Length Weight

crn!

11.54
16.58
21.62
26.66
31.70

36.84

g!
15.4
45.6
101
189
318

500

[08%'

15

2.92
2.04
1.56
1.27
1,06
0.91

Total

Fd/Fs

g!
0 45
0.93
1.57
2.40
337
4.55

13.27

BM/ch
g!
139
412
913
1,709
2876
4,522

10,571

MF Uch
kg!
4.1
84
14.2
21.7
305
41.2

120.1



Table 4. Length, weight, feed percent body

~eight

/oBW!, feed per fish Fd/Fs!, biomassper

cohort BM/ch! and maximum feed per cohort MFd/ch! for a twelve-cohort rearing strategy.

Cohort

12

10

Age
d!
28
56
84
112

140
168
196
224
252
280
308

337

Length Weight

cm!
9.02
11.54
14.06
16.58
19.10
21.62
24.14
26.66
29.18
31.70
34.22

36.84

g!
7,3
15.4
27.1
45.6
69.6
101
141
189
248
318

401

%8W

16

3,74

2.92

2.4

2.04

1.77

1,56

1.39

1.27

1.06

0.98

0.91

Total

Fd/Fs
g!
0.27
0.45
0.67
0.93
1.23
1.57
1,96
2.40
2.88
337
3.92
4.55

24.20

BM/ch
kg!
36
77
139
227
347
5.03
703
942
1,236
1,585
1,998
2,492

10,283

MFd/ch
kg!
1.4
2.2
3.3
4.5
6.1
7.7
9,7
12.0
14.2
16 7
19.5
22.7

120.0



Table5. Numbepofcohorts a rearing strategy maximunannuaproductioAP! ratioof
MAP tothemaximunbiomas®ra one-coha@trategynitialstockinigvelsMN!, increasm

production per cohort kg/ch!,MAP asa percentagefthe theoreticamaximumannual

productio®TMAP!, andmeardailyfeedperfish MeanFd/d!.

Cohorts MAP
kg!
13,187
21,237
26,902
29,383

12 32,381

Ratio

1.00

1.60

2.04

2.23

2.46

MN

26,374
19,608
12,419
9,043

4,984

17

kg/ch

8,050
4,572
3,239

1,745

%TMAP

61

77

92

Mean
Fdid kg!
45.6
73.2
92.4
100,8

110.4
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INTRODUCTION AND JUSTIFICATION OF THE DOCUMENT

U.S. aquaculturdhasshownsignificantgrowthduringthe lasttwo decades.During the 80s,
the productionof food fish tripled. This average30'/9annualincreasevasprimarily theresultof
a 700'/ancreasan catfishproductionanda doublingof the trout output. Thesetwo species
represenover half the food fish productionin theU.S., grownprimarily in industryscalefarms
in the statesof Mississippiandldaho, Expansionof the catfishindustryis in jeopardydueto
drawdownsof the onceabundangroundwatesourcesn the DeltaRegion Tucker 1996!'and
expansiorof the ldahotrout industryis on hold asit mustmeeta 40'/0reductionin phosphorous
discharges Goldberg and Triplett 1997!.

The growth during the 1990swas reducedto an annual averageof about 15'/0. It is rather
interestingto notethatthis moremodestgrowthis mostlytheresultof new, non-traditional,
speciesenteringU.S.commercialaquaculture, Thesearethe netpenoperationdor salmonin the
statesof MaineandWashingtonthe productionof hybrid stripedbassandtilapiain recirculation
systemsand,evenmorerecently,we arewitnessingseriouseffortsto raisenewcomersuchas
yellow perch andwalleye asfood fish.

This changdo new specie<learlyreflectsanincreasednterestin commercialaquaculture,
promptedby thepromotionaleffortsby severabrganizationandgovernmentgencieso
counterprojecteddeclinesin captivefisheriesandincreasesn seafoocconsumptiorandimports.

