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Incorporating non-starch polysaccharides (NSP) as a slowly degradable carbohydrate source in pelleted feed can
simplify biofloc system management, compared to external carbon addition. NSP-containing ingredients like
wheat bran synchronizes carbon input with the system organic matter dynamics compared to simple sugars. This
study evaluated the effect of two methods of addition of an NSP-rich carbon source, wheat bran, to a Pacific
white shrimp (Litopenaeus vannamei) biofloc system; supplementation via feed (wheat bran diet; WBdiet) and
direct addition to the water (CONdiet+WB). The amount and composition of the total nutrient input to each
mesocosm of the treatments was the same. A digestibility and a growth experiment were carried out separately
for 35 and 42 days, respectively. The nutrient digestibility was overall lower in shrimp fed the WBdiet compared
to the CONdiet, but without an effect on shrimp final weight, production, and survival. When comparing the
methods of addition, neither of the approaches altered the shrimp nutritional quality. As expected, a difference in
faecal C:N ratio was observed; 21 vs. 17 for WBdiet and CONdiet, respectively. The difference in faeces
composition did not affect biofloc quantity, quality, and chlorophyll-a concentrations, and resulted in compa-
rable water quality and microbial activity. Our study concluded that both NSP-addition methods, either via feed
or via the water, were equally effective. When compared to the traditional addition of carbohydrate to the water,
supplementing NSP-containing carbon sources via the feed can be a more efficient approach in terms of labour
and feeding management practices.

1. Introduction

Zero water exchange biofloc technology (BFT) systems have been
employed the past 35 years to maintain water quality, improve nutrient
use efficiency and promote shrimp growth (Avnimelech et al., 2015;
Panigrahi et al., 2019; Santhana Kumar et al., 2018; Tinh, Momoh, et al.,
2021). This cultivation method relies mainly on heterotrophic bacteria
to immobilize toxic inorganic nitrogen species into bacterial biomass,
using organic carbon as energy source. These microorganisms produce
extracellular polysaccharides (EPS), aggregating different microbial
groups (bacteria, archaea, algae, protists, zooplankton, fungi) and par-
ticles into biofloc (More, Yadav, Yan, Tyagi, and Surampalli, 2014;
Wilén, Onuki, Hermansson, Lumley, and Mino, 2008). The carbon to
nitrogen (C:N) ratio of a 38 — 42 % protein shrimp diet is smaller than 10,
while an optimal growth of heterotrophic bacteria requires a C:N ratio of

10-20 (Avnimelech et al., 2015). Therefore, an external carbon source is
usually added to the water in the biofloc system to increase the C:N ratio
of the feed to avoid carbon deficiency.

Under conventional biofloc management, extra carbohydrates such
as molasses or starch are added directly into the water to stimulate
biofloc formation and maintain water quality (Khanjani, Alizadeh,
Mohammadi, and Sarsangi Aliabad, 2021; Miao, Sun, Bu, Zhu, and
Chen, 2017; Panigrahi et al., 2019; Xu, Morris, and Samocha, 2018).
Administrating these carbohydrates, however, requires extra labour and
skills from the farmer to provide the right amount of carbon to maintain
the water quality in line with the feed input. A more simple method can
be to feed one single pellet that combines both the diet and the carbon
source (Tinh, Momoh, et al., 2021). If an easily digestible carbon source
is incorporated in the pelleted feed, most will be digested by the culture
species. When using a source like wheat bran that contains a high
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fraction of indigestible non-starch polysaccharides (NSP), a major frac-
tion of the NSP will be excreted with the faeces and become available to
heterotrophic bacteria in the water column, stimulating biofloc devel-
opment (Braga, Magalhaes, Hanson, Morris, and Samocha, 2016;
Lopez-Elias et al., 2015). Moreover, administrating easily digestible
carbohydrate to the water will rapidly induce excessive biofloc pro-
duction (El-Husseiny, Goda, Mabroke, and Soaudy, 2018; Serra, Gaona,
Furtado, Poersch, and Wasielesky, 2015). By providing carbohydrates
rich in NSP through the pelleted feed, the carbon input may become
better synchronized with the total organic matter flow through the
biofloc system, as it requires more time for decomposition into simple
sugars (Avnimelech et al., 2015; Ekasari, Hanif Azhar, et al., 2014; Serra
et al., 2015). Therefore, comparing the input of NSP-rich carbohydrates
via the feed or via the water is worth investigating to optimize BFT
management practices.

