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a b s t r a c t

Channel catfish (Ictalurus punctatus) have been grown successfully in an outdoor biofloc technology
production system. Outdoor biofloc production systems in the tropics are operated year-round, whereas
the channel catfish studies were conducted only during the growing season and biofloc production tanks
were harvested and idled for the winter. If an outdoor biofloc production system is to be adopted by
farmers at temperate latitudes, then data gaps related to system and fish performance over the winter
must be addressed. The present study was conducted to address these data gaps for channel catfish
culture. Waters from a recently completed biofloc production experiment that contained low (153.3 mg/L)
and high (790.0 mg/L) total suspended solids were retained for this study. Three 15.7-m3 tanks per water
type each were stocked (8 kg/m3) with market size channel catfish from that same study for a 152-day
study from November to April. Mean chlorophyll a concentrations were similar in both treatments during
the first 55 days, after which treatments diverged and chlorophyll a concentration increased linearly
(P < 0.001, R2 = 0.721) to a mean final concentration of 2251.7 mg/m3 in the low solids treatment. Ammonia
from ammonium chloride spikes (1.25–1.5 mg TAN) added on three occasions during the experiment was
biotransformed completely, putatively by algal uptake and nitrification. Ammonia biotransformation rate
was linearly related to mean water temperature in the high solids (P < 0.001, R2 = 0.920) and low solids
(P = 0.002, R2 = 0.761) treatments. Catfish survival through the winter was high (99.75%) in biofloc tanks
and did not differ significantly between treatments. Net fish yield did not differ significantly between
treatments. However, net fish yields were 1–4% less than initial fish biomasses. Water in the biofloc
production tanks appeared to retain through the winter the ability to biotransform ammonia regardless
of whether phytoplankton or suspended solids predominate and despite sustained input of ammonia-
nitrogen. Having an active biofloc in the spring obviates the start-up time required to establish a new,
fully functional biofloc and the associated TAN and nitrite spikes.

Published by Elsevier B.V.

1. Introduction

The biofloc technology (BFT) production system results in high
yields of aquatic animals because two important production-
limiting factors, dissolved oxygen and total ammonia-nitrogen
concentrations, are maintained at near-optimal levels despite high
stocking and feeding rates (Avnimelech, 1999; Burford et al., 2004;
Hargreaves, 2006). High dissolved oxygen concentration is main-
tained by continuous aeration, which also maintains the biofloc
suspended in the water column. The biofloc is a complex of liv-
ing organisms closely associated with particulate organic matter.

∗ Tel.: +1 870 673 4483; fax: +1 870 673 7710.
E-mail address: bart.green@ars.usda.gov

Nitrogenous waste excreted by the intensively fed culture animals
utilized by phytoplankton and bacteria, which are part of this com-
plex of living organisms.

Stocker-size and market-size channel catfish (Ictalurus puncta-
tus) were grown successfully in an outdoor BFT production system
and a net yield as high as 9.3 kg/m3 was reported (Green, 2010;
Schrader et al., 2011; Green et al., 2014). Unlike outdoor BFT pro-
duction systems in the tropics that are operated year-round, the
channel catfish studies were conducted only during the temperate-
zone growing season and BFT production tanks were drained and
idled at harvest. Operating the BFT system only during the grow-
ing season implies that at harvest the fish must be marketable or
of a size appropriate for a subsequent stage of grow out. Other-
wise, fish will be moved unnecessarily. Additionally, 4–6 weeks are
required at spring start-up for a fully functional biofloc to develop.

http://dx.doi.org/10.1016/j.aquaeng.2014.11.001
0144-8609/Published by Elsevier B.V.
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If an outdoor BFT production system is to be adopted by farmers
at temperate latitudes, then data gaps related to system and fish
performance over the winter must be addressed.

Pond production of channel catfish requires that fish be over-
wintered at least once before being harvested as food fish. Survival
of fish to harvest is good and generally exceeds 75% (Robinson and
Li, 2008; Li et al., 2009). Recommendations for winter feeding of
channel catfish vary feeding rates based on threshold water tem-
peratures (Robinson et al., 2001). Gains or losses in individual fish
weight and net yield can depend on the winter feeding strategy
used, and fish size and survival (Lovell and Sirikul, 1974; Tackett
et al., 1987; Tidwell and Mims,  1991; Burtle and Newton, 1993;
Nanninga et al., 2011; Bastola et al., 2012).