Authorshaveaddresse@ssuesof expansiorof aquaculturéo conveyideason howto
integrateaquaculturento society. Growth of aquaculturenustproceedn a sustainablenanner,
meaninghhatit mustmeeteconomicsocial,andenvironmentafjoalssimultaneouslyBardach
1997!. Boyd 999! considerghetermsustainabilitywhenusedin environmentatontext,asa
worthlessword becauseherearemanydefinitions,andno oneknowswhatit means.Boyd
suggestshat sustainabilitywhereusedin the environmentatontext,shouldbe replacedwith the
termenvironmentamanagementBoth BardachandBoyd havevalid points,mainly, aguaculture
mustbe economicallyiable, sociallyacceptableandstrive to reducenegativeenvironmental
impacts, i.e., it must be sustainableon all fronts.

TheFoodandAgricultural Organizatiorhasdefinedsustainableevelopmenasthe
managemenandconservatiorof the naturalresourcebaseandthe orientationof technological
andinstitutionalchangen sucha manneasto ensureghe attainment&andcontinuedsatisfaction
of humanneeddor presentandfuturegenerations.Suchsustainableevelopmentonserves
land,water,plant,andanimalgeneticresourcesis environmentallynon-degradingtechnically
appropriategconomicallyiable,andsociallyacceptable. Thesearemajor challengeshe
growing aquaculturendustryfaces,challengest canneitherignorenor circumvent,norcana
fledgling industrysupportthe neededesearctanddevelopmeneffortsto accomplishall of these
goals.

TheU.S. governinenhasacknowledgedhata healthyaquaculturelevelopments in the best

interestof the nation,andmodestresearclandextensiondollarshavebeenchanneledhroughthe
U.S. Department of Agriculture USDA! to five Regional Aquaculture Centers.
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Since 1989%the North CentralRegionalAquacultureCenter NCRAC!, encompassingvelve
stateshasfundeda varietyof majorprojectsin extensionjmprovedculturetechnologyof a
numberof speciese,g.,yellow perch,hybrid stripedbasswalleye,etc.!,economicsand
marketing ,wastes/effluentsandseveradrug-relategrojects.

Eachyear,priority areasareidentified by the Centerandthe IndustryAdvisory Councilin
consultatiorwith the TechnicalCommittee. Thesearethenpresentedo the NCRAC Boardof
Directors BOD!. Eachyearfocusesnaychangejnterruptingcontinuity.

At their 1998 annual meeting the BOD decided, after consultation with the various
coinmitteeghata seriesf whitepapershouldedevelope@dddressintpemosturgentareas
for researclandextensioractivities. Eachwhite paperis to identify the currentstatusthe
critical factorslimiting sustainablelevelopmentandrecommendationasto theresearcland
extensionagenddhat shouldbe consideredn futurework plans.

Twowhitepaperspneontilapiaandonecoveringellowperchhavebeercompleted.
Sevenadditionalpapershavebeenapprovedy the Board,including this oneon effluentsandthe
environment.

TheBoardhasrecognizethattheimageof theindustnandits futuremaybein jeopardy
unlesst dealseffectivelwith environment&sues Environmentalisésealreadyn anattack
moden theU.S.asevidencetythe 199 Environmerdefens&undpublicatiorof "Murky
WatersEnvironmentéffectsof Aquaculturen theUnitedStates"Goldberg@ndTriplett
1997!.Also,theU.S.Environmentérotectiodgency USEPAhasdecidedhataquaculture
must comply with the Clean Water Act.

TheJointSubcommitteen AquaculturelSAlhasdentifiedheséchallengesidndstates:
"As U.S.aquaculturecontinuego expandjt mustbe sustainabl@ndenvironmentally
compatible. We needsubstantiallybetterknowledgeaboutpossibleinteractiondetween
aguacultureandnaturalenvironmentg¢o minimize the potentialfor habitatdegradationgdisease
transmissiongeneticdilution of wild stocksthroughinterbreedingwith cultivatedstrains,
introductionof non-indigenouspeciesnto naturalwaters,anddischarge®f wastesfoxins, and
excess nutrients.”

CURRENT STATUS ON EFFLUENT AND THE ENVIRONMENT

Concernsaandcontroversiegboutpotentialenvironmentatlegradatiorby aquaculturdave
gonehandin handwith its phenomenagrowthandpromotion.