In this experiment, addition of wheat bran to a Pacific white shrimp
biofloc rearing system, either via the feed or via the water column, was
compared. First, a digestibility trial was conducted to assess the feed
digestibility for the shrimp and the composition of the faeces. Subse-
quently, in a growth experiment, shrimp performance (growth, pro-
duction, survival, body composition) and biofloc system performance
(biofloc quantity and quality, water quality, carbon C, nitrogen N and
phosphorus P mass balances) of the two wheat bran administration
methods (treatments) were compared. The nutrient input per mesocosm
was the same in both treatments.

2. Material and methods
2.1. Experimental feed and general design

The experiment involved two treatments differing in the supply of
wheat bran (WB) to the ponds. In the first treatment, all wheat bran was
included in the diet and thus all WB was assumed to pass through the
shrimp (‘WBdiet’ treatment). In the second treatment, 30 % of the WB
was taken out of ‘WBdiet’, which resulted in the CON diet. This 30 % WB
was added directly to the water of the biofloc system. Therefore, the two
experimental diets had an identical composition except for the inclusion
level of wheat bran (WB) (Table 1). The CONdiet was aimed to be
representative for a commercial shrimp diet regarding ingredients used
and nutrient content. Yttrium oxide (Y,03) was used as a marker for
nutrient digestibility. The diet formulation and nutritional compositions
of both diets are shown in Table 1. Both diets were produced by steam
pelleting at a die of 2 mm. This was done by Research Diet Service (Wijk
bij Duurstede, The Netherlands). The diets were stored at 4 0C before
and during the experiment.

Two experiments were conducted at the animal research facility
Carus of Wageningen UR, including a digestibility study and a shrimp
and biofloc system performance assessment. The digestibility study
compared the apparent digestibility coefficient and faeces composition
when feeding equal rations of the WBdiet and CONdiet to Pacific white
shrimp (Litopenaeus vannamei). In the shrimp and biofloc system per-
formance experiment the treatments were WBdiet and CONdiet+WB, as
explained above.

2.2. Digestibility experiment

Fourteen aquaria, part of one recirculating aquaculture system (RAS)
containing a sedimentation unit for particle removal, a trickling filter, a
degassing unit, a sump, and a tube with UV light for water sterilization.
Each aquarium was equipped with an aeration stone and an aquarium
pump to create continuous water movement. The inflow of water was
sourced from the sump. Thirty shrimp (6.0+2.0 g/ind) were stocked per
aquarium and reared for five weeks. Shrimp were fed overnight for
8-10 hours using a mechanical belt feeder. The amount of feed fed daily
was calculated using the Eq. 1* and 2* (Tinh, Momoh, et al., 2021).
Faeces was collected in the morning, five days a week. There was no
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Table 1
Diet formulation and analysed nutrient composition.
CONdiet Wheat bran WBdiet

