LIST OF FIGURES

Figure Page
Figure 1. Annual channel catfish processing in the United States.............cccccveveriverennnnne. 3
Figure 2. General channel catfish production process (Stickney 2004). ........c.cccoevvvvereenne. 4
Figure 3. General confined PAS configuration (Kirk 2004). ........ccccccevviveiiieiieeieseenen, 11

Figure 4. Production of channel catfish in the PAS from 1995-2001 (Aranguren 2004). 16

Figure 5. Food fish harvest size vs. fingerling stocking size in PAS. .......c..ccocevvevieenne 18
Figure 6. Catfish hatchery tank with @gg mMass. .........coceiieiiiiniieeee e, 28
Figure 7. 1/16™ iNCh MESN DN ..ot 30
Figure 8. 1/8™M iNCh MESH DN, ..ot 31
Figure 9. 1/4th INCN NEL-PEN. ..c.eiiie e 32
Figure 10. 12-hr continuous Delt TEder. ..........ooi i 34
Figure 11. Water flow system within the PAS fingerling production system................... 36
Figure 12. Flow-through cells installed for flow distribution experiment....................... 37

Figure 13. Diagram of grid used to obtain average flow velocities for 1/16"™ and 1/8" inch
mesh bins (A) and 1/4™ inch net-pen (B). Velocity readings were taken at the center

OF €aCH QUAAIANT (X) .evveieieieeeie ettt re e raeae e 40
Figure 14. Design configuration for experiment feed/density 1 (2005). ..........ccecvervenene. 54
Figure 15. 7-Day average morning teMPerature. .........ccocvereeeereeresieseeseseeseeseesee e 55
Figure 16. 7-day average DO concentrations for 5,000 fish cohorts............cccccceverveennen. 57
Figure 17. 7-day average DO concentrations for 10,000 fish cohorts. ...........c.cccovvvennnne. 59

Figure 18. 7-day average delta DO concentrations for 5,000 and 10,000 fish cohorts. ... 59



34

Figure 10. 12-hr continuous belt feeder.

Table 3. Feed pellet sizes, protein content, and fat content.

Feed Size Protein Content Fat Content
0.42 - 0.595 mm (Meal) 55% 15%
0.595 - 0.84 mm (#1 Crumbles) 55% 15%
0.841- 1.19 mm (#2 Crumbles) 55% 15%
1.5 mm (1/16") 55% 15%
2.0 mm (5/64") 55% 15%

3.0 mm (1/8th") 40% 10%
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highest temperatures were during the end of July and beginning of August. In the
beginning of September the temperatures began to decrease to less than 25°C during the
last two weeks of the growing season in October. The morning water temperatures
fluctuated with changes in air temperature. The temperature ranged from 22.3°C to

31.8°C over the entire duration of the season with an average of 27.1 °C.
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Figure 15. 7-Day average morning temperature.
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Dissolved Oxygen Concentration

The DO concentration was measured daily, between 8:00 and 8:30 am, both out in
the system and within the fish cohorts. For supplemental aeration, 0.75 hp fountain
aerators were installed. An airlift system powered by a 3 hp blower was also utilized to
create flow and aeration within the cells. Axial pumps powered by 0.75 hp motors were
turned on during the growing season as the oxygen demand increased to provide
additional flow rate as well as additional aeration.

The 7-day average DO concentrations were calculated from the daily readings and
plotted in Figure 16 for the 5,000 fish cohorts and in Figure 17 for the 10,000 fish
cohorts. The 7-day average delta DO was also calculated and averaged for the 5,000 fish
cohorts and 10,000 fish cohorts respectively (Figure 18).

In the 5,000 fish cohorts, the DO concentrations generally decreased as the
growing season progressed, due to increased fish respiration. The delta DO from system
to cohorts at the beginning of the season was 0.5 mg/L and increased to 1.3 mg/L at the
end of the growing season for the 7-day averages, again due to increased fish respiration.
The daily average morning DO within the fish cohorts was 4.49 mg/L, with a minimum
of 1.67 mg/L and a maximum of 8.13 mg/L, and an average delta of 0.85 mg/L.

For the 10,000 fish cohorts, the 7-day average DO concentrations dropped below
3.0 mg/L for 2 weeks in July and the delta DO from system to cohorts had a maximum 7-
day average of 2.3 mg/L in July. At this point the flow was not able to accommodate for

the fish respiration and the flow was increased by activating 2 — 0.75 hp axial flow pumps
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in each 10,000 fish cohort. This increased flow decreased the delta DO to 0.1 — 0.4 mg/L
in August and 0.5-1.0 through the remainder of the 2005 growing season. However, this
increased flow and high velocity caused turbulent flow conditions, making feeding
difficult. The daily average morning DO within the fish cohorts was 3.99 mg/L, with a
minimum of 1.11 mg/L and a maximum of 7.96 mg/L, and an average delta of 0.78

mg/L.
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Figure 16. 7-day average DO concentrations for 5,000 fish cohorts.
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Figure 17. 7-day average DO concentrations for 10,000 fish cohorts.
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Figure 18. 7-day average delta DO concentrations for 5,000 and 10,000 fish cohorts.

Total Ammonia-N Concentration

TAN concentrations were measured on a weekly basis, both out in the system and
within the fish cohorts (Figure 19 - Figure 20). From this the delta TAN was calculated
and is shown for both the 5,000 fish cohorts and 10,000 fish cohorts in Figure 21.

For the 5,000 fish cohorts, the TAN concentrations ranged between 0.8 mg/L and
1.2 mg/L from June through August, peaking at 1.4 mg/L towards the end of September
when the feed loading was the greatest. The general upward trend of the TAN observed is

explained by increased feed loading and fish metabolism as the growing season went on.



60

The delta TAN remained relatively constant throughout the growing season, at 0.1 — 0.7
mg/L.

For the 10,000 fish cohorts, the TAN concentrations also ranged between 0.8
mg/L and 1.2 mg/L for June through August, with a peak of 1.4 mg/L at the end of
September. Again, the general upward trend of the TAN observed is explained by
increased feed loading and fish metabolism as the growing season progressed. The delta
TAN followed a similar trend to the 5,000 fish cohorts, ranging from 0.1 — 0.7 mg/L

during the growing season.
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Figure 19. TAN concentrations for the 5,000 fish cohorts.