A BRIEF HISTORICAL  PERSPECTIVE
Priorto 1970,therewereno articlesof anysignificanceconcerningaquacultureasa sourceof

pollution in the U.S.,but EarthDay 1970wasa wake-upcall, It spurredanawarenessabouta
broad range of environmental issues,including pollution af our surface waters.
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Consequentlyin 1972 the EnvironmentaProtectionBranchof Michigan's Departmenof
NaturalResourcesMDNR! becameproactiveby conductinganextensiveevaluationof the
waterquality downstreanfrom nine statefish productionfacilities. Resultsof 41 waterquality
surveysshowedhatthe fish cultureactivitiesgenerallyresultedin increaseaoncentrationsf
biochemicaloxygendeinand suspendedolids,organicnitrogen,ainmonianitrogen,
orthophosphatphosphorusandtotal phosphorus Noneof the facilities hadanyform of waste
treatmentiicorporatedn their design MDNR 1973!.

No evaluationwasmadeasto therealimpactson thereceivingwaters but shortlyaflerthree
facilitieswerecompletelyrenovatecanddesignedvith solidstreatmenteaturessomewere
discontinuedvhile theremainingfacilitieswereoutfitted with simplesolidssettlingponds.

In 1975,Caufield 975! reportedonthewaterchemistryof five ColumbiaRiver Basin
hatcherieandconcludedhatthevariancewithin a datgparametewassohighthatthe analyses
wereinadequateo providereliablequantitativeinformation. This problemis still with ustoday

Cho etal. 1991!.

In 1974the USEPAdraftedregulationentitledDevelopmentdocumentfor proposed
effluentliinitations andstandard®f performancdor fish hatcheriesandfarms.” Final
regulationsverenot promulgatecandwhereregulationshavebeenestablishedtheyhavebeen
inconsistemtueto thelackof a properlprepareduidancdocumenglongwith thefactthat
fishculturanethodologyasnotadequati® predicthetimeatwhichefHuenlimitswould
exceedin any fish culture situation.

Duringthe 1980sandearly1990snanyadditionastudieso characterizajuaculture
effluentsandtheir environmentalmpactshavebeenconductedandreportedon, bothin theU,S.
andEurope DePauwandJoyce1991;CoweyandCho 1991;Rosenthaktal. 1993;SRAC
1998!.

Mostof theensuinditeratureshowgreatariabilityin reportedvastdoadingandheir
environmentaffects.Thisvariabilityis a reflectionf thedifficultyto develo@ uniformly
cleampictureof aquacultureffluent@ndenvironmentatpacts.Thisdifficulty stem&om
differencedn culturesystemsproductionratesandtiming, quantityandquality of sourceand
recipienwvatershydrauligetentionime,fishspecieandagefeedypesandfeedingatesand
managemerproceduresuchascleaningandeffluenttreatment.Bardach 997! pointsoutthat
impact®f lowdilution highvolumeaquacultuischargesreextremelgifficultto determine
dueto insufficienknowledgabouterycomplexecologicaelationshipgamongnemberef
the aquaticcommunity.

hnpactscanbe beneficialwhereprimarily aquaculturggeneratedlissolvednutrientsare
addedo relativelysterilavatersenhancings productivityn a positivevay. Forinstancen
the 1950gherewereattemptan Michiganto fertilize sterile,unproductivestreamswith
phosphorus, Theseattemptdailed becausehe phosphoruguicklybecameunavailableasit
bound with the substrate.

AQUACULTURE EFFLUENTSWHITE PAPER DECEMBER 1999! PAGE4



Hatcheryeffluents,ontheotherhand,functionas"drip treatment"systemscontinuously
addingphosphorustvery low concentrationsallowing mostof it to be assimilatedy thebiota
of thereceivingvater, In othersituationgnpactsarehardlynoticeablastheyarewithinthe
limitsof naturafluctuationsin fewsituationgherehavebeernreport®f undesirablelamaging
waterquality degradationsvherereceivingwatersareoverburdenedy aguaculturavastein the
formof settleablandsuspendemblidsanddissolvediutrientsNetpenoperations particular
havethecapabilityo causdocalizedlegradatiotueto poorsiting,or,whenplacedn confined
bodieof wateitheycancausdyper-eutrophicatioAn exampldéortheNorthCentraRegion