Ingredients
Fishmeal % 17 - 12
Soyabean meal % 10 - 7
Wheat % 17 - 12
Wheat flower % 25 - 17
Wheat bran % 14 100 40
Wheat gluten % 8 - 6
Soya lecithin % 3 - 2
Salmon oil % 0.8 - 0.6
Monocalcium phosphate % 2 - 1
Limestone (CaCO3) % 0.7 - 0.5
Cholesterol % 0.4 - 0.3
Premix % 1 - 1
L-Lysine HCI % 0.2 - 0.1
DL-Methionine % 0.2 - 0.8
L-Threonine % 0.2 - 0.1
Yttrium oxide % 0.03 - 0.02
Nutritional composition
Dry matter g/kg 927 891 919
Ash g/kg dm 71 54 68
Crude protein g/kg dm 348 194 303
Fat g/kg dm 65 52 61
Carbohydrate* g/kg dm 515 700 568
Energy kJ/g dm 19.8 19.5 19.5
Phosphorus g/kg dm 13.0 13.3 13.4
Calcium g/kg dm 13.4 1.1 10.4
Magnesium g/kg dm 2.8 4.7 3.4
Yttrium g/kg dm 0.17 0.00 0.2
C:N ratio 8.2 14.5 9.4

CN ratio = carbon to nitrogen ratio. *Calculated by subtracting ash, crude
protein, and fat from dry matter.

water exchange during faeces collection. Prior to faeces collection at
07.00 in the morning, shrimp were fed the assigned diet at
1-2 g/aquarium. One hour later, any carapaces, faeces, and debris were
siphoned out. Shrimp were given an additional hour to excrete new
faeces. Afterwards, faeces were siphoned from the aquarium bottom,
and were collected in 500-ml glass bottles placed on ice. After rinsing
with demineralized water to remove salt, faeces from the same diet were
pooled into an aluminium container and stored at —20 °C. To remove
water, faeces were dried at 70°C for 72 hours, then kept in an open
container at room temperature for another six hours, and later used as a
faeces sample for the proximate analysis.

Feeding rate(%lIndividual Body Weight(IBW))
—0.0861 * (IBw(gwet weight)*"-“zs) %100 1

FCR = 0.001 » IBW(gwet weight)* + 0.0681
« IBW(gwet weight) + 0.5386 2

2.3. Growth experiment

2.3.1. Biofloc inoculant production

Three weeks prior to the start of the experiment, post-larvae (PL)
shrimp from CreveTec, Belgium, were stocked in three 1.000-L tanks,
containing 750 L each, at a density of approximately 500 shrimp per
tank. Shrimp were fed a commercial shrimp starter diet (CP 41 %) twice
daily to satiation. Corn starch was added to the water following feeding
to raise the C:N ratio (g/g) of the total nutrient input to 20:1 to promote
biofloc formation. The rearing tanks had a 12 h dark/light cycle using
artificial lighting (LEP, Gavita Pro 270e; HI, Gavita Hortistar 600 SE
EU). Continuous aeration was provided from one aeration stone hanging
in the centre of the tank and from a circular aeration pipe close to the
bottom, maintaining the dissolved oxygen level above 6 mg/L. Tem-
perature was maintained at 24+1 °C using an aquarium heater Schego®
(600 W) placed in each tank, while salinity was kept at 23+2 ppt during
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the inoculant production period.

2.3.2. Mesocosm set-up and water quality monitoring

Six identical mesocosm tanks were used (3 per treatment). At the
start of the experiment, shrimp from the biofloc inoculant production
tanks were harvested for the growth experiment. Meanwhile, the pre-
maturated biofloc water was pooled in one large tank with continuous
aeration and water circulation to ensure homogenous mixing, as well as
to keep the biofloc in suspension. The biofloc water was evenly divided
among six clean 1.000-L mesocosm tanks, resulting in a volume of ca.
350 L per tank. Subsequently, 400 L brackish water was added to each
tank, bringing the final water volume to 750 L per tank. Shrimp with a
body weight of 0.27+0.05 g was stocked at a density of 150 individuals
per tank. During the experiment, the water was continuously aerated
and exposed to a 12 h dark/light cycle.

Water temperature, salinity, pH, and oxygen were monitored daily at
08:00 am using electronic probes. The dissolved oxygen (DO) concen-
tration was maintained above 6 mg/L, salinity at 25+1 ppt and the pH
above 7.5. At the start of the experiment, the temperature was increased
approximately 1 °C daily, from 24+1 °C to 27+1 °C. During the
experiment, 12 L of fresh water was added weekly to each tank to
compensate evaporation loss. The concentrations of dissolved ammonia,
nitrite and nitrate were checked daily using Merck MQuant® Kkits.