- - - SYSTEM

0.2

—i— COHORTS

10/15

0.0
6/17

717 7127 8/16 9/5 9/25
Date

Figure 20. TAN concentration for the 10,000 fish cohorts.
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Figure 21. Delta TAN concentrations for the 5,000 fish cohorts and 10,000 fish cohorts.

Feeding Rate

The daily feed rates (Figure 22 and Figure 23) show the average amount of feed
applied to each cell for the 5,000 fish and 10,000 fish cohorts, respectively. The values
are shown after each feeding rate was calculated for every sample. The feed rates
increased from sample to sample during the entire growing season for the 5,000 fish
cohorts with the exception of one sample at the end of June when the FCR dictated a
decrease in feeding rate. A maximum average of 15.4 kg/day-cohort (33.9 Ib/day-cohort)

was applied to the 5,000 fish cohorts.
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For the 10,000 fish cohorts, the feed increased until September 7, 2005, with the
exception of one sample at the end of June and one sample at the end of July. From
September 5™ through the sample on September 24™ the FCR increased above 3 and the
feed rates were accordingly decreased. The feed rates were increased for the last week of
the growing season, but never exceeded the maximum feeding rate of 14.8 kg/day-cohort

(32.5 Ib/day-cohort) for the week of September 1%,
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Figure 22. Average feeding rate per day per cell for the 5,000 fish cohorts.
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Figure 23. Average feeding rate per day per cell for the 10,000 fish cohorts.

Feed Loading

The total feed loading on the system was also determined for all 6 cohorts
combined (Figure 24). A peak 7-day average feed loading of 95 kg/ha-day (85 Ib/acre-
day) was observed during the second week of September. This gives insight into the total

nutrient loading on the system from the feed.
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Figure 24. 7-day average feed loading combined for all fish cohorts.

Growth

The growth was monitored for the entire growing season for both the 5,000 fish
and 10,000 fish cohorts (Figure 25 and Figure 26). The data is presented as the average
fish weight for the 5,000 fish cohorts and 10,000 fish cohorts after each sample. For the
5,000 fish cohorts, the average fingerling weight increased during the growing season to
a final average weight of 128.2 g/fish (0.29 Ib/fish). For the 10,000 fish cohorts, the

fingerling size increased until about September 8, 2005, when the growth rates began to
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diminish. The final average weight for the fingerlings in the 10,000 fish cohorts was 67.6

g/fish (0.15 Ib/fish).
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Figure 25. Seasonal growth curve for 5,000 fish cohorts.
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Figure 26. Seasonal growth curve for 10,000 fish cohorts.

Cohort Density

The average cohort density was calculated after each sample throughout the
growing season for the 5,000 fish and 10,000 fish cohorts, respectively (Figure 27 and
Figure 28). For the 5,000 fish cohorts, the maximum density obtained in the 1/16™ inch
bins was 7.21 kg/m® (0.45 Ib/ft), for the 1/8" inch bins it was 198.1 kg/m® (12.37 Ib/ft3),
and for the 1/4™ inch net-pens a final density of 125.0 kg/m® (7.8 Ib/ft®) was observed.
For the 10,000 fish cohorts, the maximum density obtained in the 1/16" inch bins was

0.89 Ib/ft® (14.42 kg/m®), for the 1/8" inch bins it was 18.83 Ib/ft® (301.6 kg/m®), and for
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the 1/4™ inch net-pens it was 6.7 Ib/ft® (107.3 kg/m®). For all six cohorts the average

density was 8.05+£0.90/,. This data agrees with prior stocking density experiments

conducted with food-size catfish, which concluded that stocking densities of 8 to

10 could be sustained with no adverse effect on growth (Brune, et al., 1999).
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Figure 27. Cohort fish density for 5,000 fish cohorts with container changes indicated.
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Figure 28. Cohort fish density for 10,000 fish cohorts with container changes indicated.

Cell Density (Ib/ft %)

Carrying Capacity
The carrying capacity was determined as the fish biomass measured per acre for
the entire season (Figure 29). The total fish biomass in the system was calculated after
each sample during the growing season. The total final carrying capacity for 2005 was

3,912 kg/ha (3,490 Ib/acre).
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Figure 29. System carrying capacity.

Body Weight to Feed Relationship

To determine the body weight to feed relationship the fish weights were plotted

against the % body weight fed at that given weight (Figure 30). These data were pooled

for ease of analysis and then a power regression curve was fitted to the data. This

provided the following equation:

y =0.2855% x %1 (11)
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This equation yields the fraction fed (y) for a given average fish weight (x).
Adjusting and simplifying this equation to yield a percent fed and with the proper
variables gives:

%Fd, =285% AvWt,, *°, (12)
where %Fd represents the percent of total body weight feed/day and AvIWt represents the

average fish weight (g/fish) within a given cohort.
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Figure 30. Body weight to percent feed relationship.



72

Feed Conversion Ratio

The feed conversion ratio (FCR) was calculated after each fish sample. The FCR
was used during body weight to feed relationship experiment to determine whether
feeding rates were decreased or whether they remained the same from sampling period to

sampling period.

Experimental Impact

A body weight to feed relationship was determined (Figure 30) by fluctuation of
the feeding rate based on changes in the FCR. The average final fingerling weight was
lower in the 10,000 fish cohorts than in the 5,000 fish cohorts (Figure 25 and Figure 26),
likely limited by cohort density. By studying the trends in Figure 26 and Figure 28, it can
be observed that the growth is limited at approximately 7 - 8 Ib/ft’.

The impact of this experiment for further research is to determine whether
additional feed could potentially result in increased fingerling size or whether the body
weight to feed relationship was optimized. Also, further research should evaluate whether
a stocking density lower than 5,000 fish/cohort would result in an increase in fingerling

size or not.

Year 2 - Feed/Density 2
(2006)

The primary objectives during the 2006 growing season were to:
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1. Test and evaluate the body weight to feed relationship developed during
the feed/density 1 experimental trial conducted in 2005.

2. Determine if a stocking at a lower fish density than the 2005 growing
season would result in additional fingerling average weights.

To accomplish this three treatments for a total of nine cohorts were established;
three cohorts using the initial feed relationship (T1), three cells using the initial feed
relationship plus 25% additional feed (T2), and three cells using the initial feed
relationship plus 50% additional feed (T3). A stocking density of 3,000 fish/cell was
chosen to evaluate the effect of lower stocking density. All 9 cells were stocked at this

rate (Figure 31).