NCR!isrepresentdn thenetpenculturan Minnesotaninepits, Theseperationgerejn
essencshutdownby thestate'$ollutionControlAgencyastheywereunabldo intercepand
removesolidsandnutrientso prevenexcessiveutrophicatioandsolidsdepositionAxler et
al. 1996Hora1999!.Othercasesnayinvolveindustrial-sizeperationsuchasldaho'srout
industry'smpacbntheSnakd&iver. Overallthemajorityof aquacultureperations the
NCRaresmalltheyshownomeasurablegegativémpactswhilelargemoperationappeato be
wellmanagedausingninimalwatemualityimpactsGLFC1999!.

PRESENT SITUS TION

Thereis a movemenafootby environmentalist$o alertthe public, the environmental
regulatoragenciegndpoliticianghattheprojectedevelopmeitf a majol).S.aquaculture
industrithreatentheenvironmenh multipleways andoropessafeguardseedo beputin
place.Asa resultregulatorgonstraintsiaybecomevermoreestrictiveand assuchmay
actuallybecomethe majorimpedimento the growthof aquaculturento the nextdecade.To
counterthis thegovernmentUSEPA! andindustrymustestablishandmaintainopenchannelsof
communicatiorto negotiatepracticalandsoundresolutionsto thesevariousenvironmental
ISSues.

TothatendtheJSAhasbeerdiscussinthisneedviththeEPAandanagreemeihtasbeen
reachedo establishan AquacultureEffluent TaskForceunderthe directionof the JSA. This
taskforcewill consisbf subgroupsomposeaf personwvith practicahndresearchxpertise
relativeto thevariougypesof culturesystemdjow-throughiecirculatiomondnetpen.etc.

G, JensenlUSDA, personatommunication!.

Aquaculturemustbe environmentallyresponsiblebut it shouldnot be subjectto excessive
andunnecessargnvironmentategulations Boyd 1999!,

CRITICAL  LIMITING FACTORS AND RESKARCH/OUTREACH NKKDS

Therapid growth of aquaculturein responseo the projectedshortagef seafoodandthe
promotionagffortsbythegovernmentyeatea climatef excitemernesultingn unrealistic
optimismcausinga "running-before-walkingfesponse.As a resultsocial,economicand
environmentakoblem$iaveplaguedquaculturasa newandrapidlygrowingndustryfor
whichtechnologgndmanagementethodarebeingdevelopedBoyd1999!,Forexample,
investmentmadeon"turn-key'systemhlaveoAerfaileddueto unrealistidf notoutrightfalse,
claimsaboutproductionandperformanceapabilities.
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Aquaculture eventuallywill reachtherequiredperformancesthetechnologypushestself,
butin this procesgherewill befailures Bardach1997!. Indeedwe havewitnessedsome
failuresincludinga numbeof relativelytarge hightechoperationsnakingt moredifficult to
obtain capital for new ventures.

Technologyis the critical factorasit mustaccomplishmultiple goalsofbiological, economic,
socialandenvironmentatequirementsimultaneously.

In a nutshellaccordingo Midlen andRedding 998!, designandmanagemenof
aguaculturesystemsrethe critical factorleadingto reducedwvasteoutput...butunlesshese
functionsreaffordablesconomitailureswill occur.lii othemwordstheapplietéchnology
mustbe costeffective, Midlen andRedding 998! suggesthatanincrementabpproach
regardingegulationgsombineavithimprovementa technologyanresulin processesore
harmoniouandsensitivéo theeconomistatu®f theindustry At thesamdimeit isimportant
to protecttraditionalsmall-scaleoperationgrom unrealisticor over-burdensomeegulations.

