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a b s t r a c t

Dissolved oxygen (DO) is one of the most important water quality variables associated with catfish cul-
ture. Understanding the oxygen dynamics in commercial catfish aquaculture ponds is important for
understanding when oxygen problems could arise throughout the growing season. Oxygenation zones
(OZ, here defined as the area with DO reaching 2.5 mg/L or greater) in both conventional (CP) and split
(SP) earthen ponds were determined and compared in July and August, 2013. Hach Hydrolab data sondes
were placed in the ponds, and DO concentrations were measured hourly from 9:00 P.M. to 9:00 A.M. for
three consecutive nights. Variables including OZ volume, total DO mass in OZ, kg of DO/m3, fish density
in OZ, and kg of fish/m3 in the OZ, and DO isopleths were determined using average DO concentrations.
The smallest sizes or lowest volumes of the OZs occurred at 5:00 A.M. in both systems. The OZ volumes
at 5:00 A.M. showed no significant difference between systems in both months. The entire fish zone was
issolved oxygen completely oxygenated in August in the SP ponds. The CP system was considered completely oxygenated
at both 12:00 A.M. and 9:00 A.M. in both months, and the OZ volumes were significantly larger than
those in the SP system at the same time slots. The fish density and kg of fish/m3 in the OZ reached the
highest at 5:00 A.M. in both systems in both months but without system difference. These results could
help farmers evaluate the overall water quality performance of the two pond production systems.

© 2016 Elsevier B.V. All rights reserved.
. Introduction

The catfish industry first began in the United States in the 1960s
Engle, 2003). Catfish was fifth on the U.S. top ten list of seafood con-
umed in 2000 and has now fallen to seventh on the list (Hanson
nd Sites, 2013). The industry peaked in 2003 when it produced
lose to 300 million kilograms of round weight catfish; however,
ver since then it has been on a downward trend (Hanson and
ites, 2011). By 2012, less than 136 million kilograms of catfish was
eing produced (Hanson and Sites, 2013). Several factors includ-

ng feed prices peaking at $562/t in August 2012, competition with
mports, which account for 78% of all frozen fillet sales in the U.S.,
nd the decrease in market catfish prices could be contributing to
he current state of the industry (Hanson and Sites, 2013).
Many techniques have been developed for growing catfish
hroughout the maturation process of the industry. For instance,

aintaining adequate water quality in production ponds is vital to

∗ Corresponding author at: Institute of Hydrobiology, Chinese Academy of Sci-
nces, 7 South Donghu Road, Wuhan, Hubei 430072, China.

E-mail address: yushunchen@ihb.ac.cn (Y. Chen).

ttp://dx.doi.org/10.1016/j.aquaeng.2016.04.008
144-8609/© 2016 Elsevier B.V. All rights reserved.
high overall production. Many water quality variables can directly
influence catfish aquaculture. For example, dissolved oxygen (DO),
which is considered one of the most important variables, has been
shown to affect the growth (Andrews et al., 1973; Carlson et al.,
1980), feeding rate (Carlson et al., 1980; Torrans, 2005, 2008; Green
and Rawles, 2011), net yield (Torrans, 2005; Green and Rawles,
2011), individual weight of fish (Torrans, 2005; Green and Rawles,
2011), feed conversion ratio (FCR) (Andrews et al., 1973; Torrans,
2005), and mortality in extreme DO depletion events (Torrans,
2005). The industry has also been using hybrid catfish, a male blue
catfish Ictalurus furcatus crossed with a female channel catfish I.
punctatus, for years as a way to stay competitive within the aqua-
culture industry. Hybrid catfish have been shown to tolerate DO
depletions better, have higher mean individual weight, lower FCRs,
higher production in some circumstances, higher nugget yield,
lower fillet fat, and have better fillet yield and dress-out percentage
(Dunham et al., 1983; Argue et al., 2003; Li et al., 2004; Green and
Rawles, 2011). While there are many benefits to using hybrid cat-

fish, the net yield of channel catfish and hybrid catfish grown under
similar conditions did not show significant differences (Green and
Rawles, 2011).

dx.doi.org/10.1016/j.aquaeng.2016.04.008
http://www.sciencedirect.com/science/journal/01448609
http://www.elsevier.com/locate/aqua-online
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquaeng.2016.04.008&domain=pdf
mailto:yushunchen@ihb.ac.cn
dx.doi.org/10.1016/j.aquaeng.2016.04.008
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Table  1
Individual pond descriptions. SP: split ponds, CP: conventional ponds.