FLOW

Cell1|Cell2 |Cell3 | Cell4|Cell5 |Cell6 | Cell 7| Cell8 | Cell9
3,000] 3,000 |3,000 | 3,000 3,000 3,000 | 3,000| 3,000 | 3,000
Fry Fry Fry Fry Fry Fry Fry Fry Fry
T1 T2 T3 T1 T2 T3 T1 T2 T3
| | |

<« vy : v ,

Figure 31. Design configuration for experiment feed/density 2 (2006).
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The fry were stocked directly into the 2-acre PAS on June 2, 2006, 4 days after
hatching in the on-site hatchery facility. The fish were regularly sampled, three times per
week for the first month of the experiment and twice a week for the remainder of the

growing season.

Temperature

The 7-day average temperatures for the system are displayed (Figure 32). The
temperature was measured every morning between 8:00 and 8:30 AM. From June 2
through the first week of August, the 7-day average morning water temperatures
increased from 25°C to 30°C. The highest temperatures were during the end of July and
beginning of August. Towards the end of August the temperatures began to decrease
down to 20°C during the second week of October. The daily morning temperatures
ranged from 18.3 to 31.1 °C over the entire duration of the season with an average of

26.4 °C.
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Figure 32. 7-Day average morning temperatures.

Dissolved Oxygen Concentration

The DO concentration was measured daily, between 8:00 and 8:30 am, both in the
system and within the fish cohorts. For supplemental aeration, 0.75 hp fountain aerators
were installed. An airlift system powered by a 3 hp blower was also utilized to create
flow and aeration within the cells. Axial pumps powered by 0.75 hp motors were turned
on during the growing season as the oxygen demand increased to provide additional flow

rate as well as additional aeration.
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The 7-day average DO concentrations were calculated from the daily readings and
plotted in Figure 33 for the T1 fish cohorts, in Figure 34 for the T2 fish cohorts, and
Figure 35 for the T3 fish cohorts. The 7-day average delta DO was also calculated and
averaged for the T1, T2, and T3 fish cohorts respectively (Figure 36).

The 7-day average DO concentrations for the treatment T1 fish cohorts generally
remained between 4-6 mg/L with fluctuations up to 7.8 mg/L and down to 3.8 mg/L. The
daily average morning DO within the fish cohorts was 5.30 mg/L, with a minimum of
3.24 mg/L and a maximum of 7.96 mg/L, and an average delta of 0.83 mg/L.

The 7-day average DO for the treatment T2 cohorts (Figure 34) remained between
4-6 mg/L with fluctuations from 3.6 mg/L up to 7.1 mg/L. The daily average morning
DO within the fish cohorts was 5.29 mg/L, with a minimum of 2.93 mg/L and a
maximum of 8.14 mg/L, and an average delta of 0.79 mg/L.

The 7-day average DO for the treatment T3 cohorts (Figure 35) remained between
4-6 mg/L for the majority of the growing season with fluctuation from 3.3 to 7.8 mg/L.
The daily average morning DO within the fish cohorts was 5.26 mg/L, with a minimum
of 2.76 mg/L and a maximum of 8.12 mg/L, and an average delta of 0.76 mg/L.

For all three treatments, the DO concentrations on average decreased as the
growing season, likely due to increased fish respiration. The delta DO trend was also
similar for all three treatments, beginning the season at a difference of 0.2 - 0.4 mg/L and
increasing to a maximum of 1.6 — 1.8 mg/L during the 2" and 3" weeks of July, at which

point the flow was increased by adding the 0.75 hp axial flow pumps to each cohort. At
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this point the delta DO values decreased and ranged from 0.6 — 1.0 mg/L for the

remainder of the growing season.
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Figure 33. 7-day average DO concentrations for treatment T1.
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Figure 34. 7-day average DO concentrations for treatment T2.
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Figure 35. 7-day average DO concentrations for treatment T3.
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Figure 36. 7-day average delta DO for treatments T1, T2, T3.
Total Ammonia-N Concentration

TAN concentrations were measured on a weekly basis both out in the system and
within the fish cohorts, and averaged based on treatments T1, T2, and T3 respectively
(Figure 37 — Figure 39). The delta TAN concentrations were also calculated and averaged
for each treatment (Figure 40).

For all three treatments, the TAN levels followed similar trends throughout the
season, even considering the variation in feeding levels. This is an indication that the
flow rates were sufficiently high enough to remove the waste so that the nutrients
affected the entire system, not each individual cell. The TAN concentrations remained
between 0.3 mg/L and 0.5 mg/L from stocking in June until September 1, 2006. At this
point the TAN increased to peak of 1.5-1.6 mg/L on September 11, 2006. The TAN
levels then decrease during the final three weeks of the growing season. The general
upward trend of the TAN observed is explained by increased feed loading and fish
metabolism as the growing season went on. The delta remained relatively constant
throughout the 2006 growing season for all three treatments, ranging from 0.1 — 0.3

mg/L.
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Figure 37. TAN concentrations for the treatment T1 fish cohorts.
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Figure 38. TAN concentration for the treatment T2 fish cohorts.
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Figure 39. TAN concentration for the treatment T3 fish cohorts.
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Figure 40. Delta TAN for treatments T1, T2, and T3.

Un-ionized Ammonia

The un-ionized ammonia (NHs-N) is the portion of TAN that is toxic to fish (Colt
and Tchobanoglous, 1976). The fraction of TAN that is un-ionized is controlled by
environmental conditions temperature and pH. During the growing season, the afternoon
temperatures and pH values determine the maximum daily un-ionized ammonia. These
parameters were not measured during the 2006-growing season. However, using the
morning temperature and pH values, a relationship between un-ionized ammonia
concentration and fingerling growth was observed (Figure 41). From the regression line,

a trend of the higher the seasonal average un-ionized ammonia concentration, the smaller
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the final average size of the fingerling can be observed. The potential for additional
growth by reducing the fraction of TAN in the un-ionized form could be beneficial.
Reducing the pH in the system and converting more of the TAN into the ionized form
could accomplish this. This relationship is based off limited data and needs to be

investigated further before a firm conclusion can be reached.
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Figure 41. Observed relationship between [NH3] and fingerling weight.
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Figure 44. Average feeding rate per day per cell for the treatment T3 fish cohorts.