Theexistingtraditionalindustry'in theNCRconsistsnostlyof a greadliversityof small-
scalelow-tectoperationsilt is pointles$o insistonrigid controldor suchtraditionalrelatively
smallandocalizedhquaculturacilitiesvherdaheimpactsrelow or non-existenPillay
1992!.Everwhergherearesomeadversempactsecognizedbeit minimal suchmpactsre
notirreversiblandcanoftenbeavoidedvith simpleneasure8oyd1999Collonpersonal
communicationUnfortunatelyn somecasessmallaquaculturiacilitiesaresubjectothe
sameostlypermitfee monitoringanddischargeequirementgppliedo largeindustrial
facilities RubincandwWilson1993!.It seeingnostreasonable suchcasegshatpermitsare
negotiatecn a casdy casebasiswith asimportantconsiderationswailabletreatmenimethods
andtheabilityof thereceivingvaterto assimilattheeffluent. It is clearthatthis"cottage-type"
industrgannatupplyhefuturelemandffoodish buttheycarfulfill animportambleby
serving limited niche markets.

As hasbeentrue for farmingof the land, farmingof thewatermustbe intensifiedto reduce
envirorunentaffectsandto improveefficiencyBoyd1999!.Intensivaquacultureanbe
classifiedsconcentratdded-lobperationsyhicharesubjecto waterqualityregulations
undetheCleanNaterAct. Theoperationsiusteasefficientn feedutilizationaspossibl¢o
reduce solid and dissolved wastes.

Accordindo Nijhof 992! a thorougknowledgenrelationshipsetweereedntakeand
growthshouldbeapphedh effluentassessment/atemqualitymonitoringshouldeinterpreted
in closeconjunctiomwvith basidknowledgengrowthandproductiomlateto avoidunrealistic
estimations.

Choetal. 991! addresthissameoncernTheaccuracyf effluentanalysesuffergrom
changem productiorefficiencyormanagemeattivitieatthemomenof sampling They
haveshowrthatmodelinghetheoreticatffectof feedingbasedndietcompositioandfeed
conversionss simplerelativelyinexpensivendmoreaccuratthansamplingheeffluent.
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Thedevelopmenof nutrientdensehigh energy Jow phosphoruglietshavemadeit possible
to reduce waste output, But Nijhof 992! points out that asthe proportion of dietary lipids
increaseat the expensef protein,the total wastedischargancreasesvhenexpresseds
biochemicaloxygendemandalthoughthe nitrogendischargas reduced. The mostsignificant
wastecontributioncancomefrom spilledfeedaccordingNijhol s modeL This oftenis a
problematfish farmsandcanbeasmuchas30'/0of therationfed Verdegemetal, 1999!, To
eliminatethis potentialwaste,fish farmersin Denmarkmustaccomplisha feedconversionof

one or less.

No rnatter how efficient the diet is, there still will be waste and, as a minimum, solids should
be interceptecandremovedfrom the wastestream. Removingsolidsrelatively intactand
removingthemfrom thewastestreamalsoreduceghe dischargeof phosphorusndnitrogen.
The newtechnologyof micro-screenindiasworkedwell in recirculationsystemsbut shows
relativelylow efficiencywheresolidsconcentrationsrevery dilute. Thisis the casewith flow-
througlsystemskForexampleata loadingf 8.3Ib/gpm.0 kg fish/Lpm!anda feedint¢gvel
of 1.0'1@odyweight,0.40z 0 ¢! of feedis fedperdayperLpm. If thisfeedgeneratef.10z

.5 ¢! of solidwaste,its averageoncentrationn the effluentis 1.75mg/L.

For flow-throughsystemssuspendedolidsconcentrationgenerallyrangefrom 2.~.0
mg/L. Thelargedischargesolumesin flow-throughsystemsalsoresultin very dilute
concentration®f nitrogenandphosphorus.Warren-Hanserf82! reportsconcentrationsf
totalnitrogerm therangeof 0.5 4.0mg/Landtotalphosphorusom0.05 0.15mg/L.

Still, low concentratioms highflow ratesanexcee@stablishadtaldailymaximuntoads
TDML!. Forexample,1.0mg/L in a flow ofjust 264 gpm ,000 Lpm! represent8.2lb/day
45 kg/day!,95.2Ib/month 3.2 kg/month!,and 1,142lb/year 18 kg/year!.

