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A B S T R A C T

Since excreted feed nitrogen is bio-transformed efficiently in a fully functional mixotrophic biofloc technology
production system, re-using this biofloc water over multiple production cycles should be beneficial. The present
study, conducted in an outdoor biofloc technology production system, evaluated impacts on fish production
characteristics and mineral status, common microbial off-flavors, and water quality dynamics for channel catfish
(Ictalurus punctatus) reared in one-year-old waters with low or high total suspended solids used previously for
two consecutive catfish biofloc studies or in unused (new) water. Total suspended solids were maintained at 300
to 400 mg/L in the unused and low total suspended solids used water treatments and allowed to accumulate in
the high total suspended solids used water treatment. Tanks (18.6 m2, 15.7 m3) were stocked with fingerlings
(47.5 ± 0.8 g/fish) at 13.5 fish/m2 (16 fish/m3) and grown for 181 days. Channel catfish production char-
acteristics did not differ significantly among treatments. Overall, gross fish yield averaged 10.2 kg/m3 and fish
averaged 642 g/fish. Nitrate accumulation rate was affected by total suspended solids concentration with a
significant reduction observed at the highest discharge of solids from the system, suggesting wash-out of ni-
trifiers. Treatment effects on water quality dynamics, macro- and trace-mineral status of water, feed, and fish, 2-
methylisoborneol and geosmin off-flavors and associated phytoplankton populations also are discussed. Results
of this study suggest that one-year-old biofloc water can be used without adverse impact for a second year of
channel catfish production in the biofloc system.

1. Introduction

Phytoplankton and bacterial uptake consume excreted feed nitrogen
during start-up of a new photoautotrophic-chemoautotrophic, i.e.,
mixotrophic, biofloc technology (BFT) system for freshwater finfish
production. Large increases (spikes) in total ammonia‑nitrogen (NH4-N)
concentration as high as 14.5 mg/L followed by up to 5 mg/L of ni-
trite‑nitrogen (NO2-N) concentration occur within the first four to six
weeks of system start-up (Green et al., 2019b). During this period, pH
and temperature in outdoor mixotrophic BFT tanks often range from
pH 8 to 9 and 20 to 25 °C, respectively (Green et al., 2014), and 4 to
36% of total ammonia‑nitrogen concentration will be present as un-
ionized ammonia, which can result in acute ammonia toxicity. Simi-
larly, high nitrite‑nitrogen concentration can induce methemoglobi-
nemia (Huey et al., 1980; Schwedler and Tucker, 1983). Subsequently,

the increase in nitrate‑nitrogen concentration and concomitant de-
crease in total alkalinity signals that nitrification is established fully.
The time delay to reach full nitrification may be related to the cumu-
lative nitrogen input. Nitrification in a freshwater mixotrophic BFT
production system was reported after nitrogen input of 27.4 g/m3 for
channel catfish (Ictalurus punctatus; Green, 2010; hereafter, catfish)
culture or about 37 g/m3 for hybrid tilapia (Oreochromis aureus x O.
niloticus; Green et al., 2019b) culture. Once nitrification is established
fully, total ammonia‑nitrogen and nitrite‑nitrogen concentrations gen-
erally remain below 0.5 mg/L despite high feed input to the densely
stocked culture organisms (Green et al., 2014, 2019b).

Total suspended solids (TSS) concentration increases linearly in a
mixotrophic BFT production system in response to high feed input
(Green et al., 2014). During production of stocker-size (ca. 150 g/fish)
catfish in the BFT system without solids removal, high TSS
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concentrations appeared to restrict daily feed intake and at a maximum
of 2100 mg/L cause fish distress and limited mortality (Green et al.,
2014). In a follow-on study, three levels of TSS control (no solids re-
moval, flow rates of 0.9 or 2.9 L/min through a settling chamber) were
evaluated in the production of market-size (454 g/fish) catfish in the
BFT system (Green et al., 2019a). In that study, maximum TSS con-
centration ranged from 1200 to 1410 mg/L when solids were not re-
moved and ranged from 200 to 400 mg/L in the two solids removal
treatments. Despite the significantly greater mean TSS concentration in
the no-solids-removal treatment, no significant treatment differences
among treatments were detected for total feed intake or any production
variable; however, size distribution of fish harvested from the no-solids-
removal treatment were skewed toward smaller size-classes compared
to the solids removal treatments.

When biofloc water from a just completed experiment to produce
market-size catfish was re-used immediately to hold those fish over the
winter, ammonia transformation in response to an ammonia‑nitrogen
spike was inversely related to mean water temperature from 3 to 12 °C
(Green, 2015). No lag in ammonia bio-transformation was observed
when feeding of fish resumed in mid-March at daily rations ranging
from 47 to 69 g/m3 and resultant changes in NH4-N and NO2-N con-
centrations were< 0.1 mg/L. Thus, re-using biofloc water for more
than one production cycle or season obviates the time required to es-
tablish a new, fully-functional biofloc with its associated NH4-N and
NO2-N spikes. Few published studies (Krummenauer et al., 2014;
Prangnell et al., 2016) were found on the re-use of biofloc water for a
subsequent production cycle despite anecdotal reports. In these studies,
biofloc water from a 62 to 120-d Pacific white shrimp (Litopenaeus
vannamei; hereafter, shrimp) production cycle was used successfully to
grow shrimp in a follow-on 30 to 108-d study. However, no study was
found on using one-year-old biofloc water for a second year of pro-
duction.

Accumulation of minerals, particularly cadmium, copper, and zinc,
is a concern where culture water is re-used with little or no make-up
water for multiple production cycles because mineral concentrations
may reach toxic levels (Colt, 2006). The minerals in formulated feed
and source water and from the corrosion of plumbing are sources of
minerals in water re-use production systems. In addition to mineral
accumulation in intensive recirculating aquaculture system (RAS)
water, minerals may bioaccumulate in culture animal tissue, particu-
larly edible tissue. Marbled eel (Anguilla marmorata) grown in tradi-
tional concrete ponds or RAS generally had significantly lower trace
mineral concentrations in muscle tissue compare to eels grown in a BFT
system (Li et al., 2018). Although there is published data on pond-
reared catfish fillet mineral concentration (e.g., Nettleton et al., 1990;
Clement and Lovell, 1994; Li et al., 2013), data on mineral content of
catfish grown in the BFT system is lacking.

The objectives of the present experiment were to compare the effect
of new, unused water and year-old used biofloc water on catfish pro-
duction characteristics and water quality in the BFT production system.

2. Materials and methods

2.1. Experimental design, tank management, fish, and feeding

A completely randomized design was used in triplicate outdoor
wood-framed BFT production tanks for channel catfish production to
evaluate the following treatments: 1) one-year old BFT water that
contained low TSS concentration (Old-Lo treatment); 2) one-year old
BFT water that contained high TSS concentration (Old-Hi treatment);
and, 3) newly (New) established BFT water. The used biofloc water
originated from an initial study that evaluated solids control in catfish
BFT culture (Green et al., 2019a) and this water then was re-used im-
mediately to evaluate low- and high-TSS BFT water for holding market-
size fish through the winter (Green, 2015), before finally being re-used
immediately for the present study. The BFT system started at the

beginning of this experiment utilized the new biofloc water. Old versus
new biofloc waters, low- versus high-TSS old biofloc waters, and old
versus new low-TSS waters were the planned comparisons evaluated.
Each tank (18.6 m2, 15.7 m3; described in detail by Green et al., 2014)
was equipped with a side-stream 130-L (117-L working volume) con-
ical-bottom settling chamber that was operated (3.4 L/min flow rate)
beginning when TSS concentration approximated 400 mg/L (Green
et al., 2014) and continuing as needed to maintain 300 to 400 mg/L
TSS. Settling chambers were operated for two consecutive days
(mean = 49.7 h) each time they were activated. New treatment settling
chambers were operated on average for significantly fewer (P = .011)
total hours (725.8 h) than were those in the Old-Lo treatment (878.2 h).
Total suspended solids were removed from New and Old-Lo treatment
tanks, but not from Old-Hi treatment tanks. Water was added to tanks
only to replace losses to evaporation and draining of settling chambers.