Feed Loading

The total feed loading on the system from all nine cohorts was also determined
(Figure 45). The peak 7-day average feed loading of 152 kg/ha-day (136 Ib/acre-day) was
observed during the first week of October. This is the highest feed loading observed
during the 4-year fingerling experiment. This feed loading gives insight into the nutrient

loading on the system by observing the feed composition in Table 3.
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Figure 45. 7-day average feed loading combined for all cohorts.

Growth

The growth was monitored (Figure 46 - Figure 48) for the entire growing season
for all three feeding rate treatments. The data is presented as the average fish weight for
the cohorts after each sample, separated by treatment. For all three treatments, the growth
followed a similar trend. The final fingerling weights at the end of the growing season
were 133.0 g/fish (0.29 Ib/fish), 128.3 g/fish (0.28 Ib/fish), and 125.3 g/fish (0.28 Ib/fish)
for treatments T1, T2, and T3 respectively. The final average fingerling weights were
actually lower in the cohorts that received feed additional to the relationship established

in 2005. Additionally, the average final fingerling weight for all 9 cohorts at a density of
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3,000 fish per cohort was 128.9 g/fish (0.28 Ib/fish). This is a 0.54% increase compared
to the average final fingerling weight in the 5,000 fingerling cohorts during the 2005
growing season of 128.2 g/fish (0.28 Ib/fish). The 2006 growing season was 10 days

longer in comparison to the 2005 growing season.

140

120 A

100 A

Weight (g/fish)

N
o

N
o
I

0 h T T T T T T
5/23 6/12 72 7122 8/11 8/31 9/20 10/10 10/30 11/19

Date
Figure 46. Seasonal growth curve for treatment T1 fish cohorts.
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5,000 fry/cohort and 10,000 fry/cohort.
Experimental Impact

Average final fingerling weight was lower for cohorts fed 25% and 50%
additional feed to the base relationship determined in 2005 (Figure 46-Figure 48).
Therefore, feed application in addition to the 2005 relationship (Figure 30) is not deemed
economically beneficial. Average final fingerling weight was 0.54% higher in the 3,000
fish cohorts in 2006 than in the 5,000 fish cohorts in 2005 (Figure 53). Considering the
reduction in achieved cohort density (Figure 54), reducing the stocking rate below 5,000
fish/cohort to obtain additional fingerling weight was not deemed economically
beneficial. Due to the additional feed above the 2005 relationship applied to the system,
the feed loading on the system during the 2006 growing season (Figure 45) was the
highest observed during the 4-year fingerling experimental trials.

The impacts of the 2006 growing season experimental trials are that the
effectiveness of the feed to body weight relationship observed during the 2005 growing
has been confirmed and the stocking density of 5,000 fish/cohort has been determined to
be optimal in terms of achieving growth and carrying capacity. This feed relationship and
stocking density were used during the final two growing seasons. Also, an initial
relationship between un-ionized ammonia and growth (Figure 41) indicates that reducing
the pH to lower the fraction of TAN that is un-ionized may result in additional fingerling

weight.
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Year 3 - Carrying Capacity
(2007)

The primary objectives during the 2007 growing season were to:
1. Maximize the system carrying capacity.
2. Develop a pH and subsequent un-ionized ammonia concentration and
evaluate the effect of un-ionized ammonia levels on fish growth.

To accomplish this all nine cohorts in the system were stocked with 5,000 fry. To
reduce the fraction of TAN in the un-ionized form, CO, was diffused into the flow path
with a 50 Ib tank and 2 — 12 inch fine bubble diffusers at a rate of 25 Ib/day. The CO, was
injected prior to cohort 4, so that cohorts 1-4 would be amended with CO,, thereby
lowering the pH and the fraction of TAN that is un-ionized (Figure 55).

The fry were stocked directly into the 2-acre PAS on June 9, 2007, 4 days after
hatching in the on-site hatchery facility. The fingerlings were restocked into 1/4™ inch
net-pens on July 13, 2007 to ensure an accurate stocking rate. The fingerlings are easier
to accurately sample than the young fry because they are larger. It was at this point, July
13, that the experiments started and data collection is shown. The fish were regularly
sampled, three times per week for the first month of the experiment and twice a week for

the remainder of the growing season.
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CO, Injection

Cell1| Cell2 |Cell3 | Cell4|Cell5 |Cell6 | Cell 7| Cell8 | Cell9

5,000( 5,000 (5,000 | 5,000] 5,000 |5,000 | 5,000|5,000 | 5,000

Fry Fry Fry Fry Fry Fry Fry Fry Fry
| | |

< vy

Figure 55. Design configuration for carrying capacity experiment (2007)
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Temperature

The morning and afternoon 7-day average temperatures (Figure 56 and Figure 57)
for the system are displayed. The temperature was measured every morning between 8:00
and 8:30 AM and also every afternoon between 4:00 and 4:30 PM. The afternoon water
temperatures were recorded to determine the peak un-ionized ammonia levels during the
day. The unionized fraction of TAN increases with increasing temperatures. From July
13 through the end of August, the morning water temperatures ranged between 27°C -
31°C. In September and October the temperatures began to decrease, down to 19°C -
21°C during the last three weeks of the growing season. The daily morning water
temperatures ranged from 17.2°C to 30.4°C over the entire duration of the season with an

average of 25.6°C.
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From July 13 through the end of August, the afternoon water temperatures ranged
between 32°C and 35°C. In September and October the temperatures began to decrease,
down to 23°C during the last week of the growing season. The daily afternoon
temperatures ranged from 19.8 to 35.9°C over the entire duration of the season with an

average of 30.4°C.
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Figure 56. 7-day average morning temperature.
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Figure 57. 7-day average afternoon temperature.

Dissolved Oxygen Concentration

The DO concentration was measured daily, between 8:00 and 8:30 am, both out in
the system and within the fish cohorts. For supplemental aeration, 6 - 0.75 hp fountain
aerators were installed. An airlift system powered by a 3 hp blower was also utilized to
create flow and aeration within the cells. Axial pumps powered by 0.75 hp motors were
turned on July 19, 2007 as the oxygen demand increased to provide additional flow rate
as well as additional aeration. The effect of these pumps can be observed by an increase

in DO concentration within the fish cohorts and a decrease in delta DO.
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The 7-day average DO concentrations were calculated from the daily readings and
plotted in Figure 58 for all nine fish cohorts. The 7-day average delta DO was also
calculated and averaged for all nine fish cohorts (Figure 59).