The waters used for this experiment were retained from a
just-completed freshwater BFT experiment that evaluated differ-
ent levels of solids control; retained waters had high or low total
suspended solids (TSS) concentrations. High TSS concentration in
BFT can affect negatively culture animal performance and removal
of solids to 200–400 mg/L TSS is recommended (Ray et al., 2010;
Green et al., 2014). Furthermore, the retained waters used in the
present experiment themselves will be retained for a follow-on
study to evaluate re-use of BFT water during a second growing
season. The objectives of the present experiment were to quantify
changes in water quality and ammonia biotransformation capacity
and channel catfish performance throughout the winter.

2. Materials and methods

2.1. Biofloc technology production system

Six wood-framed rectangular tanks with a slightly sloped
bottom tanks (18.6 m2, mean 15.7 m3 of water, mean depth of
0.81 m)  lined with high density polyethylene (HDPE) located out-
doors at the USDA Agricultural Research Service (ARS), Harry K.
Dupree Stuttgart National Aquaculture Research Center (HKD-
SNARC), Stuttgart, AR, USA, were used for this study. One 2.6-kW
blower per three tanks provided air (ca. 295 m3/h) continuously
through a diffuser grid (six 5.95 m × 2.5 cm polyvinyl chloride pipes
with 1.9-mm diameter holes drilled at 15-cm intervals) on the
bottom of each tank. Waters from a BFT production experiment
testing different levels of solids removal that concluded 14–15
November 2013 and contained low (153.3 ± 39.5 mg/L, mean ± SE)
or high (790.0 ± 48.4 mg/L) TSS were retained for this study. Each
tank required about 10% well water to complete filling. Triplicate
tanks each were assigned randomly to the low and high TSS con-
centrations. Solids were not removed from tanks during this study.

2.2. Water quality

Initial water samples for this study were collected and ana-
lyzed 6 days after stocking. Water samples were collected from
each tank on average at 2 week intervals at approximately 0830 h.
Total ammonia-nitrogen (TAN) was analyzed fluorometrically
using the o-phthaldialdehyde method in a flow injection system
(Genfa and Dasgupta, 1989). Nitrite-nitrogen (NO2-N, diazotiza-
tion), nitrate-nitrogen (NO3-N, cadmium reduction), and soluble
reactive phosphorus (ascorbic acid method) were analyzed using
flow injection analysis according to manufacturer instructions
(FIAlab 2500; FIAlab Instruments, Bellevue, Washington). Total
alkalinity and total suspended solids were measured using the
methods of Eaton et al. (2005). Chlorophyll a was extracted in 2:1
chloroform:methanol from phytoplankton (for this study, “phyto-
plankton” includes planktonic algae and cyanobacteria as well as
those attached to bioflocs) previously filtered from water samples
by using a 0.45-�m pore size glass fiber filter, and the chlorophyll

a concentration in the extract was  determined by spectroscopy
(Lloyd and Tucker, 1988). Sample pH was measured electromet-
rically.

Dissolved oxygen (DO) concentration and water temperature
in each tank were monitored continuously by a galvanic oxygen
sensor (Type III, Oxyguard, Birkerød, Denmark) and a thermis-
tor (Model 109, Campbell Scientific, Logan, Utah) connected to a
datalogger (Model CR206 or CR10X, Campbell Scientific, Logan,
Utah). Air temperature data was  obtained from the weather station
located within 0.5 km at USDA ARS Dale Bumpers National Rice
Research Center, Stuttgart, Arkansas.

Stock salt (144 g/m3) was  added to each tank to ensure chloride
concentration exceeded 100 mg/L. Sodium bicarbonate (72 g/m3)
was added once (day 123) only to high solids treatment tanks to
maintain pH values between 7.0 and 7.8 and total alkalinity about
100 mg/L as CaCO3.