Production system Area (ha) Aeration rate (kW/ha)a Stocking density (fish/ha)a Weight stocked (kg/pond) Date stocked

SP-1 2.79 35.5 31,967 3955 4/8/2013
SP-2  2.79 35.5 29,377 3638 4/8/2013
CP-1  3.24 6.9 14,908 5237 3/1/2013
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loggers were placed at every 20 m across the pond, which was  25%
of the total distance across the pond (Fig. 1). Stakes were placed
along the sides of the banks where data loggers were to be placed
(at the previously mentioned measurements). Rope was  attached
CP-2  3.24 6.9 

a Aeration rates and stocking density in the SP systems were calculated based on

Along with maintaining adequate water quality and using
ybrid catfish to continue to remain competitive, catfish farmers

n the Southern United States are also implementing new produc-
ion systems to combat the problems currently facing the industry.
raditionally, earthen catfish ponds were very large reaching up
o 16 ha in size (Hargreaves and Tucker, 2003). However, with the
iscovery that smaller ponds enhanced feeding, disease control,
ater quality management, and other activities in catfish produc-

ion, ponds have decreased in size, and most ponds built now range
rom 4 to 5 ha (Hargreaves and Tucker, 2003). Conventional ponds
CP) use aeration rates of roughly 2.76–3.68 kW/ha (Tucker, 2005).
n addition to the CP systems and other production systems, an
nnovative catfish production system called the “split-pond” (SP)

as developed at Mississippi State University and has been an
ttractive alternative for catfish farmers in the Southern U.S. in
ecent years. Split ponds are typically constructed by dividing a
onventional earthen pond into two sections, an algal growth basin
r waste treatment area (about 80% of the total area) and a fish-
olding area (20% of the total area). Typically, in the split-pond
ystem, fish density is five times that of conventional catfish ponds
Tucker, 2009). Split ponds were developed as an alternative to the
artitioned aquaculture system developed at Clemson University.
owever, the premise of the split-ponds is the same. A smaller
one will hold the fish, and the larger waste area will treat fish
aste and produce oxygen during the day through photosynthe-

is. In split-pond systems, good fish production, high feeding rates,
nd low feed conversions are the norm (Tucker, 2009). For exam-
le, in a 2009 study of a commercial split-pond, 17,880 kg/ha of
sh were produced with a FCR of 1.83 (Tucker, 2009). The daily

eeding rates averaged 162 kg/ha and the maximum daily feeding
ate averaged 250 kg/ha from the end of August through September
Tucker, 2009). From a nine-year study in experimental and com-

ercial split-ponds, net catfish production ranged from 17,000 to
lose to 20,000 kg/ha and had FCRs below 2.0 (Tucker, 2009). The
plit-pond system has been tested, and there is an increasing trend
f applications in commercial ponds in the Mississippi Delta. We
ave compared occurrences of growth-affecting DO and ammonia

n these different culture systems in previous studies (e.g., Farrelly
t al., 2015). However, we are still not clear on the DO dynamics and
istribution in these systems, which will be very useful in evaluat-

ng the overall water quality performance and understanding DO
imitations in these systems.

Thus, the objective of this study was to determine and com-
are oxygenated zones of conventionally operated and split-pond
roduction systems. Results of this study may  aid farmers in decid-

ng which production system is better for their farm in the current
atfish industry.

. Materials and Methods

.1. Experimental ponds and fish stocking
Two split ponds (SP) and two conventional earthen ponds (CP)
n eastern Arkansas were selected for this study. Mean sizes of the
onds were 2.8 ± 0.0 and 3.24 ± 0.0 ha for the SP and CP systems,
espectively. The stocking densities for the SP and CP systems were
6 5570 3/6/2013

sh zone area.