Tanks in the New treatment were filled 9 days before stock out with
groundwater (226 mg/L as CaCO3 total alkalinity) and, in order to
stimulate the phytoplankton bloom, were each seeded with water
(2.3 m3) from a pond with phytoplankton bloom. Each New treatment
tank was fertilized with a total of 0.14 kg urea (46-0-0, N-P-K), 0.49 kg
9–27-0 (N-P-K), and 2 kg organic carbon (dried molasses and beet pulp)
each made as one to two applications from day -9 to day 21 of the
study.

Livestock salt (2.3 kg/tank) was added to each tank to ensure
chloride concentration exceeded 100 mg/L. Total alkalinity and pH in
tank water were maintained by as-need additions of feed-grade sodium
bicarbonate according to Loyless and Malone (1997).

Fingerling catfish (47.5 ± 0.8 g/fish; mean ± SD) were stocked
into tanks at 13.5 fish/m2 (16 fish/m3) and initial biomass averaged
0.76 ± 0.2 kg/m3. Animal care and research protocol were approved
by the Institutional Animal Care and Use Committee and conformed to
ARS Policies and Procedures 130.4 and 635.1. Fish were fed a com-
mercial formulated feed (32% crude protein, 2.5% lipid) to apparent
satiation six days per week and the quantity recorded. Feed conversion
ratio (FCR) was calculated for each tank as the total quantity of feed fed
(dry matter basis) divided by the net (wet) weight of fish harvested.

At stocking, 10 fish were selected arbitrarily from the initial popu-
lation, euthanized, and frozen individually for later analysis of whole-
body mineral content. At harvest, condition indices (hepatosomatic
index, HSI; intraperitoneal fat, IPF; and, muscle ratio, MR) were mea-
sured on arbitrary subsets of five euthanized fish from the 60-fish
sample from each tank. An additional subset of five fish from each 60-
fish sample were euthanized and frozen for later analysis of whole-body
composition.

2.2. Fish, tissue, and feed sampling analyses

Initial and final fish whole-bodies, final muscle samples (1 fillet/
fish), and feed samples were prepared as described previously (Rawles
et al., 2018). Samples of at least 75 fish/tank to estimate growth tra-
jectories, taken on days 29, 53, 85, 113, 141, and 169 were weighed in
bulk as lots of 15–25 fish each and returned alive to their respective
tank. Tanks were harvested after 181 d. For each tank, a minimum of 60
fish/tank were weighed individually and remaining fish were counted
and weighed in bulk. Initial and final fish whole-body samples were
analyzed individually for proximate composition according to standard
methods (AOAC (Association of Official Analytical Chemists), 2006).
Additionally, initial and final fish whole-bodies, final muscle samples,
and feed samples were sent to the Central Analytical Lab, Center of
Excellence for Poultry Science, University of Arkansas, Fayetteville, AR
USA, for mineral analysis (aluminum, antimony, barium, boron, cad-
mium, calcium, chromium, cobalt, copper, iron, lead, magnesium,
manganese, molybdenum, nickel, phosphorus, potassium, selenium,
sodium, titanium, vanadium, and zinc) by inductively coupled plasma
optical emission spectroscopy. Apparent whole-body retention of feed
minerals was calculated on a dry matter basis as (net mineral
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gain × 100)/(mineral fed).

2.3. MIB and geosmin analyses

On days 40, 82, 103, 152, and 173 water samples were collected
from each tank for analysis of the common off-flavor compounds 2-
methylisoborneol (MIB) and geosmin as described previously (Schrader
et al., 2011) and for phytoplankton identification and enumeration as
described by Schrader et al. (2016). One fillet from each of five fish per
tank, collected during the harvest MR analysis, was placed in an in-
dividually labeled plastic bag, vacuum sealed, and stored frozen. All
samples were sent for analysis by next-day delivery to the USDA-ARS
Natural Products Utilization Research Unit, University, MS USA. The
instrumental limit of detection was 1 part per trillion for each com-
pound.

2.4. Water quality analyses

Dissolved oxygen and water temperature in each tank were mon-
itored continuously as described by Green et al. (2019a). Water samples
were collected weekly from each tank between 0700 and 0800 h and
analyzed immediately as described by Rawles et al. (2018) for NH4-N,
NO2-N, NO3-N, PO4-P, total alkalinity, total suspended solids (TSS),
chlorophyll a, and pH. Water samples also were collected from each
tank one day before stock-out and one day before harvest, filtered
through a 0.2-μm membrane filter, and sent to the Water Quality Lab,
Arkansas Water Resources Center, University of Arkansas, Fayetteville,
AR USA, for analysis by inductively coupled plasma optical emission
spectroscopy of dissolved minerals (aluminum, barium, beryllium,
boron, cadmium, calcium, cobalt, copper, iron, lead, magnesium,
manganese, molybdenum, nickel, phosphorus, potassium, sodium, si-
licon, sulfur, and zinc).

2.5. Statistical analyses

Normality and homoscedasticity of data were confirmed by the
Shapiro-Wilk test and Levene's test, respectively, before continuing
statistical analyses using SAS version 9.4. Mixed models analysis of
variance (ANOVA), t-test, and linear regression analysis were used to
analyze fish production, compositional indices, water quality, flavor,
and mineral data. A generalized linear mixed models repeated measures
ANOVA [covariance structure selected as described by Gbur et al.,
2012] was used to analyze water quality variable concentrations, feed
consumption, phytoplankton abundance, and MIB and geosmin con-
centrations over time. The CONTRAST statement or all-pairwise means
comparison of least squares means was performed using the DIFF op-
tion with the Tukey adjustment of P values. Percent data were arcsin
transformed before data analysis (Sokal and Rohlf, 1995). Differences
among response variables were declared significant at P ≤ 0.05.

3. Results

3.1. Fish and feed performance, and condition indices

Production variables did not differ significantly between New and
Old (water) treatments, nor between the Old-Lo and Old-Hi treatments
(Table 1). Gross and net fish yield averaged 10.2 and 9.4 kg/m3, re-
spectively. Total feed consumption averaged 12.8 kg/m3 across treat-
ments and results of repeated measures ANOVA did not detect sig-
nificant differences (P > 0.05) among treatments for daily feed
consumption throughout the experiment. Feed conversion ratio aver-
aged 1.36. At harvest fish averaged 641.6 g/fish and 69.0% of the fish
population attained market size (454 g/fish). Liver size (HSI), muscle
ratio, intraperitoneal fat, and whole-body protein, lipid, and moisture
did not differ significantly among treatments.

3.2. Water quality dynamics

At the start of the experiment the following water quality variables
concentrations (range) did not differ significantly among treatments:
NO2-N (0.02–0.11 mg/L; P = 0.362) and chlorophyll a
(640.4–1689.9 mg/m3; P = 0.097). Mean New treatment initial NH4-N
concentration (0.01 mg/L) was significantly lower (P = 0.002) than in
the Old-Lo (0.07 mg/L) or Old-Hi (0.11 mg/L) treatments, which did
not differ. Mean concentration of NO3-N, PO4-P, and TSS in the Old-Hi
treatment (87.24, 22.68, and 552.22 mg/l, respectively) was sig-
nificantly greater (P < 0.001,< 0.001, and<0.001, respectively)
than in the Old-Lo treatment (53.60, 10.48, and 312.78 mg/L, respec-
tively), which was significantly greater than in the New treatment
(0.91, 1.57, 68.00 mg/L, respectively). Initial mean total alkalinity in
the New treatment (226.3 mg/L as CaCO3) was significantly greater
(P = 0.001) than in the Old-Lo (90.8 mg/L as CaCO3) or Old-Hi
(93.76 mg/L as CaCO3), which did not differ.

Mean dissolved oxygen concentration was 7.43, 7.63, or 7.51 mg/L
(89.4, 91.4, or 89.9% saturation) in the New, Old-Lo, or Old-Hi treat-
ments, respectively, and did not differ significantly among treatments
(P = 0.384). Corresponding mean minimum and maximum DO con-
centrations were 6.9, 7.0, and 6.9 mg/L, and 11.0, 11.4, and 11.7 mg/L,
respectively. Water temperature did not differ significantly (P = 0.466)
among treatments and averaged 24.7, 24.4, or 24.4 °C in the New, Old-
Lo, or Old-Hi treatments, respectively. Corresponding mean minimum
and maximum temperatures concentrations were 23.1, 22.8, or 22.8 °C,
and 30.8, 30.4, or 30.6 °C, respectively.