2.3. Ammonium chloride additions

Ammonium chloride (untreated technical grade, 99.9%, The Dal-
las Group of America, Whitehouse, New Jersey) was added to each
tank on three occasions to measure TAN biotransformation over
time. Dry matter content of ammonium chloride was 99.6%. Each
tank was  dosed with ammonium chloride, on a dry matter basis,
to add 1.5 mg/L TAN (16 December 2013), and 1.25 mg/L TAN (27
January 2014; 10 March 2014). The quantity of TAN added was  high
enough to be detectable, but unlikely to be detrimental to the cat-
fish (Hargreaves and Kucuk, 2001). Water samples were collected
from each tank at 0 min, 15–60 min, 4 h (10 March only), 7–8 h, 24 h,
48 h, 72 h, 96 h, and 173 h (27 January 2014 only) after TAN addi-
tion and analyzed for TAN and NO2-N; samples were analyzed for
NO3-N at the beginning and end of each spike event.

2.4. Catfish stocking, feeding, and harvesting

Channel catfish (I. punctatus)  harvested from the BFT produc-
tion experiment were re-stocked into tanks. Mean biomass at
stocking was 7.8 ± 0.2 and 8.2 ± 0.5 kg/m3 for the low and high
solids treatments, respectively, and did not differ significantly
between treatments (P = 0.490). Mean initial weight did not dif-
fer significantly between treatments and averaged 560.8 ± 5.8 and
611.3 ± 22.9 g/fish for the low and high solids treatments, respec-
tively. Fish in each tank were fed as much 32% protein feed (Delta
Western Feed Mill, Indianola, Mississippi) as they could consume in
10 min  once the afternoon water temperature exceeded 16 ◦C for
two consecutive days, and the quantity recorded. Fish were har-
vested from all tanks on 16 April 2014, 152 days after stocking. At
harvest, 25% of fish in each tank were weighed individually and
the remainder were counted and weighed in bulk. Animal care and
experimental protocols were approved by the HKDSNARC Insti-
tutional Animal Care and Use Committee and conformed to ARS
Policies and Procedures 130.4 and 635.1.

2.5. Data analysis

Data were analyzed by mixed models analysis of variance
(MIXED) and linear regression (REG) procedures in SAS v. 9.3. Ini-
tial TSS concentration was the fixed effect. The repeated measures
mixed models procedure (MIXED) was  used to compare slopes of
ammonia-nitrogen transformation over time between treatments
for each spike event; first-order ante dependence covariance struc-
ture was  used for the first two  spike events, and spatial power
covariance structure was used for the third spike event (Littell et al.,
2006).
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Fig. 1. Mean air (top) and biofloc tank water (bottom) temperatures from 15
November 2013 through 16 April 2014. The gap in air temperature data was caused
by  datalogger malfunction. Note that different scales on the y-axes are used for
clarity.

3. Results and discussion

3.1. Water quality

Mean air temperature less than 0 ◦C was recorded on 31 day,
whereas mean water temperature was less than 0 ◦C on 11 day and
averaged −0.6 ◦C (Fig. 1). Water temperature did not differ signif-
icantly between treatments (P = 0.824) and the grand mean (±SD)
was 7.9 ± 0.2 ◦C. Mean daily dissolved oxygen concentration did not
differ significantly between treatments (P = 0.681), and averaged
11.7 ± 1.6 mg/L. Ice, covering up to a maximum of about 75% of the
tank surface, was observed on tanks during the coldest tempera-
tures.

Water used for this study was retained from a just completed
BFT study and was strongly nitrifying. Initial means did not differ
significantly between low and high solids treatments, respec-
tively, for TAN (0.01 ± 0.00 and 0.00 ± 0.00 mg/L, P = 0.083), NO2-N
(0.26 ± 0.08 and 0.01 ± 0.08 mg/L, P = 0.100), NO3-N (71.03 ± 9.88
and 95.22 ± 9.88 mg/L, P = 0.159), total alkalinity (132.0 ± 23.5 and
176.6 ± 23.5 mg/L as CaCO3, P = 0.252), pH (8.2 ± 0.0 and 8.1 ± 0.0,
P = 0.483), and chlorophyll a (493.5 ± 29.3 and 409.7 ± 29.3 mg/m3,
P = 0.113). Mean initial PO4-P concentration was  significantly
greater (P = 0.005) in the high solids (33.1 ± 1.6 mg/L) than in the
low solids (20.3 ± 1.6 mg/L) treatment. Initial TSS in the high solids

treatment (790.0 ± 48.4 mg/L) was  significantly greater (P = 0.002)
than in the low solids treatment (153.3 ± 39.5 mg/L).