Before the axial pumps were turned on, the 7-day average DO was 5.1 mg/L
within the fish cohorts with a delta DO of 1.2 mg/L. After the axial pumps were turned
on in each cohort, the 7-day average DO increased to 6.0 mg/L within the fish cohorts
with no measurable delta DO. From this point at the end of July through the first week of
October the DO concentration decreased to a 7-day average of 4.6 mg/L within the fish
cohorts. At this point the DO increased during the last two weeks of the growing season,
likely due to decreased feeding rates due to a decrease in feed consumption. The daily
average morning DO within the fish cohorts was 5.33 mg/L, with a minimum of 3.08

mg/L and a maximum of 8.57 mg/L, and an average delta of 0.35 mg/L.
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Figure 58. 7-day average DO concentrations with the increased flow rate marked.
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Figure 59. 7-day average delta DO concentrations with the increased flow rate marked.

Total Ammonia-N Concentration

The TAN concentrations were measured on a daily basis, both in the system and
within the fish cohorts. The 7-day TAN averages (Figure 60) for the 2007 growing
season are displayed, along with the 7-day average delta TAN concentrations (Figure 61).

The TAN concentrations ranged between 0.4 mg/L and 0.9 mg/L in the fish
cohorts from stocking into the 1/4™ inch net-pens on July 13, 2007 and September 22,
2007. At this point the TAN began to increase to peak 7-day average of 5.2 mg/L on
October 11, 2007. The increase is likely explained by increased feed loading and
decreased algal production due to shorter day lengths. The TAN levels then decreased

during the last week of the season, likely due to decreased feeding rates due to fish losses
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from holes in the net-pens due to predation and decreased consumption due to lower

temperatures. The delta TAN remained low during the entire season, between 0.1-0.3

mg/L. The daily average TAN within the fish cohorts was 1.34 mg/L, with a minimum of

0.22 mg/L and a maximum of 5.58 mg/L, and an average delta of 0.16 mg/L.

TAN (mg/L)

- -& - System /‘\

—— Cohorts
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Figure 60. 7-day average TAN concentrations.
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Figure 61. 7-day average delta TAN concentrations.

On September 6, 2007 a leak in the hydraulic line caused algal paddles to
malfunction. They were fixed the following day, September 7™, however a spike in TAN
was observed for September 7™ (Figure 62). The TAN prior to the event ranged from 0.5-
0.7 mg/L and spiked to 2.5 mg/L within the fish cohorts and 2.1 mg/L within the entire
system after the malfunction. After the paddlewheel was fixed and operational again the
TAN dropped back down to 0.5 mg/L within the system and 0.7 mg/L within the fish
cohorts. This indicates the importance of proper paddlewheel operation to remove the
fish waste from the cohorts and to maintain high-rate algal production for assimilation of
the ammonia. The feed loading on the system on September 7 was 103 kg/ha-day (92

Ib/acre-day), representing the nutrient loading on the system.
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Figure 62. Daily TAN concentrations from September 1 — September 14, 2007.

Un-ionized Ammonia (NH3-N)
TAN compromises ammonia-N levels in both the un-ionized (NH3-N) and ionized
(NH;") forms. As previously described, ionized ammonia is harmless to the fish;
however, un-ionized ammonia has been shown to be extremely toxic to aquatic life

including catfish (Colt and Tchobanoglous, 1976). The amount of TAN in the ionized
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and un-ionized form is controlled by the amount of TAN, and environmental conditions
water temperature and pH.

For this experimental trial, CO, was diffused into the water flow path before
cohorts 1-4 at a rate of 25 Ib/day to observe whether or not the pH could be reasonably
suppressed to a level that would decrease the concentration of un-ionized ammonia, and
whether this would affect average fingerling weight.

The 7-day average un-ionized ammonia concentrations (Figure 63) show that the
concentration remained between 0.01 and 0.03 mg/L for the CO, amended and
unamended cohorts from July 13 — September 28, 2007. During the last two weeks of the
growing season the concentration of un-ionized ammonia increased to 0.5 — 0.6 mg/L,
due to an increase in TAN (Figure 60). The un-ionized ammonia concentrations ranged
from 0.003 — 0.093 mg-N/L with an average of 0.026 mg/L in the CO, amended cells and
ranged from 0.007 — 0.134 mg/L with an average of 0.033 mg/L in the unamended cells.

On average, the un-ionized ammonia concentration is lower in the CO, amended cohorts.
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Figure 63. 7-day average un-ionized ammonia concentrations.

The increase in un-ionized ammonia concentrations at the end of the season did
not increase as drastically as the TAN concentrations during the same period. This is due
to the decrease in afternoon temperature (Figure 57) over this time period, and lower
afternoon pH levels (Figure 64). From the pH data, it can be observed that a suppression
ranging from 0.3 — 0.5 pH units was generated by the CO, addition, with an average
suppression of 0.3 pH units. The alkalinity was also measured throughout the season
(Figure 65) and decreased from 94 mg/L as CaCO; to 73 mg/L as CaCOj3 with an average

of 84 mg/L as CaCO:s.
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Figure 65. Alkalinity concentrations throughout the season.
Flow Rates
The flow rates during the 2007 growing season were measured regularly for each
cohort (Figure 66). With the 3-hp blower powered airlift system in place from stocking
on June 9, 2007 through July 19, 2007, the flow rates averaged 43.5 gpm. With the airlift
system combined with a 0.75 hp axial flow ‘Big Flow’ pump turned on in each cell, the

average flow rates increased to 335 gpm.
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Figure 66. Flow rates per cell with and without ‘Big Flow’ axial pumps.
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Feed Loading

The total feed loading on the system was observed during the 2007 growing
season (Figure 67). The peak 7-day average feed loading of 136 kg/ha-day (121 Ib/acre-
day) was observed during the third week of September. After this point the feed loading
decreased for the remainder of the growing season down to 40 kg/ha-day (36 Ib/acre-
day). It was at this time that holes in three of the net-pens were found, allowing the
majority of the fingerlings in cohorts 3, 5, and 7 to escape. The holes were likely due to
predation and once they found, the feeding rates were decreased immediately to more
accurately feed the fish biomass in the cohorts and prevent excess nutrient loading from

unutilized feed.
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Figure 67. 7-day average feed loading combined for all cohorts.