Mean NO2-N, NO3-N, PO4-P, TSS, and total alkalinity concentrations
differed significantly among treatments (Table 2). Mean NH4-N and
NO2-N concentrations in the New treatment followed the typical ni-
trification start-up pattern (Fig. 1). Mean New treatment NH4-N con-
centration spiked to 1.52 mg/L on day 14, significantly greater
(P = 0.033) than in the Old-Lo and Old-Hi treatments which each
averaged 0.08 mg/L and did not differ significantly. On day 28, mean

Table 1
Least squares means and pooled (SEp) for growth, feed performance, and
composition indices of channel catfish, (initial weight: 47.5 ± 0.8 g/fish)
reared to market size in outdoor biofloc production technology tanks.a

Treatment ANOVA

Response b New Old-Lo Old-Hi SEp Pr > Fc

GFY 10.1 10.1 10.4 0.3 0.731
NFY 9.3 9.4 9.6 0.3 0.711
Survival 99.6 99.9 99.3 0.3 0.467
Avg wt 634.3 631.6 658.8 20.1 0.600
Gain 1237.3 1221.8 1292.6 33.6 0.357
% > 454 g 69.9 66.7 70.5 3.7 0.746
Total feed 12.7 12.7 13.1 0.4 0.749
FCR 1.37 1.36 1.35 0.03 0.957
IPF 3.33 3.25 3.45 0.23 0.763
MR 53.8 52.0 50.2 0.02 0.390
HSI 1.64 1.52 1.71 0.11 0.514
Protein 15.9 15.7 15.7 0.3 0.770
Lipid 12.9 13.5 13.2 0.4 0.725
Moisture 68.3 67.9 68.5 0.6 0.811

a N = 3 replicate tanks.
b
GFY: gross fish yield (kg/m3) after 188–189 days; NFY: net fish yield (kg/

m3); Survival (%); Avg wt: average fish weight (g) at harvest; Gain (%) = (final
weight – initial weight) ∗ 100/initial weight; % > 454 g: percent of fish
weighing> 454 g at harvest; Total feed (kg/m3, dry weight basis) consumed;
FCR: feed conversion ratio = g dry feed consumed/g weight gained; IPF: in-
traperitoneal fat (%) = intraperitoneal fat mass * 100/fish mass; MR: muscle
ratio (%) = fillet with rib mass * 100/fish mass; HSI: hepatosomatic index
(%) = liver mass × 100/fish mass; whole body protein, lipid, and moisture (%,
fresh-weight).

c
ANOVA, Pr > F. LS means in the same row with different letters are dif-

ferent (P ≤ 0.05).
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New treatment mean NO2-N concentration spiked to 2.68 mg/L, but did
not differ significantly (P= 0.383) from the Old-Lo (0.10 mg/L) or Old-
Hi (0.03 mg/L) treatments. Mean TSS beginning on day 42 through the
end of the experiment was significantly greater (P < 0.05) in the Old-
Hi treatment than in the New or Old-Lo treatments, which did not differ
significantly (Fig. 1).

Once solids removal was active in the New and Old-Lo treatments
(day 34) the rate at which NO3-N concentration increased over time
differed significantly (P < 0.05) among treatments. Mean NO3-N ac-
cumulation rate in the New (0.88 mg/L-d) and Old-Hi (0.85 mg/L-d)
treatments did not differ and were significantly greater (P = 0.001)
than for the Old-Lo (0.65 mg/L-d) treatment. However, the mean re-
gression line intercept for the New (−14.6 mg/L) treatment was sig-
nificantly lower (P = 0.003) than for the Old-Lo (31.2 mg/L) and Old-
Hi (48.1 mg/L) treatments, which did not differ.

Sodium bicarbonate addition varied significantly (P = 0.038)
among treatments and was positively correlated to mean NO3-N con-
centration (P < 0.001). Mean sodium bicarbonate addition to Old-Hi
tanks (913 g/m3) was significantly greater than mean addition to New
tanks (411 g/m3), while mean addition to Old-Lo tanks (529 g/m3) did
not differ significantly from the other two treatments.

Significantly more (P < 0.001) solids were removed from Old-Lo
tanks (mean = 39.1 kg dry matter, dm) compared to New tanks
(27.6 kg dm). Because Old-Lo treatment settling chambers were drained
more frequently, mean total water discharge (3.6 m3) was significantly
greater (P < 0.001) than from New treatment settling chambers
(2.9 m3). Significantly more solids were drained in June (P = 0.008)
and August (P = 0.011) from Old-Lo (mean = 4.47 kg dm and
8.16 kg dm, respectively) compared to New (mean = 1.41 kg dm and
3.37 kg dm, respectively) treatment settling chambers. Mean regression
line slope for NO3-N accumulation during June (days 32 to 60) was
significantly greater (P = 0.008) in the New (1.27 mg/L/d) treatment
compared to the Old-Lo (0.42 mg/L/d) and Old-Hi (0.67 mg/L/d)
treatments, which did not differ. Although NO3-N accumulation rate in
August (days 93 to 121) did not differ significantly (P = 0.486) among
treatments, the New treatment rate (1.77 mg/L/d) was 20.4% higher
than the Old-Lo treatment rate (1.47 mg/L/d).

3.3. Mineral concentration of water, feed, and fish

Aluminum, cadmium, chromium, lead, nickel, and selenium con-
centrations were below method detection limit in most or all water
samples for all treatments. Cobalt concentration was below method
detection limit in all final samples. Manganese and vanadium

concentrations were below method detection limit in all initial samples.
Final mineral mean concentrations in New treatment tank water gen-
erally were significantly greater than in initial samples except for
barium and calcium which decreased significantly (Table 3). Like New
treatment waters, barium final mean concentration in the Old-Lo and
Old-Hi treatments was significantly lower than in initial water samples
and calcium final concentration was significantly lower in the Old-Hi
treatment. Final water sample mean concentrations of boron, magne-
sium, and potassium were significantly greater (P < 0.05) than their
corresponding initial sample mean. Overall, the percentage change in
trace mineral concentration between initial and final water samples
tended to be larger in the New treatment.

Initial mean mineral concentrations in water varied significantly
among treatments and generally were significantly lower (P < 0.05) in
the New treatment compared to the Old treatments (Table 3). Mean
initial boron, magnesium, and sodium concentration in the Old-Hi
treatment was significantly higher (P < 0.05) than in Old-Lo treat-
ment. Mean final concentrations of barium, calcium, iron, and zinc in
the New and Old-Lo treatments did not differ significantly (P > 0.05)
and were significantly greater (P < 0.05) than in the Old-Hi treatment
(Table 3). Boron and magnesium concentrations in Old-Hi treatment
final water samples were significantly greater (P < 0.05) than in the
New or Old-Lo treatments, which did not differ significantly.

Detection of minerals in whole-bodies was variable (as reflected in
the SEs) and mean mineral concentrations for initial fish and harvested
fish from each treatment are shown in Table 4. Aluminum, and ber-
yllium mean concentrations in initial and harvested fish whole bodies
were below the method detection limit for each analysis. Cadmium
concentration was below analysis method detection limit in initial fish,
and in harvested fish in one replicate tank each from the New and Old-
Hi and two replicate tanks from the Old-Lo treatment. Cobalt, cad-
mium, lead, and nickel were below analysis method detection limit in
harvested fish in one replicate tank each from the New and Old-Hi and
two replicate tanks from the Old-Lo treatment. Copper was below
analysis method detection limit in an average of 3 harvested fish per
replicate tank across treatments. Manganese was detected in all but one
fish from New tanks, in 2 to 4 fish/tank in Old-Lo tanks, and 3 to 5 fish/
tank in Old-Hi tanks. Molybdenum and antimony were below analysis
method detection limit in 2 to 4 fish in one replicate tank from each
treatment. No significant differences were detected among treatments
for any whole-body mineral concentration in harvested fish.