No significant differences were detected between solids levels
for mean TAN, NO2-N, and total alkalinity concentrations (Table 1).
Although mean NO3-N concentration in the high solids treatment
was 43% higher than in the low solids treatment, the difference
was not statistically significant at the 0.05 level (P = 0.062). Other
treatment differences were significantly greater PO4-P and TSS con-
centrations in the high solids treatment, and significantly greater
chlorophyll a concentration and pH in the low solids treatment
(Table 1). Water quality treatment means likely were not affected
by feed addition because the same low quantity of feed was  added
to each treatment (see Section 3.3).

Changes in water quality variable concentrations during the
experiment were different for each treatment. Mean TAN was  sig-
nificantly lower, and total alkalinity and pH were significantly
greater in final compared to initial samples in the high solids treat-
ment (Table 2). However, in the low solids treatment, mean final
NO2-N, TSS, and chlorophyll a concentrations were significantly
greater than mean initial concentrations, and mean final concen-
trations of NO3-N, soluble reactive phosphorus, total alkalinity, and
pH were significantly lower than initial concentrations (Table 2).
Total alkalinity decreased linearly throughout the experiment in
the low solids treatment (P < 0.001, R2 = 0.700) and through day 123
in the high solids treatment (P < 0.001, R2 = 0.853); sodium bicar-
bonate (72 g/m3) was added to high solids treatment tanks on day
123 following alkalinity measurement. During the first 70 days, pH
in the low solids treatment was relatively constant and averaged
8.1 ± 0.1, but then decreased linearly beginning day 83 (P < 0.001,
R2 = 0.770). In the high solids treatment, pH decreased linearly
(P < 0.001, R2 = 0.678) until day 123 when sodium bicarbonate was
applied.

Mean TSS concentration in the high solids treatment remained
above 300 mg/L and water retained its brown color throughout
the study (Fig. 2). In the low solids treatment, mean TSS concen-
tration remained around 200 mg/L through day 123, after which
it increased slowly to 403.3 mg/L by day 151. The recommended
range of TSS for channel catfish is 282–427 mg/L (Green et al., 2014).
Mean chlorophyll a concentrations were similar in both treat-
ments during the first 55 days, after which treatments diverged
and chlorophyll a concentration increased linearly (P < 0.001,
R2 = 0.721) to a mean final concentration of 2251.7 mg/m3 in the
low solids treatment (Fig. 2). The low solids concentration allowed
sunlight to penetrate deeper into the water column, which stim-
ulated algal growth. Similarly high chlorophyll a concentrations
were reported during the summer and fall in a channel catfish BFT
production system (Schrader et al., 2011).

3.2. Ammonia transformation

Mean TAN concentration was  less than 0.4 mg/L TAN except
after ammonium chloride was added to tanks (Fig. 3). Total
ammonia-nitrogen concentration peaked following ammonium
chloride addition and then declined as ammonia-nitrogen was
transformed. No significant treatment difference (P = 0.240) in
slope was detected for ammonia transformation during the
first spike event. Regression equations were y = 1.719 − 0.016x
(R2 = 0.944) and y = 2.208 − 0.018x (R2 = 0.893) for the low and
high solids treatments, respectively, where y = mg/L TAN and x = h.
During the second spike event, ammonia transformation slope
was significantly greater (P = 0.048) in the high solids treatment.
Ammonia transformation was described by regression equations,
y = 1.204 − 0.003x (R2 = 0.560) and y = 1.500 − 0.005x (R2 = 0.749) for
the low and high solids treatments, respectively. Slope of ammo-
nia transformation did not differ significantly (P = 0.096) between
treatments during the third spike event. Low and high solids
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Table  1
Treatment least squares mean (± SE) water quality variable concentrations for outdoor biofloc technology tanks stocked with channel catfish during the winter (15 November
2013  to 16 April 2014). Treatments were high and low initial concentrations of total suspended solids (TSS) in tank waters.