Flow-throughsystemsexportmost,if notall, of theburdenfor watertreatmento the
receivingvater. Thesesystembavea greategnvironmentahpacthaneithempondor
recirculatiosystems/erdegeratal. 1999!.Insteadftraditionaflow-througlsystems,
facilitiescanbedesignedndoperatedspartiakecirculatiosystemsRecenadvances solid
wastemanagemenhavebeenaccomplishedhroughthe useof a doubledraindesignin circular
rearingunits. A bottondraincontinuouslgemovespto 90'/%f thesolidsby meansftheself-
cleaningactioncreatedoy aslittle as 10'/0of the operatingflow rate Summerfelt1998!. Before
discharging this effluent it canbe treated with micro-screens becausesolids concentrations are
now ten-foldthe"normal" 2.0 6.0mg/L. Also, thisflow, if sufficiently small,canbetreated
furtherby meansof constructedvetlandsor "polishing” pondsto removenutrients. The90'/9
cleanwaterexitsthe tankthrougha drainplacednearthe surfaceor atmid-depthandis
recirculatedwith 10'/0'virgin" wateraddedo it.

Partialrecirculationsystemssuchasthis requireminimal or no biofliltration. A 10'/9flow-
ratereplacemengreatlyexceeds daily 10'/0Ovolumereplacemeng conventionatecirculation
aquaculturesystemmayhave. For instancea 3.28-ft .00-m! diametercircular rearingunit
which operatesta depthof 4.20ft ,28 m!, hasa rearingvolumeof 35.67ft' .01 m'. If
operatecat a waterexchangeateof 1,5exchanges/houf min retentiontime! theincoming
flowis6.6gpm 5 Lpml!,thelO'lccleanindglow0,7gpm .5 Lpm!. This0O,7gpin .5 Lpm!
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representsdailyolumenf 951.(yal ,600 L!, Ontheothemhandif operatedsa true
recirculatiaquacultusgsterat90'/@fficiencyhelO'/dailyreplacemembulde26.4al
00 L! fortherearingroluineplusanadditionall3.2gal O L! fortherestofthesystemwhich
mayincludehebiofilter,for a totabf 39.6gal 50 L! versu®£51.0gal ,600 L! forthepartial
recirculation system,a ratio of 1:24.

Designintuture'flow-througdystenespartiatecirculatiaystenaralleviatenany
of the concernexpressethy environmentalistsTheyuselesswater,effluentscanbe treated
effectivelyfishescapesanbepreventetb a largeextentantibioticspf whichtherearefew,
aremostlyinterceptedith thesolidsand pvertiine,areneutralizedManyfederabndstate
cultureperatiorsseof flow-througkesignkFutureenovatigelan®fexistingjow-through
hatcherieshouldonsidepartialrecirculatiosystendesigns.

Additionapotentiahdvantagexd thesesystemareapplicatiomf wetlandconstructioand
utilizationof solidsasfertilizersYeoandBinkowskil999!.Also,withoutbiofiltrationjt will
beeasieandsafeto treatherecirculatioflowwith ozoneor pretreathenewwaterif needed.

Unlesdreeheat wasteneatlis availabldf is noteconomicallfieasibléo heatvaterfor a
partiatecirculati@ysteibecausdthehighdailywaterequiremergativéoa
recirculati@guacultusgstemr his'new'technologhoulthetestedlongvithcontinuing
researcanddevelopmerintraditionafecirculatiotechnology.

Asfuturgearingystenmmovdowargolidsecovemrougpartiakecirculatisystems
orrecirculatiaguacultusgsterdesignsndlilutionsincreasingpandonada waste
disposalolutioraquaculturistdl haveodealviththedisposandotentiabusef
loweredolumesf moreoncentratedstesAquacultureastsludgdsavenighwater
conteranccamresempsthstoragedorandransportatiproblemkikeotheagricultural
manuretheymayneedurtherstabilizatioandremineralizatioof theirorganicontent.
Followingrhichtheycarprovida supplemersalircefslow-releasgrogeanchave
beneficialsoil conditioningproperties.

Thechallengeill betofindenvironmentadlypropriatseffectivegngroperlgcaled
mean®f disposingnd/obeneficiallyeusinghesdy-productsln spiteof beingmore
concentrataddecoverabtbequantitproducdaya typicalperatiomaystillberelatively
toosmalto meetheneedsf largescaledieldagricultureTransportatiazostsor hauling
wasteo reuser municipatisposasitesnaybeprohibitivehhigh. Aquaculturisthayneed
innovativestrategiefor dealingvith on-sitedisposabf theseoncentratetiasteshatcanno
longebedischargetthroughdilutionintopublicwatersYeoandBinkowskil999!.