Mean mineral concentrations in feed are shown in Table 5. Only
beryllium was below analysis method detection limit in feed. Apparent
whole-body mineral retention in harvested fish ranged from 0 to 139%
of minerals consumed as formulated feed (Table 5). Whole-body ap-
parent mineral retention from feed did not differ significantly
(P > 0.05) among treatments for any mineral.

Like whole-bodies, detection of minerals in fillet tissue was variable
(as reflected in the SEs) and mean concentrations are shown in Table 6.
Aluminum, barium, beryllium, cobalt, manganese, and nickel con-
centrations in fillet tissue from all treatments were below analysis
method detection limit. Cadmium was detected in fillet meat from 1, 1,
and 2 fish in the New, Old-Lo, and Old-Hi treatments, respectively, and
averaged 0.445 ± 0.446 (SD) mg/kg dry matter overall. Copper was
detected in 1 to 3 fish/tank in New tanks, 1 fish/tank in Old-Lo tanks,
and in 4 fish from only one Old-Hi tank and averaged 0.545 ± 0.495
(SD) mg/kg dry matter overall. Molybdenum mean concentration in
fillet tissue from one tank each from the Old-Lo and Old-Hi treatments
and in 4 fish from one New tank was below analysis method detection
limit. Lead was detected only in a total of 8 fish in the New treatment, 2
fish in the Old-Lo treatment, and 6 fish in the Old-Hi treatment, and
averaged 1.34 ± 1.29 (SD) mg/kg dry matter overall. No significant
differences (P > 0.05) were detected among treatments for fillet mi-
neral concentrations.

Table 2
Least squares means and pooled (SEp) for water quality variables for channel
catfish, (initial weight: 47.5 ± 0.8 g/fish) reared to market size in outdoor
biofloc production technology tanks.a

Treatment ANOVA

Responseb New Old-Lo Old-Hi SEp Pr > Fc

NH4-N 0.21 0.15 0.16 0.03 0.359
NO2-N 0.39× 0.16xy 0.05y 0.07 0.046
NO3-N 69.46y 94.58y 133.66× 8.22 0.004
PO4-P 11.68z 20.20y 29.73× 1.70 0.001
TSS 355.39y 409.89y 986.67× 31.54 < 0.001
Chl a 929.5 1432.2 1649.2 167.3 0.055
T Alk 108.2× 94.6y 108.2× 2.9 0.025

a N = 3 replicate tanks.
b NH4-N, total ammonia-nitrogen, mg/L; NO2-N, nitrite-nitrogen, mg/L;

NO3-N, nitrate-nitrogen, mg/L; PO4-P, soluble reactive phosphate, mg/L; total
suspended solids, mg/L; Chl a, chlorophyll a, mg/m3; T Alk, total alkalinity,
mg/L as CaCO3.

c
ANOVA, Pr > F. LS means in the same row with different letters are dif-

ferent (P ≤ 0.05).
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3.4. MIB and geosmin concentrations, and phytoplankton dynamics

Mean MIB concentrations in tank water did not differ significantly
(P > 0.05) among sample dates within treatment (New, P = 0.784;
Old-Lo, P = 0.152; Old-Hi, P = 0.705), and generally were< 20 ng/L
except for the day 173 sample (Fig. 2). No significant differences were
detected for MIB among treatments within date (P = 0.142–0.814).
Mean geosmin concentrations in tank water did not differ significantly
(P > 0.05) among sample dates within treatment (New, P = 0.064;
Old-Lo, P = 0.064; Old-Hi, P = 0.427), and were<100 ng/L except
for New treatment day 173 and 189 samples (Fig. 2).

At harvest, MIB concentrations in fillets averaged 41.7, 20.4, and
20.0 ng/kg (SE = 15.5 ng/kg) in the New, Old-Lo, and Old-Hi treat-
ments, respectively, and did not differ significantly (P = 0.559). Fillet
MIB concentration exceeded 100 hg/kg in only one fish in one tank
each of the New and Old-Lo treatment. Mean geosmin concentrations in
fillets did not differ significantly (P = 0.269) among treatments and

were 959.4, 132.6, and 48.1 ng/kg (SE = 392.3 ng/kg) in the New,
Old-Lo, and Old-Hi treatments, respectively. Fillet geosmin concentra-
tion exceeded 200 ng/kg in 67% of fish tested in the New treatment,
20% of fish tested in the Old-Lo treatment, and no fish in the Old-Hi
treatment.

Total phytoplankton counts varied significantly among sample dates
in the New (P = 0.001) and Old-Lo (P = 0.004) treatments, but not in
the Old-Hi (P = 0.597) treatment (Fig. 3). Chlorophyte abundance in
the day 40 sample was significantly higher (P = 0.004) in the New and
Old-Lo treatments than in the Old-Hi treatment. Mean chlorophyte
abundance on day 82 in the Old-Lo treatment was significantly greater
(P= 0.026) than in the New and Old-Hi treatments. No other treatment
differences were detected within sample dates for the remaining phy-
toplankton taxa.

Phytoplankton populations in all treatments included species from
Chlorophyta, Cyanophyta, Bacillariophyta, Euglenophyta, and
Chrysophyta (Table 7). Apart from the day 40 New and Old-Lo

Fig. 1. Mean total ammonia-nitrogen and nitrite-nitrogen concentrations (A) over time in the New and Old-Lo treatments. For clarity, the Old-Hi data was excluded
because it overlapped Old-Lo data. Mean total suspended solids (TSS) concentrations (B) over time in the New, Old-Lo, and Old-Hi treatments. N = 3 replicate tanks.
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treatment samples where Chlorophyta comprised 46 to 60% of the total
phytoplankton count, Cyanophyta predominated in all treatments
across all sample dates. Jaaginema subtilissimum and Jaaginema angu-
stissimum were the most-abundant cyanophytes and present in all
treatment tanks on 4 to 5 sample dates. Lower abundance (200–500
natural units/mL) of Planktothrix agardhii were observed only in the day
40 sample in one New and two Old-Hi treatment tanks. No cyanophyte
species known to produce MIB or geosmin were identified on any

sample date. Commonly observed chlorophyte genera were Scenedesmus
and Ankistrodesmus. Pennate diatoms were common in all tanks on 4 of
5 sample dates.

4. Discussion

4.1. Fish and feed performance, and condition indices

Biofloc production system water from a full season of catfish grow-
out (Green et al., 2019a) that was used to maintain market-size fish
over the winter (Green, 2015) was used successfully in the present
study for a second year of catfish food-fish production. This is the first
report of using biofloc water from the previous year for a second year of
production. Whether the mixotrophic BFT production system was
started fresh (New treatment) or utilized water from the previous year
that differed significantly in initial TSS and chlorophyll a concentra-
tions (Old-Lo and Old-Hi treatments), catfish growth, feed performance,
and compositional indices all responded similarly. In a 210-d BFT
production system study where initial conditions (46.9-g fingerling,
0.74 kg/m3 initial biomass) were like those of the current study, gross
fish yield ranged from 7.6 to 8.7 kg/m3, average weight from 540 to
590 g/fish, and FCRs from 1.6 to 1.7 (Green et al., 2019a). Gross fish
yield ranged from 4.9 to 9.3 kg/m3 in catfish BFT production system
studies that were stocked with larger fingerlings or stocker-size fish
(Schrader et al., 2011; Green et al., 2014).