Variable Initial TSS concentration Pooled

High Low SE Pr > F

Total ammonia-nitrogen (mg/L) 0.16 0.20 0.03 0.292
Nitrite-nitrogen (mg/L) 0.38 0.33 0.05 0.528
Nitrate-nitrogen (mg/L) 93.44 65.32 7.75 0.062
Soluble reactive phosphorus (mg/L) 29.80 17.52 1.44 0.004
Chlorophyll a (mg/m3) 378.2 1178.1 48.8 <0.001
Total  suspended solids (mg/L) 659.5 205.6 23.5 <0.001
Total  alkalinity (mg/L as CaCO3) 102.2 98.1 5.2 0.600
pH  7.78 7.98 0.04 0.031

Table 2
Within treatment comparison of least squares mean (±SE) initial and final water quality variable concentrations for outdoor biofloc technology tanks stocked with channel
catfish for a 152-day study beginning 15 November 2013. Treatments tested were low and high initial concentrations to total suspended solids.

Treatment NH4-Na NO2-Na NO3-Na PO4-Pa Chl aa TSSa T Alka pH

Low solids
Initial 0.01 0.26 70.97 20.34 493.5 153.3 132.0 8.19
Final  0.08 0.90 58.18 14.01 2251.7 403.3 67.7 7.59
Pooled SE 0.03 0.11 6.89 1.41 369.6 11.8 16.8 0.03
Pr  > F 0.119 0.016 0.041 0.034 0.077 0.002 0.089 0.004

High  solids
Initial 0.00 0.01 95.18 33.08 409.7 606.7 176.6 8.14
Final  0.04 0.14 90.51 28.67 541.6 687.8 91.6 7.59
Pooled SE 0.01 0.06 8.97 2.43 65.6 140.9 18.2 0.08
Pr  > F 0.046 0.173 0.685 0.185 0.091 0.705 0.030 0.010

a Total ammonia-nitrogen (mg/L NH4-N), nitrite-nitrogen (mg/L NO2-N), nitrate-nitrogen (mg/L NO3-N), soluble reactive phosphorus (mg/L PO4-P), chlorophyll a (mg/m3

Chl a), total suspended solids (mg/L TSS), total alkalinity (mg/L as CaCO3 T Alk).

treatment regression equations were y = 1.129 − 0.016x  (R2 = 0.934)
and y = 1.111 − 0.025x (R2 = 0.890), respectively.

Ammonia transformation rate (slope absolute value) within
treatment appeared to be affected by the mean water temperature

during each ammonium chloride spike event (Fig. 4). The increase
in ammonia transformation rate as mean water temperature
increased from spike event 1 to 2 was similar for both treatments.
However, no further increase in ammonia transformation rate was
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concentrations of TSS. Channel catfish were stocked at 7.8 and 8.2 kg/m3 in the low and high TSS treatments, respectively, on 15 November 2014 and harvested 152 days
later.
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observed in the low solids treatment as mean water temperature
increased between spike events 2 and 3, whereas in the high solids
treatment the ammonia transformation rate continued to increase
linearly with increased water temperature. More of the variation
in ammonia transformation rate was explained by the linear rela-
tionship in the high solids treatment. It should be noted, however,
that additional data points at higher temperatures, which was
beyond the scope of the present study, are needed if the relation-
ship between ammonia transformation rate and water temperature
is to be described fully.

Mean NO2-N concentration increased in both treatments fol-
lowing addition of ammonium chloride (Fig. 3). During spike event
1, NO2-N concentration began to increase 24–48 h after ammonium
chloride addition. Sampling was  suspended during the Christmas
holiday and at the first sample in January, mean NO2-N concen-
tration in both treatments was undetectable analytically. Increases
in NO2-N concentrations in both treatment following the second
spike event were slow and peak concentration lagged the peak
TAN concentration by 3 weeks in the high solids treatment and 5
weeks in the low solids treatment, probably because of low water
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temperature. Concentrations did not return to pre-spike levels
before ammonium chloride was added for the third time. The spike
in NO2-N concentration in both treatments occurred about 48 h
after the TAN spike during the third spike event. Eight days after
its peak concentration, nitrite concentration declined to less than
0.1 mg/L NO2-N in the high solids treatment, but only to 0.6 mg/L
in the low solids treatment. During the final 30 days of the study,
which was when most of the feeding occurred, nitrite concentra-
tion remained below 0.2 mg/L NO2-N in the high solids treatment,
whereas it varied between 0.5 and 1.0 mg/L NO2-N in the low solids
treatment.