Existinganddevelopingechnologie®rnutrientecoveryndsolidwastalisposalAdleret
al. 1996Wwill haveobeadaptetb aguaculturacilityneedslmprovedandapplication,
constructedetlandandsepticsystendesignthatareappropriatelscaledo aquacultuneaste
production are needed,

Pioneeringffortsby investigator@ttemptingp integrateecirculatiomquaculturgystems
nutrientrecoverandsolidautilizationfor producinglantcropshavehighlightedhedifSculties
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of matchinghescaleof wastgroductionviththerequirements theplantcrop. Further
investigationf thesdypesf strategiesill takeonincreasesignificancasrearingystems
movetowardgreatemwaterrecirculationandwasterecovery Adler etal. 1996!.

RKSKARCHfEXTENSION PRIORITIES
not ranked by order!

RESEARCH

Nutrition

~ Develodow-pollutinglietsrequirindittle fishmealandproducingtabldecalpelletsor
non-traditionalspecies.

~ Developredictivenodel®f nutrientetentiomy thefishandexcretiomf solidsand
dissolveavastedorthesaliets Choetal, 1991Nijhof 1992Westerd 995!

~ Testtheperformancef partial semilrecirculatiosystemby evaluatingriticalwater
gualityparameteespecialammoniandedifferenproductioandvateuseantensities
Summerfelt1998;Westers1999!.
Evaluateommerciataleecirculaticaguacultusgstemsearingvateguality
paraineterproductiorrapabilitiesyaterdemandyastenanagemerandeconomics.

~ Evaluateppropriatedgalethanagemeatitategiemndechnologiésrecoveryf
nutrientandsolideoncentratedmpartiandullrecirculatiraguacultusgstems.

EXTENSION
KeembreasifthetechnologiaivelopmeimisaquaculturethelU.Sandceurope.
~ Conduatorkshopabestnanage menaicticégrenvironmemznagemand

effluent control.
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THIS ISSUE:

SUSTAINABILITY

.  ECONOMICALLY
2. SOCIALLY
3. ENVIRONMENTALLY

ALL MUST BE ME SIMILTANEOUSLY

BOYD 1999 WAS METTING
KEYNOTE ADDRES S

USE THE TERM

ENVIRONMENTAL MANAGEMENT

KEY: TECHNOLOGY!



SUSTAIIVABILITY

FAOQO:

1. CONSERVES LAND

2. CONSERVES WATER

GENETIC
3. CONSERVES PLANTS
4. CONSERVES ANIMALS
ON-DEGRADING ENVIRONMENTALL
6. TECHNICALLY APPROPRIATE
7. ECONOMICALLY VIABLE

8. SOCIALLY ACCEPTABLE

1THROUGH 5
ENVIRONMENTALLY
ATALL ORDER FOR THE
AQUACULTURE INDUSTRY



REQUIRES RESEARCH AND DEVELOPMENT
BUT...A FLEDGLING INDUSTRY IS NOT
IN A POSITION TO SUPPORT THE COST

OF THIS NEED IT NEEDS HELP

JUSTIFICATION:

NATIONAL AQUACULTURE PLAN

"THE DEVELOPMENT OF A
SUSTAINABLE

AQUACULTURE INDUSTRY
IS OF

NATIONAL INTEREST"



ENVIRONMENTAL CONCERNS
EDF "MURKY" WATERS!

1. WATER QUALITY DEGRADATION
DIFFICULT TO ESTABLISH!

2. DISEASE PATHOGEN! TRANSMISSION
WHILRING DISEASE!

3. EXOTIC S ANS!
4. GENETIC DILUTION
5. TOXIN S/CHEMICALS

6. ANTIBIOTICS

PUBLIC PERCEPTION
POLICTICAL AGENDAS
POLICTICAL ACTION



HISTORICAL

1970'S

BEEN TRYING TO GET A"HANDLE" ON
EFFLUENT CHARACTERISTICS

YES P, N, SOLDIS, BOD

BUT: GREAT VARIABILITY

IMPACTS: ? EVEN MORE DIFFICULT
PLATTE LAKE, MICHIGAN!