Daily feed consumption in an earlier catfish BFT production study
appeared to reach a stable asymptote at mean TSS concentrations
ranging from 564 to 1683 mg/L (Green et al., 2014). Consequently, the
authors of that study recommended maintaining TSS concentration
between approximately 300 to 400 mg/L to ensure good catfish growth.
A similar recommendation was offered for Pacific white shrimp grown
in a BFT production system (Ray et al., 2010). Mean daily feed con-
sumption was similar in all treatments throughout the present study
despite differences in TSS concentrations among treatments and over
time. Side-stream settling chambers were used to remove TSS from New
and Old-Lo treatment tanks to maintain mean TSS from 300 to 400 mg/

Table 3
Least squares mean initial and final mineral concentrations (mg/L) in biofloc
water from New, Old-Lo, and Old-Hi treatments.§

New Old-Lo Old-Hi

Variable Initial Final Initial Final Initial Final

Barium 0.178a 0.018⁎x 0.051b 0.020⁎x 0.067b 0.005⁎y

Boron 0.309b 0.698⁎y 0.331b 0.764⁎y 0.429a 1.122⁎x

Calcium 30.957a 14.568⁎x 14.419b 11.867× 18.065b 8.167⁎y

Chromium † † † † † 0.006
Cobalt 0.006 † 0.005 † 0.005 †
Copper 0.012 0.023 0.017 0.024⁎ 0.016 0.026⁎

Iron † 0.031× 0.018 0.033× 0.012 0.017y

Magnesium 7.692c 29.680⁎y 17.861b 32.689⁎y 22.293a 37.422⁎x

Manganese † 0.004 † 0.004 † 0.004
Molybdenum 0.007 0.008 0.008 0.012 0.013 0.010
Nickel † † † † † 0.012
Phosphorus 1.873b 29.608⁎ 13.496b 36.707⁎ 30.642a 41.507
Potassium 8.05b 99.44⁎y 57.03a 118.60⁎x 69.42a 123.60⁎x

Sodium 153.90c 335.60⁎x 237.80b 314.00y 293.20a 466.00×

Titanium 0.003b 0.006 0.004a 0.007⁎ 0.004a 0.007⁎

Vanadium † 0.011 † 0.011 † 0.012
Zinc 0.002b 0.023⁎xy 0.024a 0.028× 0.027a 0.013y

abc initial means among treatments differ significantly (P ≤ 0.05).
xyz

final means among treatments differ significantly (P ≤ 0.05).
†Below method detection limit (chromium = 0.004 mg/L; iron = 0.005 mg/L;
manganese = 0.001 mg/L; nickel = 0.008 mg/L; vanadium = 0.002 mg/L).

§
N = 3 replicate tanks.

⁎ Initial and final means within treatment differ significantly (P ≤ 0.05).

Table 4
Least squares means (± SE) for whole-body mineral concentration in initial and harvested catfish in the New, Old-Lo, and Old-Hi treatments.a

Initial Harvested fish

Fishb New Old-Lo Old-Hi ANOVA

Mineral mg/kgc Pr > Fd

Aluminum <0.100 <0.100 <0.100 <0.100
Antimony 15.2 ± 6.6 19.1 ± 7.9 9.9 ± 7.8 17.7 ± 7.8 0.682
Barium 7.61 ± 1.77 0.95 ± 0.33 0.95 ± 0.33 0.87 ± 0.33 0.982
Beryllium <0.100 <0.100 <0.100 <0.100
Boron 89.4 ± 6.1 133.5 ± 3.2 133.5 ± 3.2 132.0 ± 3.2 0.934
Cadmium <0.100 2.01 ± 0.26 1.97 ± 0.37 1.87 ± 0.26 0.936
Calcium 39,961 ± 6788 15,896 ± 2113 15,044 ± 2113 13,217 ± 2113 0.675
Cobalt 0.98 ± 0.72 2.14 ± 0.30 2.74 ± 0.44 1.94 ± 0.30 0.475
Copper 6.72 ± 4.38 0.62 ± 0.43 1.15 ± 0.52 1.34 ± 0.39 0.477
Iron 43.0 ± 9.8 41.5 ± 5.2 34.7 ± 5.2 51.6 ± 5.2 0.148
Lead 9.05 ± 4.01 14.1 ± 3.1 8.6 ± 3.5 12.6 ± 3.1 0.585
Magnesium 1259 ± 158 791 ± 29 792 ± 29 794 ± 29 0.997
Manganese 12.2 ± 6.7 0.62 ± 0.36 0.78 ± 0.41 1.21 ± 0.38 0.546
Molybdenum 3.12 ± 1.02 2.34 ± 1.06 1.49 ± 1.05 2.24 ± 1.06 0.831
Nickel 2.02 ± 0.99 3.46 ± 0.48 4.18 ± 0.68 3.14 ± 0.48 0.573
Phosphorus 25,760 ± 3715 12,638 ± 1043 12,165 ± 1043 11,470 ± 1043 0.740
Potassium 12,965 ± 945 9866 ± 166 9626 ± 166 9888 ± 166 0.508
Sodium 3947 ± 392 2686 ± 71 2629 ± 71 2667 ± 71 0.845
Silicon 149.8 ± 12.0 66.5 ± 4.6 69.3 ± 4.6 71.6 ± 4.6 0.741
Sulfur 6345 ± 524 4700 ± 100 4630 ± 100 4748 ± 100 0.718
Zinc 110.3 ± 10.6 55.7 ± 3.1 56.3 ± 3.1 57.0 ± 3.1 0.958

a N = 3 replicate tanks.
b Mean ± SD.
c Dry matter basis.
d
ANOVA, Pr > F. LS means in the same row with different letters are different (P ≤ .05).
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L, whereas in the Old-Hi treatment, where solids were not removed,
mean TSS increased to a maximum of 1415 mg/L. Catfish feed con-
sumption and growth in BFT production system did not differ sig-
nificantly between the Control treatment where maximum TSS con-
centration ranged from 1200 to 1410 mg/L and treatments where TSS
concentrations were maintained at about 300 mg/L (Green et al.,
2019a). However, the 5 to 11% reduction in feed consumption and 7%
reduction in fish size in the Control treatment suggest that elevated TSS
concentration adversely affects catfish performance. Growth of South
American catfish (Rhamdia quelen) was not affected by 909 mg/L TSS
concentration (Poli et al., 2015) whereas shrimp growth was better at
TSS < 300 mg/L (Ray et al., 2010, 2011; Vinatea et al., 2010; Gaona
et al., 2017). Thus, results from the present study and those of Green
et al. (2019a) suggest that determination of an optimal upper limit for
TSS concentration still is needed.

4.2. Water quality dynamics

Ammonia‑nitrogen and NO2-N concentrations remained con-
sistently low throughout the experiment in the Old water treatments
because nitrification was fully functional from the beginning, whereas
the typical lag in onset of nitrification (Luo et al., 2013; Green et al.,
2019b) was observed in the New treatment. Un-ionized ammonia, es-
timated to comprise about 8% of the spike in NH4-N concentration in
the New treatment during onset of nitrification at the prevailing water
temperature and pH, would be less than the reported LC50 of 2.4 mg/L
un-ionized ammonia for channel catfish (Colt and Tchobanoglous,
1976). The addition of stock salt at the beginning of the study ensured
enough chloride ions were present to mitigate any adverse effect of the
spike in nitrite concentration that occurred during onset of nitrification
(Tomasso et al., 1979, 1980). Excretion of feed nitrogen by fish in the
present study was assumed similar among treatments because feed
consumption and growth did not differ. The significantly higher mean
NO3-N accumulation rates observed in the New and Old-Hi treatments
compared to the Old-Lo treatments suggests nitrification in the latter
treatment was impacted negatively. The overall significant difference in
settling chamber water and solids discharge in Old-Lo treatment tanks
compared to New treatment tanks does not explain fully the observed
reduction in NO3-N accumulation rate. Examination on a monthly basis
of NO3-N accumulation rate and settling chamber water and solids
discharge provides additional insight. The NO3-N accumulation rate
during June was 3.0 times higher, the mass of solids discharged was 3.2
times lower and the volume of water discharged was 2.1 times lower in
the New treatment compared to the Old-Lo treatment. Although NO3-N
accumulation rate between the New and Old-Lo treatments during
August did not differ significantly, the 17% lower mean rate for the Old-
Lo treatment may be explained by the significantly greater mass of
solids and volume of water discharged in that treatment. These results
suggest that the higher mass of solids removed from the Old-Lo treat-
ment washed out nitrifying bacteria (Tchobanoglous et al., 2003;
Ebeling et al., 2006) and dilution by the higher volume of make-up
water acted alone or in concert to reduce nitrification in the Old-Lo
treatment. Results from the present experiment are consistent with re-
ported reductions in nitrification rate in response to TSS removal from

Table 5
Least squares meansa (± SE) for feed mineral concentrations and percentage of feed minerals retained in whole bodies of fish harvested from the New, Old-Lo, and
Old-Hi treatments.