Nitrate concentration declined slightly in both treatment over
the course of this study (Fig. 3). An increase in NO3-N concen-
tration was not detected following any of the TAN spike events.
Detection of an increase in NO3-N following a TAN spike may  have
been missed because nitrate was assayed less frequently, but also
because of the low concentration of the TAN spike. Bacteria also can
consume nitrate and cause it not to accumulate (Choi et al., 2008).
Additionally, nitrate likely was used as the nitrogen source by phy-
toplankton since TAN concentrations generally were low and feed
additions were limited. Phytoplankton uptake ammonia preferen-
tially, but utilize nitrate when ammonia concentration is very low
or absent (Reynolds, 1984). The low ammonia and high nitrate con-
centrations present during this study, the observed 5–18% decline
in nitrate concentration, and the high chlorophyll a concentrations
support phytoplankton utilization of nitrate.

The data on ammonia and nitrite transformation provide strong
evidence of nitrification in the BFT tanks throughout the winter
in the absence of sustained TAN input. Others report nitrification
occurring at low water temperatures (3–6 ◦C) in ice-covered lakes
(Knowles and Lean, 1987) and in an outdoor aerated submerged
biofilm reactor (Choi et al., 2008). However, confirmation that nitri-
fication occurred in the present study would require evidence that
alkalinity decreased during the spike events because nitrification
consumes bicarbonate (Ebeling et al., 2006). In the absence of such
evidence, the data support presumptive nitrification. However, the
decrease in total alkalinity and pH observed over the course of the
present experiment supports this conclusion.

Based upon the high chlorophyll a concentration in the low
solids treatment at spike event 2 (day 73) and 3 (day 115) (Fig. 2),
ammonia uptake by phytoplankton was presumed to be the pri-
mary route of ammonia transformation, and nitrification was
secondary. Ammonia uptake by phytoplankton and per unit of
chlorophyll a was shown to be linearly related to temperature from
5 to 30 ◦C and 12 to 30 ◦C, respectively (Kanda et al., 1985; Cabrita
et al., 1999). High algal productivity in catfish ponds results in rapid
uptake of ammonia and low aqueous concentrations (Hargreaves
and Tucker, 1996). Nitrification likely was the primary ammo-
nia transformation route during the first spike event in the low
solids treatment, whereas phytoplankton uptake likely predom-
inated during the third spike event. Despite the 4 ◦C increase in
water temperature from the second to third spike events, ammo-
nia transformation by presumptive phytoplankton uptake did not
appear to increase. In contrast, the ammonia transformation rate
increased in the high solids treatment during spike event 3, when
nitrification was presumed primarily responsible for ammonia
transformation.

3.3. Catfish production

At harvest, mean individual weight did not differ significantly
between treatments (Table 3). There was no significant difference
(P = 0.776) between high solids treatment initial and final individual
weights, but the final individual weight in the low solids treat-
ment was significantly greater (P = 0.046) than the initial weight.
Fish were fed on 16 day during this study, 80% of which occurred

Table 3
Treatment least squares mean (±SE) initial and final production variables for channel
catfish stocked during the winter in outdoor biofloc technology tanks with waters
initially containing high and low initial concentrations of total suspended solids
(TSS). Tanks were stocked on 15 November 2013 and harvested after 152 days.

Variable Initial TSS concentration Pooled

High Low SE Pr > F

Initial weight (g/fish) 611.3 560.8 16.6 0.098
Final weight (g/fish) 598.8 579.1 24.4 0.599
Initial biomass (kg/m3) 8.2 7.8 0.4 0.490
Final biomass (kg/m3) 7.9 7.7 0.4 0.701
Net  fish yield (kg/m3) −0.3 −0.1 0.1 0.146
Survival (%) 99.9 99.7 0.0 0.508

from mid-March through 11 April. Daily feed consumption aver-
aged 68.6 ± 9.5 g/m3 and 69.9 ± 9.5 g/m3 in the low and high solids
treatments, respectively, during the last 10 days of feeding. This
feed rate typically is observed from late-June through mid-July
in the BFT tanks stocked with channel catfish at 12 fish/m2. Total
feed consumption did not differ significantly between treatments
(P = 0.410), averaged (±SE) 0.95 ± 0.01 kg/m3 and 0.96 ± 0.00 kg/m3

for the low and high solids treatments, respectively, and does not
explain the difference between low solids initial and final weights.
This difference more likely was the result of sampling error since
initial weight was obtained by weighing individually all fish in each
tank, whereas final weight was obtained by weighing a random
sample of 25% of fish in each tank.