30,672 ± 1831 and 14,742 ± 234 fish/ha. Both the CP and SP systems
were equipped with three regular 10-hp paddlewheel aerators.
Aeration rates were 35.0 ± 0.0 and 6.9 ± 0.0 kW/ha for the SP and
CP systems, respectively. Aeration rates and stocking densities for
the SP system were calculated using only the size of the fish zone.
Detailed information of the individual ponds used is presented in
Table 1.

2.2. Data sondes set-up and data collection

An area of water was  considered to be in the oxygenation zone
(OZ) if its DO was  2.5 mg/L or greater. The OZs were quantified twice
for each system in July and August, 2013. The ponds were sam-
pled in an alternating fashion (i.e. SP-1, CP-1, SP-2, and CP-2). DO
was measured at 40 cm below the surface from 9:00 P.M. to 9:00
A.M. by using Hydrolab DS5X Multivariablesonde (HachHydromet
®) data loggers. Data loggers were held in place by a 3.66-m steel
pipe driven into the pond bottom with a sledgehammer. Another
0.61-m pipe with a 0.3-m chain welded to it was  attached to an
adjustable piece of metal that was  attached to the original 3.66-m
pipe. Depending on how deep the 3.66-m pipe was driven into the
pond bottom, an adjustable piece of metal could be moved up or
down to set the DO probe of the data logger at 40 cm below the
surface.

The fish zone of each split pond was  measured and marked with
stakes to spread the Hydrolab data loggers out in a grid formation.
For example, the fish zone in SP-2 was measured to be roughly 80-
m by 80-m. Two rows of data loggers were placed at 40% and 80%
of the distance from the shore where the aerators were placed. The
two rows of data loggers were placed at 31.2 m and 62.4 m from
the aerators side, respectively (Fig. 1). The three columns of data
Fig. 1. Hydrolab data loggers (round dots) placement in fish zone of split-ponds.
Arrows represent where water leaves and enters the fish zone during the day. The
three Xs indicate aerators. The fish zone was divided into spatial cells to quantify
oxygenation zones.
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For the OZ analysis, first, the DO concentrations were averaged
hree Xs indicate aerators. The whole pond was  divided into spatial cells to quantify
xygenation zones.

o a stake and connected to the stake on the opposite bank with the
ope over the water. The data loggers were placed at the intersec-
ion of the ropes (Fig. 1). The data loggers were left in the fish zone
f the split ponds for three nights and two days. DO concentrations
ere recorded from 9:00 P.M. until 9:00 A.M. each day. Data log-

ers were cleaned and in regular maintenance after each three-day
eployment to avoid fouling from sediment and algae.
A similar procedure was followed for placement of data loggers
n the CP system (Fig. 2). Three aerators were located in the cor-
er in each CP pond. The data loggers were arranged as follows:

Fig. 3. Oxygenation zone pattern for Conv
gineering 75 (2016) 14–21

two columns were placed in front of the aerators and moving out
towards the far shore. The outside column was  placed on the out-
side edge of the third aerator (aerator situated closer to the center
of the pond). This was  at 42.7 m from the shore to the right of the
aerators. The inside row of aerators was placed halfway between
the outer row and the shore at 21.3 m.  From the shore behind the
aerators to the opposite shore, the total length was roughly 183 m,
therefore rows were placed every 45 m (i.e. 45 m,  90 m,  135 m)
(Fig. 3) moving away from the aerators. The data loggers were left
in this arrangement for three nights and two  days recording DO
from 9:00 P.M. to 9:00 A.M. Once it was determined the outside
column was in the OZ (DO > 2.5 mg/L) then the inside column of
data loggers became the new outside row and was placed at 64 m
from the shore to the right of the aerators and left for another three
nights recording DO concentrations from 9:00 P.M. to 9:00 A.M. This
movement continued until the outside row experienced DO levels
less than 2.5 mg/L at 5:00 A.M. The same distances were done for
CP-2; however, the aerators were slightly closer together, so the
data loggers were not positioned exactly on the outside edge of
the aerators. Flow of the OZs was taken next to each data logger in
the morning of the third day. The data loggers were in the pond at
40 cm below the surface right next to the DO probe. However, only
the flow taken next to data loggers in the OZs is presented in the
results section.