Feedbc % Retainedc ANOVA

Mineral (mg/kg) New Old-Lo Old-Hi Pr > Fd

Aluminum 46.3 ± 23.5 *e * *
Antimony 44.3 ± 4.2 9.9 ± 4.5 5.0 ± 4.5 9.3 ± 4.0 0.708
Barium 5.0 ± 0.1 2.4 ± 1.6 2.5 ± 1.6 2.1 ± 1.6 0.986
Beryllium <0.100 * * *
Boron 91.4 ± 3.1 35.1 ± 1.3 35.6 ± 1.3 34.7 ± 1.3 0.895
Cadmium 4.1 ± 0.3 8.2 ± 4.1 4.0 ± 4.1 7.7 ± 4.1 0.742
Calcium 2558 ± 1159 139.0 ± 20.6 133.0 ± 20.6 113.8 ± 20.6 0.682
Cobalt 5.6 ± 0.6 6.1 ± 3.5 3.8 ± 3.5 5.6 ± 3.5 0.889
Copper 13.1 ± 1.0 0.2 ± 0.8 1.7 ± 0.8 0.9 ± 0.8 0.493
Iron 1031 ± 144 0.9 ± 0.1 0.8 ± 0.1 1.2 ± 0.1 0.145
Lead 26.0 ± 2.4 8.4 ± 4.3 4.2 ± 4.3 7.5 ± 4.3 0.769
Magnesium 3554 ± 845 4.9 ± 0.2 5.0 ± 0.2 4.9 ± 0.2 0.948
Manganese 60.7 ± 2.5 0 ± 0.1 0 ± 0.1 0.2 ± 0.1 0.547
Molybdenum 8.2 ± 0.8 6.3 ± 3.2 3.9 ± 3.2 6.0 ± 3.2 0.855
Nickel 12.1 ± 1.8 4.5 ± 2.5 2.6 ± 2.5 4.1 ± 2.5 0.859
Phosphorus 8141 ± 781 33.8 ± 2.8 32.8 ± 2.8 30.3 ± 2.8 0.690
Potassium 13,216 ± 1796 17.0 ± 0.4 16.8 ± 0.4 17.0 ± 0.4 0.927
Silicon 180.9 ± 39.4 7.8 ± 0.6 8.3 ± 0.6 8.5 ± 0.6 0.757
Sodium 803 ± 131 75.0 ± 1.7 74.4 ± 1.7 74.4 ± 1.7 0.956
Sulfur 3302 ± 200 32.6 ± 0.8 32.6 ± 0.8 33.0 ± 0.8 0.926
Zinc 445.3 ± 5.8 2.8 ± 0.1 2.8 ± 0.1 2.9 ± 0.1 0.889

a, b, c, d See Table 4 footnotes.
e ⁎ Insufficient data.

Table 6
Least squares means (± SE) for fillet mineral concentration in catfish harvested
from the New, Old-Lo, and Old-Hi treatments.a

New Old-Lo Old-Hi ANOVA

Mineral (mg/kg)b Pr > Fc

Antimony 4.00 ± 1.18 5.74 ± 1.36 4.02 ± 1.25 0.611
Boron 189.0 ± 6.5 181.0 ± 6.5 196.8 ± 6.5 0.304
Calcium 466.5 ± 85.0 452.7 ± 85.0 524.7 ± 85.0 0.822
Iron 4.16 ± 0.38 4.67 ± 0.38 3.76 ± 0.38 0.247
Magnesium 918.6 ± 13.2 931.4 ± 13.2 957.9 ± 13.2 0.114
Molybdenum 0.43 ± 0.30 0.95 ± 0.39 0.52 ± 0.35 0.615
Phosphorus 7121 ± 115 7096 ± 115 7296 ± 115 0.415
Potassium 13,935 ± 228 14,035 ± 228 14,196 ± 228 0.719
Sodium 1604 ± 53 1476 ± 53 1581 ± 53 0.266
Silicon 54.0 ± 6.2 51.9 ± 6.2 57.3 ± 6.2 0.828
Sulfur 5845 ± 98 5816 ± 98 6030 ± 98 0.319
Zinc 24.0 ± 0.8 22.1 ± 0.8 23.4 ± 0.8 0.330

a N = 3 replicate tanks.
b Dry matter basis.
c
ANOVA, Pr > F. LS means in the same row with different letters are dif-

ferent (P ≤ 0.05).
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shrimp BFT production system tanks (Ray et al., 2010, 2012; Schveitzer
et al., 2013). Compared to new water, shrimp BFT production tanks
seeded with 50 or 100% by volume of biofloc water from the previous
production cycle had significantly lower mean NH4-N and NO2-N and
significantly higher NO3-N concentrations (Krummenauer et al., 2014).
Additional research on the optimum proportion of old biofloc water
needed to establish nitrification rapidly in a new production cycle
would be beneficial.

Catfish retain 30% of feed phosphorus (Boyd, 1985) and in the BFT
production system in HDPE-lined tanks excreted dietary phosphorus

accumulates in contrast to earthen ponds where phosphorus is adsorbed
by bottom soil (Masuda and Boyd, 1994). Significant differences among
treatments in initial mean PO4-P concentration carried throughout the
experiment despite similar total feed consumption among treatments.
The absence of water discharge from the Old-Hi treatment and the
significantly greater discharge of water and solids from the Old-Lo
treatment compared to the New treatment likely explain the observed
differences. Mean PO4-P concentration was significantly higher in
shrimp BFT production system tanks seeded with 50 or 100% biofloc
water from the previous production cycle compared to tanks that did
not receive old biofloc water (Krummenauer et al., 2014).

Settling chamber operation maintained TSS concentrations within
the 300 to 400 mg/L target range. The significantly higher initial TSS

Fig. 2. Least squares mean concentrations (± SE) over time in tank water of 2-
methylisoborneol (MIB, left axis) and geosmin (right axis) in New (A), Old-Lo
(B) and Old-Hi (C) treatment biofloc technology production system culture
units stocked with channel catfish. Error bars are pooled SE. New treatment
geosmin means with different letters are significantly different (P > .05).
N = 3 replicate tanks.

Fig. 3. Mean phytoplankton composition by taxon (Chlorophyta, Cyanophyta,
Bacillariophyta, Euglenophyta, Chrysophyta) over time in New (A), Old-Lo (B)
and Old-Hi (C) treatment biofloc technology production system culture units
stocked with channel catfish. Letters above column within treatment indicates
significant differences in total count among days. N = 3 replicate tanks.
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concentration in the Old-Lo treatment compared to the New treatment
meant that Old-Lo treatment solids removal began on day-21 compared
to day-34 for the New treatment and higher solids discharge from the
Old-Lo treatment during August and September explains the significant
treatment difference in the quantity of solids and water discharged.
Mean TSS concentration was significantly higher in shrimp BFT pro-
duction system tanks seeded with 100% biofloc water from the previous
production cycle compared to tanks seeded with 0 or 50% old biofloc
water (Krummenauer et al., 2014).

4.3. MIB and geosmin concentrations, and phytoplankton

The low concentrations of MIB and geosmin measured in tank water
samples on most sample dates except mid-October to early November
were consistent with results reported for production of catfish (Schrader
et al., 2011; Green et al., 2014) and hybrid tilapia (Green et al., 2019b)
in the BFT system. The highest MIB concentrations in tank water oc-
curred in one tank each in the Old-Lo and Old-Hi treatments in October
and were 84 and 82 ng/L, respectively, well below the typical MIB
concentrations that can be present in pond water and result in off-flavor

catfish from catfish production ponds in Alabama, Arkansas, Louisiana,
and Mississippi (Schrader and Blevins, 1993; Schrader and Dennis,
2005; Zimba and Grimm, 2003). Similarly, the highest geosmin con-
centrations (472 and 334 ng/L) were measured in one tank in the New
treatment in October and November, respectively. In contrast, sig-
nificantly higher geosmin concentrations of> 2000 ng/L can occur in
the water of catfish production ponds (Schrader and Blevins, 1993;
Zimba and Grimm, 2003). In another study conducted from July
through September approximately 20 to 60% of commercial ponds in
west Mississippi and 5 to 35% of ponds in the Mississippi-Alabama
Blackland Prairie had MIB concentrations> 100 ng/L, whereas
geosmin concentrations> 100 ng/L were found in 0 to 15% and 10 to
25% of ponds, respectively (Schrader and Dennis, 2005). In general, the
incidence and severity of these common off-flavor problems are less
problematic in BFT systems compared to earthern catfish production
ponds in the southeastern United States.