2.3.3. Feeding management

Shrimp were fed each day for 8-10 hours using mechanical belt
feeders. The amount the CONdiet fed daily was calculated using formula
1* (Tinh, Momoh, et al., 2021). The daily shrimp weight gain was
calculated by dividing the feed input by the FCR using Eq. 2* (Tinh,
Momoh, et al., 2021). The daily feeding rate of the CONdiet declined
from 15.1 % BW on day 1 (D1) to 3.9 % BW on D42. In CONdiet+WB
treatment tanks, wheat bran was added to the water from a mechanical
belt feeder approximately one hour after feeding. Each day, the mass of
WBdiet fed was equal to the mass of CONdiet+WB fed.

2.3.4. Sample collection during grow-out experiment

Shrimp was collected for proximate composition analyses at the start
(D1) and end of the growth experiment (D42). Two hundred shrimp
were collected as initial sample, while on D42 all the shrimp in each tank
were harvested, counted, and weighed. The samples were subsequently
freeze-dried 72 hours and reweighed. Throughout the experiment, 20 g
portions from the WBdiet, the CONdiet, and the wheat bran were
collected each week. Each collected portion was then placed in a
designated container assigned to its respective feed type. These con-
tainers were consistently maintained at a temperature of 4 °C. At the end
of the experiment, the proximate composition of both the diets and
wheat bran was determined.

Biofloc was sampled on D1, D21 and D42. Before sampling, 1.5 pm
pore size fiber glass filters were dried at 70 °C for minimum 3 hours.
Dried filters were stored in a desiccator for 1 hour and then weighed to
determine the empty filter weight. To collect biofloc sample, 10 L of
biofloc water was siphoned to a plastic bucket from the centre of each
biofloc tank. Collected biofloc water was mixed thoroughly using an
electric disperser IKA Ultra-Turrax® at 300 rpm for 30 seconds and
distributed into four 1.5-L plastic jars of which two were stored for back-
up. The other jars were immediately processed. While processing, the
water in each jar was continuously mixed at 250 rpm using a magnetic
stirrer. Batches of 100 ml biofloc water were filtered through 1.5 pm
pore size fiber glass filters using a vacuum pump to collect biofloc.
Subsequently, 100 ml demineralized water was passed twice through
the fibre glass filters to remove salt and to collect biofloc particles stuck
on the inner wall of the filtration chamber. After filtration, each filter
with biofloc was folded and stored in a clean plastic tube at —20 °C until
further analysis.

Prior to proximate analysis, biofloc-filled filters with biofloc were
dried at 70 °C for minimum 72 hours, transferred to a desiccator for
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1 hour and weighed. The biofloc mass was obtained by deducting the
weight of the full and empty filter. Unfiltered biofloc samples were used
to measure chlorophyll-a and microbial activity. Fifty ml of biofloc
water from the center of each tank was collected by siphoning and stored
in a sterile plastic tube. For chlorophyll-a measurement, samples were
stored at —20 °C until analysis. Samples to measure biofloc microbial
activity were analyzed immediately after collection.

The filtrate water from the biofloc filtration was used as water
sample. Fifty ml of filtrate water of each tank was acidified to a pH of
2-3 by adding 2 N HCl. Subsequently, 10 ml of acidified water was
filtered using a 0.45 pm syringe filter and stored in a clean plastic tube at
room temperature. Samples were analysed within 24 hours after
collection.