2.3. Data Analyses
over the three nights at each hour for determination of OZ met-
rics. To obtain an accurate estimation, each pond was divided into
spatial cells for DO averages. If a cell only contained one data log-

entional Pond 1 at 5:00 A.M. in July.
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Table  2
Differences in oxygenation zone (OZ) metrics in the SP and CP systems in different months. Letters a and b represent significant differences between the different systems
in  the same month at the same time (i.e. SP vs CP at 12:00 A.M. in July). Letters x and y represent significant differences between different months in the same system at the
same  times (i.e. SP at 12:00 A.M. in July vs August). Statistical difference was  determined when P < 0.05. SP: split ponds, CP: conventional ponds.

“OZ” Metrics July

SP CP

12:00 A.M. 5:00 A.M. 9:00 A.M. 12:00 A.M. 5:00 A.M. 9:00 A.M.

OZ volume (m3) 10,600 ± 1700 a 6600 ± 1300 x 10,000 ± 2500 a 50,200 ± 1500 b 8600 ± 1600 50,200 ± 1500 b
Total  DO mass in OZ (kg) 35.19 ± 10.59 a 19.47 ± 4.74 x 33.06 ± 10.17 a 177.08 ± 28.53 b 23.72 ± 4.76 160.22 ± 40.66 b
Kg  of DO/m3 0.004 ± 0.0004 0.003 ± 0.0001 0.003 ± 0.0002 x 0.004 ± 0.0005 0.003 ± 0.00004 0.003 ± 0.0007
Fish  density (fish/m3) 7.45 ± 1.1 12.1 ± 2.2 8.0 ± 1.9 a 0.86 ± 0.04 5.1 ± 1.0 0.86 ± 0.04
Kg  fish/m3 2.4 ± 0.8 a 3.9 ± 1.5 2.7 ± 1.1 a 0.3 ± 0.1 b 1.7 ± 0.5 0.3 ± 0.1 b

“OZ”  Metrics August

SP CP

12:00 A.M. 5:00 A.M. 9:00 A.M. 12:00 A.M. 5:00 A.M. 9:00 A.M.

OZ volume (m3) 12,300 ± 330 a 12,300 ± 330 y 12,300 ± 330 a 50,600 ± 3100 b 9800 ± 1900 50,600 ± 3100 b
Total  DO mass in OZ (kg) 64.18 ± 7.52 a 45.29 ± 6.68 y 49.61 ± 3.14 a 184.74 ± 7.60 b 30.56 ± 7.31 150.35 ± 1.57 b
Kg  of DO/m3 0.005 ± 0.0005 a 0.004 ± 0.0004 0.004 ± 0.0001 ay 0.004 ± 0.000007 b 0.003 ± 0.0001 0.003 ± 0.0002 b
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Fish  density (fish/m3) 6.1 ± 0.09 a 6.1 ± 0.09 6.1 ±
Kg  fish/m3 2.6 ± 0.4 a 2.6 ± 0.4 2.6 ±

er, the DO concentrations from only that data logger was  used for
hat cell (e.g. Cell 1; Fig. 2). If a cell touched two or more data log-
ers, the DOs from all data loggers were used to average that cell
e.g. 2 loggers in Cell 2, 4 loggers in Cell 6; Fig. 2). The CP system
Zs were calculated similarly to the fish zone of the SP system. Each
ell had an average DO concentration from corresponding data log-
ers from the three nights. If the outside column at 5:00 A.M. was
etermined to be outside the OZ but at 12:00 A.M. and 9:00 A.M.
he outside column was still above 2.5 mg/L, then the rest of the
ond was considered to be in the OZ.