Phytoplankton communities present on the sample dates with the
higher MIB and geosmin concentrations were dominated by cyano-
phytes in all treatments except for the first sample where chlorophytes
co-dominated in the New and Old-Lo treatments. However, none of the

Table 7
Occurrence (natural units/mL) of phytoplankton in New, Old-Lo, and Old-Hi treatment biofloc technology production system culture tanks stocked with channel
catfish.

New Old-Lo Old-Hi

No. Count No. Count No. Count
Taxon of dates (Tanks)a (natural units/mL)b of dates (Tanks) (natural units/mL) of dates (Tanks) (natural units/mL)

Cyanophyta
Jaaginema subtilissimumc 5 (3) 100–23,500d 4 (3) 400–56,200d 4 (3) 600–30,500d

Jaaginema angustissimumc 5 (3) 1100–170,600d 5 (3) 100–76,500d 4 (3) 100–168,300d

Polycystis spp. 3 (2) 100–2300 2 (2) 100–400 2 (2) 100
Gomphospheria spp. 2 (2) 100 – – – –
Planktothrix agardhiic – – 1 (1) 400 1 (2) 200–500

Chlorophyta
Scenedesmus spp. 5 (3) 100–94,700d 5 (3) 100–31,200e 5 (2) 100–3000d

Ankistrodesmus spp. 5 (3) 100–8900e 4 (3) 300–132,600d 4 (3) 100–300
Kirchneriella spp. 4 (3) 100–4200 3 (1) 200–500 3 (2) 200–400
Ulothrix spp. 4 (2) 100–800 5 (3) 100–19,200 3 (3) 100–2300
Closterium spp. 3 (2) 100–600 4 (3) 200–2000 2 (2) 400–1200
Pediastrum spp. 3 (3) 100–2900 – – 2 (2) 100–300
Schroederia spp. 2 (2) 100–200 – – – –
Cosmarium spp. 1 (1) 100 – – 1 (1) 100
Crucigenia spp. 1 (1) 100 1 (1) 100 – –
Oocyctis spp. 1 (2) 100–400 – – – –
Chlorella spp. 1 (2) 100–300 3 (2) 100–300 3 (3) 100–700
Coelastrum spp. 1 (1) 200 2 (1) 100–200 1 (1) 100
Golenkinia spp. 1 (1) 100 – – 1 (2) 1300–17,200d

Tetraedron spp. 1 (1) 200 – – – –
Tetraspora spp. 1 (1) 100 1 (1) 100 – –
Stigeoclonium spp. – – 1 (1) 100 – –
Schroederia spp. – – 1 (1) 200 2 (2) 100
Unidentified spp. 1 (1) 100 4 (2) 100–1600 – –

Bacillariophyceae
Pennate diatoms, unidentified 4 (3) 100–8,300e 4 (3) 200–5400 e 4 (3) 100–15,300d

Centric diatoms, unidentified – – 1 (1) 100 – –

Euglenophyta
Trachelomonas spp. 5 (3) 200–3600 5 (3) 100–3000 5 (3) 100–9100 e

Euglena spp. – – – – 2 (2) 100

Chrysophyceae
Unidentified spp. 1 (2) 200–8,800e 2 (2) 100 1 (1) 100
Mallamonas spp. 1 (1) 100 – – 1 (1) 100

a Number of sampling dates in which the phytoplankton type was observed to be present in any of the tanks during any of the five sampling dates. There were 5
total sampling dates during the study. In parentheses, the number of tanks (maximum of 3 for each treatment) in which the phytoplankton type was observed to be
present on at least one sampling date during the study.

b Abundance as indicated by the count or range of counts of the phytoplankton type observed to be present in the tanks during the study.
c Jaaginema subtilissimum, Jaaginema angustissimum, and Planktothrix agardhii also known as Oscillatoria angustissima, Oscillatoria subtilissima or Lyngbya micro-

scopica, and Oscillatoria agardhii, respectively.
d More than 50% of the total phytoplankton count for at least one sample.
e
More than 25% of the total phytoplankton count for at least one sample. No superscript indicates never> 25% of the phytoplankton count.
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cyanophyte genera and species found in the present study (Table 7) is
known conclusively to produce MIB or geosmin. Jaaginema sub-
tilissimum and Jaaginema angustissimum, Scenedesmus spp. and Ankis-
trodesmus spp., and pennate diatoms were the dominant types of cya-
nophytes, chlorophytes, and bacillariophytes, respectively, and also
were the most dominant types present in previous channel catfish BFT
studies (Schrader et al., 2011; Green et al., 2014). In contrast, the
planktonic, bloom-forming species of Planktothrix peronata (MIB pro-
ducer), Planktothrix agardhii, Raphidiopsis brookii, and Microcystis aeru-
ginosa are common cyanophytes found during summer and early au-
tumn months in catfish ponds (conventional and split ponds) in
Mississippi and Alabama and are considered undesirable because they
can produce toxins and/or off-flavor compounds (van der Ploeg and
Tucker, 1993; Schrader and Dennis, 2005; Schrader et al., 2016). The
water turbulence of the BFT system exposes phytoplankton to small-
scale shear stress and prevents stratification of the water column, which
favors the growth of the relatively larger cyanobacteria (P. peronata, P.
agardhii, R. brookii, and M. aeruginosa) in earthen ponds. Because these
larger species of planktonic cyanobacteria can regulate their cell
buoyancy by the collapse and reformation of intracellular gas vacuoles,
they can outcompete other types of phytoplankton for light in turbid
ponds with low rates of vertical mixing of the water and subsequent
strong vertical gradients of light (Paerl and Tucker, 1995).

The predominant types of phytoplankton in the current study were
smaller species of cyanophytes compared to those observed typically in
catfish ponds and they were present usually in close association with
the biofloc particles or embedded with the biofloc particles, which may
have provided some protection from shear stress and some distribution
within the water column from the mixing of the biofloc particles in the
water of the BFT tanks. Phytoplankton abundance in the New and Old-
Lo treatments was reduced in the day 82, 103, and 152 samples because
of solids removal, but had increased in the day 173 samples in response
to less frequent solids removal. The reduction in Old-Hi treatment
phytoplankton abundance likely was in response to reduced light pe-
netration as TSS concentration increased. Secchi disk visibility mea-
sured during previous channel catfish BFT studies ranged from 5 to
10 cm at TSS concentrations similar to those measured in the present
study (B Green, unpublished data). Chlorophytes and cyanophytes were
co-dominant in a brackish water shrimp BFT system and because cya-
nophytes were associated closely with biofloc particles their abundance
decreased when solids were removed (Ray et al., 2010).

Whole-body lipid content coupled with water temperature and off-
flavor compound concentration are factors that affect the bioaccumu-
lation of MIB and geosmin in catfish flesh (Howgate, 2004). In the
present study, the absence of treatment differences in whole-body lipid
content does not provide an explanation for the higher geosmin con-
centrations in the fillets of the New treatment catfish. High mean
geosmin concentrations on day 173 and 189 samples suggests that bio-
accumulation from prolonged exposure of New treatment fish to
geosmin in the culture water may have affected fillet flavor status ad-
versely. Trained catfish processing plant flavor testers can detect MIB
and geosmin concentrations as low as 100 to 200 ng/kg and 250 to
500 ng/kg, respectively (Grimm et al., 2004). Thus, fish from the New
treatment likely would be classified as having an objectionable “earthy”
off-flavor. In a previous study, catfish from BFT treatments in which
solids were removed likely would have been deemed as off-flavor be-
cause of high fillet geosmin content whereas fish from the Control
treatment were likely not off-flavor due to lower geosmin content
(Green et al., 2019a). Typically, MIB-related off-flavor is more common
than geosmin off-flavor in pond-raised catfish in the southeastern
United States (van der Ploeg and Tucker, 1993), which is in contrast to
many of our BFT studies so far.