2.4. Sample analysis

Proximate analysis was conducted on shrimp, faeces, diet and biofloc
samples to determine their nutrient composition, including dry matter
(DM), ash, minerals, crude protein, fat, energy, carbon, and nitrogen
content. To measure the DM content, each sample was oven-dried at
103°C for at least 4 hours until a constant weight (ISO-6496, 1999).
After DM determination, the samples were incinerated at 550°C for
minimum 4 hours until constant weight (ISO-5984, 2002). The ash
samples were analysed for phosphorous (P), calcium (Ca), magnesium
(Mg), copper (Cu) and yttrium (Y) using plasma-mass spectrophotom-
etry (ICP OES), following the NEN-15510 (2017) procedure. Crude
protein analysis was determined using the Kjeldahl method according to
(ISO-5983, 2005), while the energy content was determined by bomb
calorimetry through direct combustion (IKA® werke C7000; IKA Ana-
lysentechnik, Weitershem, Germany) (ISO-9831, 1998). The fat analysis
was performed according to the Soxhlet method (ISO-6492, 1999). The
carbon and nitrogen content were determined using a DUMAS analyzer
(Leco CN 628, Leco Instrumente GmbH., Germany) (Tinh, Momoh, et al.,
2021).

The total suspended solids (TSS) represents the mass of biofloc par-
ticles (DM) per liter of rearing water, while volatile suspended solids
(VSS) specifically refers to the organic portion (ash-free DM) of the VSS
(APHA, 1995). Chlorophyll-a was determined following standard
methods for examination of water and wastewater (APHA, 1995). The
microbial activity was determined by performing HO, degradation
assays according to Pedersen, Rojas-Tirado, Arvin, and Pedersen (2019).
Dissolved nutrients were analysed using a segmented analyzer (SAN ++,
Skalar Analytical B.V.) measuring concentrations of total carbon (TC),
total inorganic carbon (TIC), total organic carbon (TOC), total nitrogen
(TN), total inorganic nitrogen (TIN), total organic nitrogen (TON), total
ammonia nitrogen (TAN), nitrate- nitrite nitrogen (NOx-N) and ortho-
phosphate (POs-P).

2.5. Data calculation and analysis

Table 2 presents the formulas used to calculate the apparent di-
gestibility coefficient (ADC), shrimp growth and feed utilization pa-
rameters, and nutrient balances. Statistical analysis was performed with
IBM SPSS Statistics 26 software (IBM Corporation, NY, USA). The data
homogeneity was assessed using Levene’s test, while normality distri-
bution was assessed using Shapiro-Wilk’s test. Statistical analysis
comparing faeces compositions, ADC, shrimp growth, and body
composition between treatments was conducted using one-way ANOVA.
Meanwhile, biofloc parameters and water quality were analysed using
repeated measure ANOVA with treatment as main factor and sampling
day as repeated factor. A significance level (a-value) of 0.05 was
employed to determine significant differences. Post-hoc analysis was
performed using Tuckey HSD. The correlation between microbial ac-
tivity and VSS as well as between microbial activity and chlorophyll-a
concentration was determined.
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Table 2
Formulae for data calculation.
Parameter Formula
ADC (%) 1—{(nUt.CONCfaeces (g/kg) / NUL.CONCiet (g/kg)) X (Y.CONCaiet (g/kg)

/ Y.CONCpaeces (g/kg))} X 100

(In We—In Wy) / t * 100

(BM () — BM; () / (water volume §, x 1000)

Final number of shrimps / initial number of shrimps * 100

SGR (% BwW/day)
Production fig/m
Survival (¢,

FCR total diet input (g) / (BMt (g) — BM; (g))

FCRsystem (total diet input (4) + total wheat bran input () / (BMs (g —
BM; ()

PER (BM (5) — BM; (g)) / dietary protein input (g) x 1000

PERgystem (BM (5) — BM; (4)) / total protein input (diet + wheat bran) (4)

PUE (o) (retained protein (g / dietary protein input () x 100

(retained protein (g / total protein input (diet + wheat bran)
(@) x 100

(retained energy () / dietary energy input ) x 100
(retained energy () / total energy input (diet + wheat bran)
&) x 100