The metrics calculated for the OZ included the OZ volume (m3),
otal DO mass in the OZ (kg), kg of DO/m3 in the OZ, fish density in
he OZ (fish/m3), and kg of fish/m3 in the OZ. These metrics were
etermined for the time slots of 12:00 A.M. (middle night), 5:00
.M. (before sunrise), and 9:00 A.M. (after sunrise) for all ponds

n both months. The metric of the OZ volume was  determined by
alculating the volume in each cell with length × width × height.
f a cell was not fully oxygenated, only the volume of the oxy-
enated area was determined. All cells that had oxygenated area
ere then added together to get total volume. Total DO mass in

he OZ was determined by multiplying above mentioned DO con-
entration (mg/L) in a cell by the total cubic meters of oxygenated
ater in that cell and converted to kg of DO. The kg of DO/m3 in the
Z was determined by converting the above mention DO from mg/L

o kg/L and dividing it by the total cubic meters. The fish density in
he OZ was determined by dividing the total number of fish in the
ond by the total liters in the OZ. The total number of fish in each
ond was determined by dividing the survival of each pond by the
umber of days the system was in production and then multiply-

ng that by the number of days before the date that the data loggers
ere in the pond. The survival of the two conventional ponds was

ot available, so adjusted survival rates of 70%, 80% and 90% were
sed. These numbers were used to get a representative range of
ossible survival rates in catfish ponds in the study area. The kg
f fish/m3 in the OZ was  determined by dividing the kg of fish in
hat pond by the total cubic meters in the OZ. The kg of fish in
ach pond was determined by calculating the growth per day of
he entire pond, by dividing the harvest weight by the number of
ays in each pond was in production. The kg of fish in the pond at

he time the data loggers were in each individual pond was deter-

ined, by multiplying growth per day by the number of days the
ond was in production up until the day the data loggers were put

n the ponds.
 a 0.83 ± 0.04 b 4.3 ± 0.8 0.83 ± 0.04 b
 0.34 ± 0.2 b 1.8 ± 1.3 0.34 ± 0.2 b

One-way ANOVAs were used to compare the metrics described
above among the systems and between the two  sampling months.
Statistical difference was determined when P < 0.05. Isopleth maps
were drawn manually to show the sizes and patterns of the OZs in
different production systems.

3. Results

3.1. The OZ volume

Mean metrics for the OZs of the SP and CP systems for July
and August are presented in Table 2. At 5:00 A.M. in both July
and August, the OZ volumes did not show significant difference
between the two systems (P > 0.05). The CP ponds were fully oxy-
genated in both months at the three time points except one pond
at 5:00 A.M. in July (Fig. 3). In the SP system, the OZ volume at 5:00
A.M. in July ranged from 5700 to 7500 m3. In July, the SP fish zone
was not completely oxygenated at 5:00 A.M. in both ponds (Fig. 4,
only one pond’s OZ was  showed as an example), and at 12:00 A.M.
(Fig. 5) and 9:00 A.M. (Fig. 6) in one pond. In the CP system at 5:00
A.M. in July, the OZ volume ranged from 7500 to 9700 m3. In August,
both pond systems showed an increase in the OZ volumes at 5:00
A.M. In the SP system, the OZ volume at 5:00 A.M. in August ranged
from 12,000 to 12,500 m3, which was significantly larger than that
in July (Table 2). The CP system also showed an increase in August
as the OZ volume at 5:00 A.M. and ranged from 8500 to 11,200 m3.
In August, the entire fish zone in both SP ponds was  completely
oxygenated (DO > 2.5 mg/L).

3.2. The fish density in the OZ

The fish density in the OZ changed at the different sampling
times. In July, the mean fish density at 5:00 A.M. in the SP sys-
tems was  12.2 ± 2.2 fish/m3 while the CP systems at 5:00 A.M.
had roughly 5.1 ± 1.0 fish/m3. This was not significantly different
between systems but the SP system held 82% more fish in the OZ.
At the 70% survival rate, the mean fish density in the CP system
decreased to 4.7 ± 0.9 fish/m3. At the 90% survival rate, the fish den-
sity increased to 5.4 ± 1.1 fish/m3. At both of these survival rates,

the fish density was  not significantly different between the sys-
tems. The fish density was significantly higher in the SP system
at 12:00 A.M. and 9:00 A.M. compared to the CP system at those
same times. In August, there was  a decrease in fish density in the
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Fig. 4. Oxygenation zone pattern for Split Pond 2 at 5:00 A.M. in July. 