Growth

The growth was monitored for the entire growing season and separated into 7-day
averages for both the CO, amended and unamended cohorts (Figure 68 and Figure 69).
The data is presented as the average fish weight for the cohorts calculated after each
sample. For both treatments, the growth followed similar trends throughout the growing
season. The final fingerling weights at the end of the growing season were 115.0 g/fish
(0.25 Ib/fish) and 112.8 g/fish (Ib/fish), for the CO, amended and unamended cohorts,

respectively.
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Figure 68. Seasonal growth curve for CO, amended fish cohorts.
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Figure 69. Seasonal growth curve for unamended fish cohorts.

Carrying Capacity

The carrying capacity was determined after each sample as the fish biomass
combined for all fish cohorts measured on a per acre basis for the entire season (Figure
70). A primary objective for 2007 was to maximize this carrying capacity by stocking
5,000 fish/cohort into 9 cohorts. The total final calculated carrying capacity for 2007 was
5,262 kg/ha (4,695 Ib/acre) based on calculations after each sampling period. As
previously mentioned 3 cohorts lost fish from holes in the net due to predation. The
actual harvested weight from the system was 4,068 kg/ha (3,639 Ib/acre). The 4,695
Ib/acre value was used to determine feeding rate, and therefore controlled the nutrient

loading on the system. Also, these fish were still loose within the system, feeding on



117

natural sources, and loading the system. Therefore, for design purposes the 4,695 Ib/acre

value was chosen.
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Figure 70. System carrying capacity combined for all fish cohorts.

Survival Rate

An estimate of the percentage of stocked fingerlings that survived were

determined by the following equation:

S = M (14)

SR
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where S is the percentage survival, SR is the stocking rate, Bm is the total biomass
harvested from the cohort (Ib), and 4vI¥t is the average weight per fingerling at harvest
(Ib/fish). Discarding the three cohorts from which fingerlings escaped, the survival rate
was 91%. Typical survival rates in conventional fry/fingerling ponds range from 40-60%,

representing a 1.5 — 2x increase in survival rate in the fry/fingerling PAS.

Experimental Impact

During the carrying capacity experimental trial during the 2007 growing season,
the maximum carrying capacity was observed for the 4-year fingerling experiment of
5,262 kg/ha (4,695 Ib/acre) (Figure 70). The pH was suppressed in cohorts amended with
25 Ib/day CO, by an average of 0.3 pH units (Figure 64) with an average alkalinity of 84
mg/L CaCOj3 (Figure 65). This pH suppression resulted in an average of 1.2% increase in
final fingerling weight for the cohorts amended with CO, (Figure 68 and Figure 69).
Also, a survival rate of 91% was observed through the course of the growing season
based on actual stocking rates and harvested biomass.

The impacts of these experimental trials were that the objective of increasing the
carrying capacity from the 2005 and 2006 growing season had been observed. The
remaining objective was to reduce the energy input into the system by removing the
pumps and utilizing the flow generated by the paddlewheels to provide the flow through

the fish cohorts.
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Year 4 - Water Distribution
(2008)

The primary objectives during the 2008 growing season were to:

1. Utilize the flow rate generated by the paddlewheels in the PAS to produce
flow to replace the system of pumps used for the first three years of the
fingerling project.

2. Observe growth rates and flow patterns in these flow-through cohorts.

This would reduce the energy inputs into the system, as well as the liability of
relying on the pumps to move water through the fish cohorts.

The fry were stocked directly into the 2-acre PAS on June 2, 2008, 4 days after
hatching in the on-site hatchery facility at a density of 5,000 fry/cohort. Three flow-
through cells were installed in parallel to the flow path and the flow was diverted into the
containers (Figure 71). The fish were regularly sampled, three times per week for the first
month of the experiment and twice a week for the remainder of the growing season. The
fingerlings were not grown out for the entire growing season, rather they were harvested
on August 5, 2008. This was done to allow time to quantify flow and observe growth in
all three containers. There was no additional benefit to grow the fingerlings out the

remainder of the season once this was done.
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Figure 71. Design configuration for flow distribution experiment (2008).

Temperature

The temperature was measured every morning between 8:00 and 8:30 AM. The 7-
day average temperatures for the system are displayed (Figure 72). From stocking on
June 2 through harvest on August 5, the 7-day average morning water temperatures
ranged between 26°C to 29°C. The daily morning water temperature ranged from 24.3 to

30.1 °C over the entire duration of the season with an average of 27.7 °C.
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Figure 72. 7-day average morning temperatures.

Dissolved Oxygen Concentration

The DO concentration was measured daily, between 8:00 and 8:30 am, both out in
the system and within the fish cohorts. For supplemental aeration, 4 - 0.75 hp fountain
aerators were installed in the flow path just prior to the fish cohorts. There was no airlift
system or pumps used during the 2008 growing season.

The 7-day average DO concentrations were calculated from the daily readings and
plotted in Figure 73 for all nine fish cohorts. The 7-day average delta DO was also

calculated and averaged for all nine fish cohorts (Figure 74).
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The 7-day average DO concentrations ranged between 4-5 mg/L within the fish
cohorts with daily fluctuations from 2.9 mg/L to 5.7 mg/L with an average of 4.5 mg/L.
The delta DO from system to cohorts ranged from 0.2 — 0.8 mg/L for the 7-day averages
while the fish were in the 1/8™ and 1/16™ inch mesh bins. When they moved into the 1/4™
inch net-pens on July 8" 2007, the 7-day average DO delta decreased to 0.1 mg/L, due to
increased flow through the pens. The higher deltas during the beginning of the season

were due to problems directing the flow path into the bins.
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Figure 73. 7-day average DO concentrations.
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Figure 74. 7-day average delta DO concentrations.

Total Ammonia-N Concentration

TAN concentrations were measured on a daily basis, both out in the system and
within the fish cohorts. The 7-day averages were calculated to observe the seasonal trends
(Figure 75) and the delta TAN values were calculated as well (Figure 69).