NUgier (g) + (MULshrimp i (g) + NUlbiofloc i (g) + NUtwateri ()

PUEsystem ()

EUE (%)
EUEsystem (%)

Total nutrient
input (g
Nutrient loss (g) total nutrient input (g) — (MUtshrimp £ (g) + NUtsiofloc £ (g) + NUtwager £

®)

ADC = apparent digestibility coefficient, GR = growth rate, SGR = specific
growth rate, FCR = feed conversion ratio, PER = protein efficiency ratio, PUE =
protein utilization efficiency, EUE = energy utilization efficiency, Nut.concgaeces
and Nut.concgier represent the nutrient concentrations in faeces and diet, Y.
CONCyjet (g/kg) AN Y.CONCaeces (g/kg) indicate the yttrium concentration in diet and
faeces, W; = initial body weight, W¢ = final body weight, BM = biomass, BM; =
initial BM, BM¢ = final BM, t = number of days, total diet input and total wheat
bran input refer to total amount of diet and wheat bran given during experiment,
water volume = total volume of water in the tank, nutg (g is total nutrient in
the diet, NUtsrimp i (g)> NUthiofioc i (g)» AN NULazer ; (g) are the initial nutrient present
in the shrimp, biofloc, and water, respectively, NUtshrimp f (g)» NUthiofloc f (g)> and
NUtyaer f (g are the final amount of nutrient present in shrimp, biofloc, and
water, respectively.

3. Results
3.1. Shrimp performance and digestibility

Diet treatment effects on shrimp faecal composition and ADC are
presented in Table 3 and Table 4, while in Table 5 and Table 6 the effects
on shrimp growth performance and body composition are shown. The
shrimp faecal composition was affected by treatment (P<0.05). Shrimp
consuming the WBdiet had 14 % less protein and 5 % more carbohy-
drate in the faeces than shrimp eating the CONdiet. This resulted in a
faecal C:N ratio of 21 and 17 in shrimp consuming the WBdiet and
CONdiet, respectively (Table 3). Consumption of the WBdiet reduced the
ADC of crude protein by 4 %, fat by 10 % and carbohydrate by 14 %
(Table 4). No differences in shrimp individual growth and total
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production parameters were observed between dietary treatments
(P<0.05, Table 5), except for FCR and EUE: 1.24 vs. 0.89 and 21 vs. 27
for the WBdiet and CONdiet+WB treatments, respectively (P>0.05). To
be noted, FCR and EUE only considered the amounts of WBdiet and
CONdiet fed, not the amount of WB fed separately. When summing the
amounts of CONdiet and WB fed into CONdiet+WB treatment tanks, the
resulting FCRgystem and EUEsygem were similar between treatments
(P>0.05). The PER showed a trend (P=0.051) for being higher in
CONdiet+WB fed treatment tanks, while PERgystemy Was similar between
the dietary treatments (P<0.05). On average, survival was 87 %, with a
higher variability observed in WBdiet fed tanks (standard deviation - sd
of 10) than in CONdiet+WB fed tanks (sd of 3). In both treatments,
shrimp grew on average from 0.27 g to 5.5 g within 42 days, realizing an
SGR of 7.15 % body weight day-1 and a total harvested shrimp biomass
of 710 g (P>0.05, Table 5). No differences were observed in body
composition between the dietary treatments, except for magnesium
content, which was 6 % smaller in shrimp fed the WBdiet, compared to
shrimp fed the CONdiet with separate WB addition to the water
(P<0.05, Table 6).