Z at the 5:00 A.M. sampling event in both systems. The SP system
ad 6.1 ± 0.1 fish/m3and the CP system had 4.3 ± 0.8, which was
ot significantly different between systems. Using the 70% and 90%
urvival rates, the fish density decreased to 3.9 ± 0.7 and increased
o 4.6 ± 0.8 fish/m3, respectively. Similar to July, the fish density at
2:00 A.M. and 9:00 A.M. was significantly different between the
ystems. In August, the OZ of the SP system held just 34% more fish
han the CP system’s OZ.

.3. The total kg fish/m3 of the OZ

The total kg fish/m3, similar to the fish density, changed at the
ifferent sampling times due to changing OZ size. At 5:00 A.M. in

uly, the kg fish/m3 for the SP and CP systems was 3.9 ± 1.5 and
.7 ± 0.5 kg/m3, respectively. They were not significantly different,
lthough the SP system did have 78% more kg of fish in the OZ.
t 5:00 A.M. in August, the mean kg fish/m3 for the SP system
eclined to 2.6 ± 0.4 while the CP system mean increased slightly to
.8 ± 1.3 kg fish/m3. The SP systems held just 36% more kg fish/m3

han the CP system in August. Similar to the fish density, the kg
sh/m3 was significantly different at 12:00 A.M. and 9:00 A.M.
etween the two systems in both July and August. Mean kg fish/m3

f the SP systems in July held 156% and 160% higher at 12:00 A.M.
nd 9:00 A.M., respectively.

.4. Flow within the OZ
The flow within the OZ of the SP system was higher than the
ow in the CP system OZ. The flow in the OZ of the CP system at
2:00 A.M. and 9:00 A.M. is considered to be zero because the whole
ond was considered oxygenated. The flow at 5:00 A.M. in CP is the
arrows represent the inflow and outflow of the split pond sluiceways.

only one reported. The flow of CP systems ranged from 0.002 to
0.235 m3/s in July and from 0.002 to 0.165 m3/s in August. The flow
catfish faced within the OZ for the SP system ranged from 0.098 to
0.437 m3/s in July and 0.002 to 0.634 m3/s in August.

4. Discussion

The SP and CP systems have similar OZ volumes at the 5:00 A.M.
sampling times. Although they were equipped with the same num-
ber of aerators and the water had the ability to disperse farther
throughout the larger CP system, the OZ in the SP was actually
larger in terms of the OZ volume and total mass of DO within it.
The fish zone of the SP was  completely oxygenated (entire area
>2.5 mg/L) at all sampling times with the exception for SP-1 at 5:00
A.M. in July and SP-2 when at 12:00 A.M., 5:00 A.M., and 9:00 A.M.
in July. This was likely caused by an exceptionally large algal bloom
for SP-2. Chlorophyll a data gathered from this pond one day prior
to placing data loggers in the pond averaged 4874.45 �g/L. The con-
sumption of oxygen by this large phytoplankton bloom may have
reduced oxygen in the fish zone to below 2.5 mg/L. Therefore, the
size of the OZ and the amount of oxygen in it shrunk, and increased
the fish density and kg fish/m3. Another possible explanation for
the low DO in the fish zone of the SP system, particularly SP-1,
could be the suspension of sediment that can cause DO depletion
(Steeby et al., 2004). This resuspension of sediment could be caused
by the high aeration rates in the relatively small fish zone of the
SP, which could disturb the sediment and increase clay particles

in water (Hollerman and Boyd, 1980). While almost every night
in the fish zone of the SP system was fully oxygenated, there is a
chance placement of the aerators near one of the sluiceways con-
tributed to some loss of water with high DO. It is likely a minimal
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Fig. 5. Oxygenation zone pattern for Split Pond 2 at 12:00 A.M. in July.