The 7-day average TAN concentrations ranged between 0.5 mg/L and 0.6 mg/L in
the fish cohorts from stocking on June 2, 2008 and July 11, 2008. The daily TAN levels

ranged from 0.3 mg/L to 3.8 mg/L with an average of 1.04 mg/L in the fish cohorts and
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an average delta TAN of 0.02 mg/L. During the final three weeks the fingerlings were in
the system the TAN increased to a maximum 7-day average of 2.8 mg/L. The increase
can be explained by problems with the algal paddlewheels. This included only one of the
two paddlewheels operating during the majority of the last three weeks. The 7-day

average delta TAN remained equal to or less than 0.1 mg/L.

3.0 §

2.5 4

- - - System

N
o

TAN (mg/L)

g
o
|

0.5 -

0.0

6/1 6/11 6/21 7/1 7/11 7/21 7/31 8/10
Date

Figure 75. 7-day average TAN concentrations.
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Figure 76. 7-day average delta TAN concentrations.

Flow Rates

During the design of the passive flow system, several system configurations were
designed to try to optimize the flow through the fish cohorts. Initially, flow rates lower
than expected, averaging 69 gpm into each 1/16"™ inch mesh container, were observed.
This was perceived as a problem of the flow bypassing the cohorts without flowing into
them. To attempt to remedy this problem, a baffle was constructed and installed into the
system to deflect flow into the cohorts (Figure 77). In fact, this potential solution actually

created lower flows into the cohorts, observed visually. This was due to the high velocity
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caused by the baffle creating a Venturi effect where the increased velocity past the
opening in the gate caused a decrease in head, thereby limiting the force pushing the flow

into the cohorts.
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Figure 77. Configuration of a cohort with impermeable deflector installed.
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The next idea was to install a baffle just after the opening to the fish cohorts
perpendicular to the flow path in order to build up head outside the opening (Figure 78).
This was observed to have minimal positive effect on the flow into the fish cohorts. This
solution was intuitively sound in principle to increase head in front of the gates and direct
flow into the cohorts, however after further observation, the problem was not a lack of a

head gradient to create the flow into the cohorts.
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Figure 78. Configuration of a cohort with impermeable baffle installed.

Flow was effectively entering the fish cohorts because the only path for the flow
from the aeration basin to the paddlewheel and algal basin was through the fish cohorts
due to physical obstruction of concrete walls. The head should have been even for all
three flow-through cohorts because they were in parallel with the flow path. Therefore,
the problem was that the flow was not being effectively directed into the fish containers
(Figure 79). It was instead bypassing around or underneath the containers, and on through

the system.
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Figure 79. Cohort with undirected water flow moving around the fish container.

This problem was solved by constricting the flow path physically using a metal

gate and forcing it into the fish containers (Figure 80). This gate had a 1 ft x 1 ft square

cut into it, the same size as the opening on both the 1/16™ and 1/8" inch containers. The

position of the containers within the cohorts could then be adjusted appropriately to direct

sufficient flow without generating turbulence. This gate was removed when the

fingerlings were moved into the 1/4™ inch net-pens to allow flow through the entire

cohort.
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The final design used during the 2008-growing season is shown in Figure 81. The
flow leaves the algal basin and flows through an aeration basin with surface aerators to
add oxygen to the water. Then all the water flows through the fish cohorts before exiting
to paddlewheels and back into the algal basin. The water must flow through the fish
cohorts because concrete walls restrict the flow path ensuring that the only way to
complete the circuit is for the water to flow through the cohorts. Flow is even in all three
cohorts because they are aligned in parallel with the flow path ensuring that the gradient

in head will not accumulate into one cohort more than another. Also, the effluent flow
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from each cohort will not enter the other cohorts because flow is restricted among the

cohorts except for a channel in the back of the cohort.
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Figure 81. Final system configuration for 2008 growing season.
The key components to this process were to:

1. Restrict the flow path in a manner that it must travel through the fish
cohorts to build a head gradient.

2. Physically constrict the flow into each container to direct flow through the
fish containers, while allowing enough to pass by to maintain laminar flow
conditions.

3. Align the cohorts in parallel with the flow path to ensure an even head
gradient for each cohort.

Once this desired layout was achieved, the passive flow velocities during the 2008
growing season were regularly measured for each fish container and the flow rate
calculated and compared to active flow rates measured in 2007 (Table 4). To allow flow
to go through the 1/16™ and 1/8" inch bins, a 12”x12” (1 ft?) square opening, covered
with the appropriate mesh size, was cut into the front of the bins. The 1/4" inch net-pens

did not need any alteration to allow flow through them.
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Table 4. Average flow into containers for passive and active flow.

: Passive Flow Rate Active Flow Rate
Container

(GPM) (GPM)
1/8 inch and
1/16 inch Bins 363 40
1/4 inch 2 444 335
Net-pens

The containers were able to sustain the higher flow rates in the passive flow
system compared to the active flow system without creating undesirable turbulence due
to the decrease in cross-sectional velocity (Table 5). In the active flow system, flow
entered 1/8"™ and 1/16™ inch mesh containers through 3 — 2" diameter PVC pipes (0.065
ft?) and entered the 1/4™ inch net-pens through 3 — 2” diameter PVC pipes and a 8”
diameter PVC pipe (0.35 ft?). In the passive flow systems the flow entered the containers
through a 1 ft* opening for the 1/16™ and 1/8™ inch containers and a 16 ft* opening in the
1/4™ inch net-pen, allowing for increased flow, while still maintaining quiescent flow

conditions.



135

Table 5. Average cross-sectional velocity into containers for passive and active flow.

Passive Active
Container Cross-Sectional Cross-Sectional
Velocity (fps) Velocity (fps)
1/8 inch and
1/16 inch Bins 0.81 1.37
1/4 inch 0.34 1.82
Net-pens

The average total flow observed was determined by summing the flow entering all
three of the cohorts. These flow rates were also measured regularly during the growing
season. The average was determined to be 7,331+818 gpm. The flow into the containers
does not represent this value accurately due to losses around the fish containers. This was
intentional to maintain laminar flow conditions and prevent excess flow, which could
create turbulence.

The projected flow potential within the system can be calculated given the
paddlewheel area under the water and the water velocity generated using the equation:

O=L*H*v*60*7.48, (15)
where Q represents the projected flow rate (gpm) generated by the paddlewheel, L
represents the length (8 ft for fish paddlewheel and 16 ft for the algal paddlewheel) of the
paddlewheel, H represents the wetted height (2.25 ft) of the paddlewheel, and v

represents the water velocity (0.5 ft/s) generated by the paddlewheel. The factor of 60
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converts from seconds to minutes and the factor of 7.48 converts from ft® to gallons.
Substituting these values for both the fish and algal paddlewheels combined gives a
projected flow rate of 12,150 gpm.