The source of geosmin in tanks where solids were removed is un-
known. None of the phytoplankton species found in water samples are
known conclusively to produce MIB or geosmin. Concentrations of MIB
and geosmin as high as 784 and 861 ng/L, respectively, were measured

in periphyton collected at the air-water interface of the BFT tank walls
during harvest of hybrid tilapia in a recent BFT study and grazing of the
periphyton by tilapia was postulated to be the source of fillet MIB and
geosmin (Green et al., 2019b). Formulated feed and insects dominated
pond-reared channel catfish stomach contents during summer months
(Lilyestrom et al., 1987). Thus, in the absence of observed grazing be-
havior and given their feeding habits and being fed formulated ration to
apparent satiation daily it is unlikely that channel catfish grazed on BFT
tank wall periphyton. However, in the present experiment and in Green
et al. (2019b), the light regime likely improved in tanks where TSS
concentrations were maintained between 300 and 400 mg/L in com-
parison to tanks with high TSS concentration and may have allowed for
periphyton to become established or more abundant (periphyton was
not quantified in the present study). The role of periphyton as con-
tributors to MIB and geosmin presence in aquatic systems is supported
by the study of Watson and Ridal (2004) that found that increased
water transparency in natural waterways allowed periphyton to pro-
liferate and become a primary source of MIB and geosmin in overlying
water.

4.4. Mineral concentration of water, feed and fish

Changes over the 181-d study in trace mineral concentrations in
water were minimal or below method detection limits. All trace mineral
concentrations were below National Recommended Aquatic Life
Criteria (USEPA (U.S. Environmental Protection Agency), 1986, 2007,
2019). Major mineral concentrations in water increased during the
study except for calcium, which decreased, and were in response to
feed, sodium bicarbonate, and salt (sodium chloride) additions. The
reduction in calcium concentration likely was caused by fish uptake
(NRC (National Research Council), 2011). Accumulated mineral con-
centrations in initial Old water samples (Old-Lo and Old-Hi treatments)
generally were higher than the initial water sample from the New
treatment as would be expected. Treatment differences in final water
sample mineral concentrations were related more to TSS removal than
to new versus old water. Biofloc particles have a negative surface
charge with high affinity for cations (Wilen et al., 2003; De Schryver
et al., 2008), which suggests that solids and water discharge from the
New and Old-Lo treatments contributed to the decreased mineral con-
centration in final water samples compare to the Old-Hi treatment.
Additionally, because only dissolved mineral concentrations were
measured in the present study, treatment differences in final water
sample mineral concentrations may be related to their binding to bio-
floc particles. Similar changes in major and trace mineral concentra-
tions occurred during saltwater BFT shrimp culture (Prangnell et al.,
2016). To better understand the distribution of minerals between the
dissolved and biofloc-bound fractions, biofloc mineral content should
be quantified in future studies.

Whole-body mineral concentrations in harvested fish did not differ
when one-year old water compared to new biofloc water was used
despite treatment differences in some mineral concentrations in the
culture water. Changes in the whole-body mineral concentrations be-
tween initial and harvested channel catfish likely were the result of
normal growth. Formulated diet was the primary source of minerals for
channel catfish and residual feed in the digestive tract of initial and
harvested fish may have contributed to whole-body mineral con-
centrations. However, the amount of residual feed in the digestive tract
likely was minimal because initial and harvested fish were not fed
during the 4 to 5 days prior to sample collection. Apparent whole-body
retention was low for most trace minerals and moderate to high for
major minerals consumed as feed. Only apparent whole-body retention
of calcium exceeded 100%.

Sodium bicarbonate was added to tank water to maintain total al-
kalinity and pH required for good nitrification and contributed to the
increased sodium concentration in final water samples. Fish obtain
calcium, an important major mineral for fish growth and physiological
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function, from dietary intake and uptake from water (NRC (National
Research Council), 2011). The significantly lower calcium concentra-
tion in the Old-Hi treatment final water sample suggests that use of BFT
system water over multiple production cycles could result in calcium
declining to a critical concentration. Periodic addition of calcium hy-
droxide for pH control in place of sodium bicarbonate would maintain
or increase calcium concentration.

As was seen with whole-bodies, fillet mineral concentration of
channel catfish grown in biofloc water from the previous year did not
differ significantly compared to new biofloc water. Analytical levels of
cadmium, copper, lead, and molybdenum, detected only in 9 to 51% of
fillets analyzed, were variable (CV = 85 to 101%) and difficult to in-
terpret. Fillet concentrations of boron, magnesium, potassium, and
sulfur were higher than in whole bodies indicating their importance to
muscle tissue. Mineral content of farm-raised channel catfish fillets
from the Mississippi delta were shown not to vary seasonally (Nettleton
et al., 1990; Robinson et al., 2001). On the other hand, channel catfish
fillet mineral concentration from earthen ponds located in three dif-
ferent geographic/geochemical areas in Alabama and Mississippi did
differ significantly among geographic locations (Li et al., 2013). Ad-
ditionally, results from another study reported by Li et al. (2013)
showed that channel catfish fed diets that contained significantly dif-
ferent mineral concentrations did not result in significant differences in
fillet mineral concentration except for sodium. Results reported by Li
et al. (2013) suggest that culture water mineral concentrations influ-
ence fillet mineral content more than formulated feed. In contrast, re-
sults from the present study suggest that differences in water mineral
concentrations among treatments did not affect whole-body or fillet
mineral concentrations. However, Li et al. (2013) did not evaluate year
to year variation in fillet mineral content within location.

Macro- and trace-minerals are important components of a nu-
tritionally complete human diet. Because no significant treatment dif-
ferences of fillet mineral concentration were detected in the present
study, grand means of selected minerals in fillet tissue (as is) were
calculated and compared with other published data (Table 8). Overall,
mineral concentrations in a 100-g portion (as is) of channel catfish fillet
meat were comparable to other published values. Additionally, mineral
concentrations in a 100-g portion of channel catfish fillet were within
the recommended dietary intake and less than the tolerable upper in-
take levels (Institute of Medicine, 2001, 2011).

4.5. Summary

In summary, one-year old water from a channel catfish BFT pro-
duction system can be used for a second year of BFT production with no
adverse effect on channel catfish production responses. One advantage
to re-use of BFT system water is the absence of NH4-N and NO2-N
concentration spikes typical of BFT start-up. Although a maximum TSS
concentration of 1415 mg/L in the Old-Hi treatment did not affect daily
feed consumption, variable results from other studies suggest that an
optimal upper TSS concentration limit remains to be determined. On
the other hand, accumulation of TSS in the channel catfish BFT system,
i.e., no TSS removal, appears to favor a lower occurrence of catfish that
would be classified as having “musty” or “earthy” off-flavors.
Furthermore, results suggest that TSS removal may reduce nitrification
because discharging solids washes nitrifying bacteria out of the system.
Macro- and trace-minerals accumulate in water during the culture
cycle, and treatment differences were related more to solids removal
than to new versus old BFT water. Whole-body and fillet mineral con-
centrations did not differ when channel catfish were grown in one-year
old or new BFT system water. Further research is needed to determine
the number of production cycles for which biofloc water can be re-used
and the best strategy and limits for re-use of biofloc water over multiple
production cycles.
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Table 8
Mineral concentrations (mg/100 g as is, fillets) from the present study compared to data from the USDA FoodData Central database and other published studies.

mg/100 g, as is

USDA Mustafa and Medeiros (1985) Nettleton et al. (1990) Clement and Lovell (1994) Robinson et al. (2001)
Current FoodData

Mineral Study Central (USDA 2019)

Aluminum <0.100 – – – 0.07 –
Barium <0.100 – – – 0.04 –
Boron 6.01 – – – 0.07 –
Cadmium <0.100 – – <0.004 – –
Calcium 14.0 8 10 7.1 15.30 9
Cobalt < 0.100 – – – <0.01 < 0.11
Copper 0.026 0.032 0.23 < 0.06 0.04 < 0.03
Iron 0.122 0.23 1.0 0.34 1.66 0.50
Lead 0.039 – – <0.005 <0.01
Magnesium 27.2 19 22 23 25.96 22
Manganese < 0.100 0.015 – <0.03 0.07 < 0.11
Molybdenum 0.016 – – – 0.01
Phosphorus 208.5 204 221 184 184 180
Potassium 408.7 302 250 315 348 354
Sodium 45.2 98 98 33 34.46 40
Silicon 1.581 – – – 0.97
Zinc 0.673 0.48 1.1 0.57 0.78 0.59
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