oss, but placement of aerators might have an influence on the oxy-
en dynamics of the OZs in the SP system. DO depletions in the fish
one of the SP system could also be the result of increased feeding
ate compared to the CP system. Higher feeding rate is associated
ith longer durations of lower DO concentrations (Hargreaves and

teeby, 1999).
The OZ volume for the CP system was much higher than the

P system at both 12:00 A.M. and 9:00 A.M. This was  because the
rea of the CP system was much larger than the fish zone of the
P system. The entire CP system was assumed to be oxygenated
above 2.5 mg/L) at those times because even the farthest data log-
ers from the aerators were still recording DO above the threshold.
he assumption was held true due to the high levels of DO at the
eginning of sampling (9:00 P.M.). The DO values recorded by the
ata loggers would not have fallen below the threshold in that short
mount of time. This is supported by the Boyd et al. (1978) model
n which their predicted and measured DO (mg/L) did not begin to
pproach critical levels until into the early morning hours because
he decline was linear over time. The OZ volume began to decline
ver the night and reached the lowest levels in the early morning.
his is because aeration could only provide limited oxygen to the

arge CP system. Fish, plankton, and sediment respiration used up
O in the un-aerated areas of the pond throughout the night. DO
oncentrations from data loggers far from the aerators reached lev-
ls similar in ponds without aeration (Hollerman and Boyd, 1980;
ai-Fa and Boyd, 1988). These low levels of DO are also observed on
ccasion in the SP system. As the OZ volume changed, all the other

etrics used in this study changed accordingly. Total mass of DO

nd kg DO/m3 in the OZ were directly linked to how big the OZ was
t a given sampling time.
 arrows represent the inflow and outflow of the split pond sluiceways.

Two  of the metrics used (i.e. fish density and kg fish/m3 in the
OZ) assume every fish is within the OZ because fish become con-
ditioned to find the higher DO around aerators (Boyd, 1998). This
might not always be the case as some fish, especially smaller fish,
may  be excluded due to competition for optimal habitat (higher
DO). This type of competition, which is also seen in feeding in cat-
fish ponds (Randolph and Clemens, 1976), could be the cause for
lower production in the CP systems. Smaller fish are excluded from
feeding first and inhabit less than optimal habitats thereby affect-
ing their growth. The significant differences of these two metrics
at both 12:00 A.M. and 9:00 A.M. between production systems has
more to do with the overall size of the pond since the entire CP sys-
tem was  considered oxygenated. The growth and mortality rates in
each system may  have also influenced the fish related metrics in
the same pond systems between months.

Mean flow the catfish faced in the fish zone of SP system was
higher than what catfish faced in the CP system. While the same
amount of aeration was  applied to both systems, the water in the
CP system had more room to disperse, thus possibly lowering the
flow faced by fish. The flow increased at the data loggers that
were closer to the aerators. If flow in the fish zone of the SP sys-
tem was  uniform from top to bottom, then respiration of the fish
should increase because respiration increases with activity (Boyd
and Tucker, 1998). Paddle-wheels work by slashing water into the
air and can mix  well oxygenated surface water into deeper water
(Boyd, 1998). While the flow was higher for the catfish in the fish
zone of the SP system, they might be able to avoid heavy flow while

still getting oxygenated water near the bottom. Some of the flow
values were lower in the current study than those reported in other
split-pond studies (e.g. Brown et al., 2016). This may be because the
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Fig. 6. Oxygenation zone pattern for Split Pond 2 at 9:00 A.M. in July. 

ifference of flow measurement locations as the current study took
ows next to the data sondes. One limitation of the current study is
nly a single-depth oxygen reading was taken. If DO concentrations
ere sampled at multiple depths, a more complete 3-demensional

attern of oxygenation of these zones would be achievable. Another
imitation is the number of the experimental ponds, which was a
esult of the availability of pond access, data loggers, and personnel
or the study.
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