Another key component of the flow path in the system is maintaining a circular
flow within the 1/16™ and 1/8" inch bins. When the fry are in these containers they are
young and the feed size is small. If turbulent flow conditions exist, the fry can become
disoriented and the feed can be difficult for them to locate. To prevent this, a baffle was
installed at 45° at the entrance to divert the flow (Figure 82), with dimensions of 1’ x 1.
To visually show this circular flow path, a buoy was constructed with a cross-sectional
area made of PVC hung 6” below the buoy (Figure 83). The flow velocity moved this
buoy within the container and a picture was taken every two seconds to create a

sequential display of the flow path (Figure 84).
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Figure 82. Circular flow path with deflector shown in 1/16™ inch bins (A) and 1/8" inch
bins (B).
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Figure 83. Buoy used to show flow within fish cohorts.
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Figure 84. Picture sequence of circular flow motion within 1/16" inch and 1/8" inch bins
with 2 seconds in between each picture.
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Growth
The growth was monitored (Figure 85) for the 65-day growing season. The data is
presented as the average fish weight for the cohorts calculated after each sample. The

final average fingerling weight after 65 days was 13.61 g/fish.
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Figure 85. Seasonal growth curve averaged for all three fish cohorts.
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The growth during the first 65 days of the previous three growing season was
compared to the 2008 season (Figure 86). The growth for the 5,000 stocking density
treatments were used for the 2005 season, the base feed treatments (T1) were used for the
2006 season, and the unamended cohorts for the 2007 growing season. It can be seen that

the first 65 days was similar for all 4 years of growth.
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Figure 86. Average growth for 4 years through 65 days of the growing season.
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Energy Requirements

By operating the PAS using a flow-through design there are two main advantages:
decreased reliance on pumps to generate flow and a reduction in energy requirements
benefiting the economics of the system. For both the active and passive flow systems a 3
hp motor was utilized to power the paddlewheels and 4 — 0.75 hp powerhouse surface
aerators was used continuously to aerate the water prior to the fish cohorts. Using the
active flow system, a 3 hp low head blower is used during the entire growing season and
a 0.75 hp axial flow pump was activated in each cohort approximately one month into the
growing season. These components were removed during the 2008-growing season. For
the energy analysis a 140-day growing season was assumed, with continuous operation
for the paddlewheels, aerators, and the blower; and 110-day operation of the axial flow
pumps. Using these assumptions, it was determined that the energy requirement for active
flow was 17,662 kw-hr/acre-yr (23,685 hp-hr/acre-yr) and for passive flow was 7,409
kw-hr/acre-yr (9,936 hp-hr/acre-yr). This represents a 58% reduction in energy usage

when using the passive flow system compared to the active flow.

Experimental Impact

During the 2008 growing season, fry/fingerlings were raised in flow-through cells
without the airlift or pump system used during the previous three growing seasons. The
fingerlings were harvested after 65 days of the growing season. Their growth to this point

was compared to the previous three growing seasons (Figure 86) and was within one
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standard deviation of the average fingerling weight 65 days into the growing season.
From visual observation of Figure 86 the growth rate follows the same trend over this
time period. The DO and TAN for the first 65 days of the 2008 growing season were also
compared to the first 65 days of the previous three growing seasons. For DO, the average
concentration within the fish cohorts for the first 65 days during the 2005-2007 growing
season was 5.3 mg/L with a delta DO of 0.64 mg/L (Figure 16, Figure 33, and Figure 58).
The average DO concentration for the 2008 growing season was 4.5 mg/L with a delta
DO of 0.25 mg/L (FIGURE AND FIGURE). For TAN, the average concentration within
the fish cohorts for the first 65 days during the 2005-2007 growing season was 0.50 mg/L
with a delta TAN of 0.38 mg/L (FIGURE, Figure 37, and Figure 60). The average TAN
concentration for the 2008 growing season was 1.08 mg/L with a delta TAN of 0.02
mg/L (Figure 75).

The flow velocities and subsequent flow rates generated with the paddlewheels
were also quantified during the 2008-growing season (Table 4). Compared with the flow
generated by the airlift and paddlewheels during the 2007 growing season (Figure 66),
the flow for the entire 2-acre PAS system was 152% higher during the 2008 growing
season. The flow path within the fish cohorts, specifically the 1/16" and 1/8™ inch mesh
bins, was qualified during the 2008 growing season (Figure 82 - Figure 84). This circular
flow path was deemed important for feed presentation to the fry considering their weak
swimming ability for the first 2-4 weeks (Bonneau et al. 1972). The power requirements

were reduced by 58% by operating the system using passive flow vs. active flow.
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Projected Fingerling Farm Size

Tim Goode showed that market-size channel catfish could be produced for a
profit using the PAS system on a 45-acre farm (Goode et al. 2002). In his study a 45-acre
(18-ha) PAS production system with a total of 909,800 Ib (412,600 kg) yearly production
capacity (20,200 Ib/acre) was compared to a conventional 160-acre catfish farm
producing 700,000 Ib (317,000 kg) yearly. The PAS resulted in a decrease in production
costs over the conventional system by $0.13 to $0.19/pound ($0.29 to $0.42/kg). This
system could become significantly more economical if fingerlings stocked into the grow-
out PAS were grown on site from fry in PAS fingerling systems. His production figures
were based on an extrapolation assuming multiple harvests per year, resulting in higher
production than was proven.

As mentioned previously, research has shown that an 80-gram fingerling stocked
into the grow-out PAS could reach market size of 1.63 Ib in one growing season
(Aranguren et al. 2004). This would reduce the total time from fry to market for channel
catfish from a range of 2 — 3 years down to 2 years by eliminating carryover, also
benefiting the economics of the system. Eliminating carryover will also have health
benefits and reduce the losses from the system due to mortality. Proliferative gill disease
(PGD) effected from 25-100% of carryover fish during early spring in the PAS grow-out
system.

Based on the results from the 4-years of fingerling production it has been

observed that at a stocking rate of 5,000 fry/162 ft® cohort an average of 113.9 gram