The capability to biotransform ammonia without a substantial
lag once feeding resumes was observed for both treatments in this
study. When fish began to feed in mid-March (day 124), mean daily
consumption increased rapidly in both treatments from 47 g/m3 to
69 g/m3, on average, where it remained for the last 10 feed days
of the study. Yet there was  no evidence of a sudden increase in
TAN concentrations in either treatment; TAN increased from 0.02
to 0.08 and from 0.02 to 0.07 mg/L NH4-N in the low and high solids
treatments, respectively. Nitrite decreased from 0.59 to 0.49 in the
low solids treatment, and increased from 0.05 to 0.07 mg/L NO2-N
in the high solids treatment. Since both treatments were similar,
only data from the high solids treatment are presented (Fig. 5).

Although channel catfish will consume feed at water temper-
atures greater than 7 ◦C (Nanninga et al., 2011; Bastola et al.,
2012), and feed rate and frequency based on threshold temper-
atures between 10 and 20 ◦C is recommended (Robinson et al.,
2001), fish in the present study were fed to apparent satiation only
after afternoon water temperature exceed 16 ◦C for two consecu-
tive days. Estimated daily feed consumption in the present study
was 0.9% of fish biomass and was  consistent with daily feed con-
sumption by market-size channel catfish in other winter feeding
studies (Nanninga et al., 2011; Bastola et al., 2012).

Catfish survival throughout the winter was high, did not differ
significantly between treatments, and averaged 99.8% (Table 3). A
total of three fish died: one in a high solids tank, and one in each of
two low solids tanks. At harvest, fish appeared robust and healthy.
Survival of market-size channel catfish over the winter in some
studies exceeded 90% (Lovell and Sirikul, 1974; Tackett et al., 1987;
Tidwell and Mims,  1991), whereas in other studies survival ranged
from 64 to 84% (Nanninga et al., 2011; Bastola et al., 2012). Mean
final biomass and net fish yield did not differ significantly between
treatments (Table 3). Net fish yields were 1–4% less than initial fish
biomasses. Other researchers report negative net yield (losses of
2–10%) for over-wintered channel catfish, often when fish are not
fed (Lovell and Sirikul, 1974; Tidwell and Mims,  1991; Nanninga
et al., 2011; Bastola et al., 2012). It is possible that net yields in
the present study would have been positive had feeding been ini-
tiated at a lower threshold temperature (Tidwell and Mims, 1991;
Robinson et al., 2001).
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Fig. 5. Mean water temperature (◦C), daily feed ration (g/m3), total ammonia-nitrogen, and nitrite-nitrogen from days 124 to 148 in the high solids treatment. Water
temperature and daily feed correspond to the left-hand vertical axis, and TAN and nitrite correspond to the right-hand vertical axis.

3.4. Summary

In summary, BFT water with a low initial TSS concentration
transitioned to a phytoplankton dominated system whereas water
with a high initial TSS concentration remained a bacterially domi-
nated system. This divergence resulted in changes in water quality
variables over the course of the experiment that differed between
treatments. The ability of the biofloc system to biotransform
ammonia-nitrogen was retained at low winter water temperatures
and in the absence of sustained TAN input in both treatments,
although this really is of minor importance because fish are not con-
suming feed and excreting ammonia. What is important, though,
is that the capability to biotransform ammonia without a sub-
stantial lag is retained once feeding resumes. High biomasses of
market-size channel catfish were maintained through the winter
with high survival and in good condition in both treatments. Net
yield was negative in both treatments, but might have been posi-
tive had feeding begun at a threshold temperature of 10 ◦C instead
of 16 ◦C. Having an active biofloc in the spring obviates the start-up
time required to establish a new, fully functional biofloc and the
associated TAN and nitrite spikes. Of course, an economic analysis
would be necessary to determine the costs and economic viability
of maintaining the biofloc through the winter.
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