"IMPACTS OF LOW CONCENTRATIONS,
HIGH VOLUMES OF AQUACULTURE
DISCHARGES = ARE DIFFICULT  TO
DETERMINE DUE TO INSUFFICIENT
KNOWLEDGE ABOUT VERY COMPLEX

ECOLOGICAL RELATIONSHIPS."

BARDACH, 1997
SOME POSITIVE!



EPA 1974

"DEVELOPMENT DOCUMENT FOR
PROPOSED EFFLUENT LIMITATIONS

AND STANDARDS OF PERFORMANCE
FOR FISH HATCHERIES."

EPA JAS 2000

AQUACULTURE TASK FORCE
GARY JENSEN!

FACILITIES SPECIES

POND, COMMONLY GROWN
FLOW- THROUGH, TROUT, SALMON,
RECIRCULATION, CATFISH,

ETC. STRIPED BASS,

ETC.



MONITORING OF EFFLUENT WATER
QUALITY!

PROBLEM:

GREAT VARIABILITY

1. TIMING

2. SYSTEMS

3. MANAGEMENT PRACTICES
4. DYNAMICS, ETC.

FEED: SOURCE OF P, N, SS,ETC.
CAN BE QUANTIFIED.

MORE RELIABLE, LESS COSTLY
CHO, etat.!

DENMARK FEED LIMITS!

FEED CONVERSIONS



TECHNOLOGY

"THE DRIVING FORCE"
ECONOMICS

"THE FRICTION FORCE"
RESISTANCE

WE NEED HIGH QUALITY, LOW COST

"LUBRICATION" TO OVERCOME

THE ECONOMIC DRAG

NUTRITION

SYSTEMS SRAS, RAS!
WASTE UTILIZATION RESOURCE!

EXTENSION BMP WORSHOP S






50

C6



OV






i
~ 0 26
oV

FE oP

n5



CO



ch

!
He

]
>0



~l+~t

Cl

tD

<

rA

oa









Cr}



CO

CD
CD

0]0)

CD

CD



CO

M
ch
~rl .
- -~ |
Ch 0
bQ
g
CC
CC
0]0]
0 I
CO
M
Co

CO

CO

CO

CO

CD

CO

CO

CO

CO

CO
(0]

CO

CO

CO

CO
CO

CO

6{0)

CD

CO
CD

(0]
md+



~W 0
M
T M
M
> 0>
Ck 00
~0
@]
IP5 0~
M
ch
~A
Q!

</<

CO
CD

CO



cn









CD

CO
CO

CD



ch

rA

QCl

o

5Q

o<

CO
00



e ~Q O

%OQQYOQQ
0== 2=



wW~m
CJ

4 M
go QO

~00
Q6

~EII




o<

CO

CO

CO

CO

CO

CO
QO



ch

CO
CO

cn

CO

M
M oo



CO

Ch

00

0gj
2 CNn
(0]
0
m o~
oQ
@)
cn O -~
M oA
0 00
V
g!C O



V! QO
V!
CcO

rA (@]

0 m
~M V -m
CO
CO

ace
CO
~0O
M
yO

«D
CO



CO

<

l

4]

0]0)



<

an



OV

cf}

L!



CcC

CcC




a Ccv



M!

Fg!

Z:f
bQ
0 ~@44 ’ X
>0 ~ 0
E.
~0O
C~C QOg~D~~~

QOKAA+W~Z



l

o)



l

Po 2

C4



ow a.J

g

220<e<



Q- e~
OO0
49 p~ ¢
I~ 4
c4d ~M M!
69
EUAA~W

bQ bQ ~O0G ~

I~



M M



CcC

1
>

1O~

48



CO

~ eel

CcC

@)

CC cO
CO
e
9 Q
- -
~6 SQ

AHN<c~



CD

M!

~ 0+~1

oCD

eA

CO



~ |++

CcC

CO
CO

CO
CO

CQ

CO
CO



CD

CO
COo

[ BN ]

0 ~0
cC
cO
CO

Lo

00

C4

CO



<0

CO
CO

CO
CO