3.2. Biofloc

Biofloc composition and microbial activity are summarized in
Table 7. No differences were observed between the WB addition treat-
ments in biofloc quantity (e.g., TSS and VSS) and quality, nor in biofloc
chlorophyl-a content and microbial activity (P<0.05). In addition, there
was no treatment x time interaction effect observed for all biofloc pa-
rameters. However, the biofloc composition changed during the exper-
iment (P<0.05) for all parameters, except for the calcium content
(P>0.05). Overall, all parameter values on the nutritional content of
biofloc showed an increasing trend. TSS, VSS, chlorophyll-a content and
biofloc microbial activity increased faster between D1 and D21 than
between D21 and D42 (Table 7). Correlation analysis showed that mi-
crobial activity was positively associated with the VSS concentration
(R%= 0.82-0.84) and with total chlorophyll-a (R?= 0.72-0.74) (Fig. 1).

3.3. Water quality

The effect of WB addition method on water quality is summarized in
Table 8. No differences were observed between WB addition treatments
in dissolved nutrient concentrations (P>0.05), but the water quality
changed over time for all parameters (P<0.05). The NH4-N concentra-
tion was low overall and still decreased over time, meanwhile other
dissolved nitrogen substances including NOx-N (which mostly consisted
of NO3-N), TIN and TON increased (P<0.05). The dissolved carbon
substances (TIC, TOC, and TC) showed a declining trend during the
culture period (P<0.05). The PO4-P concentration doubled during the

Table 3

Effect of the wheat bran addition method on the proximate composition of faeces of Pacific white shrimp within 42-days culture period.
Parameter CONdiet WBdiet P-value

mean sd mean sd

Crude protein g/kg afdm 185 + 2a 159 + 1b 0.000
Fat g/kg afdm 84 + la 75 + 1b 0.000
Energy kJ/g afdm 23 + 0.2 23 + 0.1 0.329
Carbohydrate* g/kg afdm 731 + 3b 766 + la 0.000
Phosphorus g/kg dm 29 + 0.2a 25 £ 0.5b 0.000
Calcium g/kg dm 53 + 0.5a 36 + 0.7b 0.000
Magnesium g/kg dm 9 + 0.1b 10 + 0.l1a 0.003
Yttrium g/kg dm 1 + 0.01a 0.3 + 0.01b 0.000
Carbon (C) g/kg afdm 540 + 7 551 + 9 0.399
Nitrogen (N) g/kg afdm 31 + 0.5a 26 + 0.5b 0.000
C:N ratio (g/8) 17 + 0.5b 21 + 0.7a 0.002

Values are the mean + standard deviation (sd) of each diet (CONdiet = control diet and WBdiet = wheat bran diet). The data are obtained from the digestibility
experiment. DM = dry matter, C:N ratio = carbon to nitrogen ratio, P-value = probability value. Per row, different letters in bold indicate significant difference
(P<0.05). *Calculated by subtracting ash, crude protein, and fat from ash dry matter.
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Table 4

Effect of the dietary wheat bran addition on the apparent digestibility coefficient (ADC) of nutrient in Pacific white shrimp within 42-days culture period.
Parameter CONdiet WBdiet P-value

mean sd mean sd

Crude protein % 84 + la 81 + 2b 0.001
Fat % 62 + la 56 + 1b 0.005
Energy % 66 + la 58 + 1b 0.000
Carbohydrate % 50 + 2a 43 + 3b 0.001
Phosphorus % 5 + 6.2 8 + 4 0.188
Carbon (C) % 65 + 0.3a 57 + 1.8b 0.024
Nitrogen (N) % 83 + 0.2 81 + 0.8 0.056

Values are the mean and the standard deviation (sd) of each treatment (CONdiet+WB = control diet + direct addition of wheat bran and WBdiet = wheat bran diet), P-
value = probability value. Different letters in bold show significant difference (P<0.05).

Table 5

Effect of the wheat bran addition method on the growth performance of Pacific white shrimp reared in a biofloc system within 42-days culture period.
Parameter CONdiet+WB WBdiet P-value

mean std mean std

Initial weight g/ind 0.27 0.27
Final weight g/ind 5.6 + 0.3 5.4 + 0.4 0.901
Final biomass g 719 + 55 701 + 57 0.722
Specific growth rate (SGR) %/day 7.2 + 0.1 7.1 + 0.2 0.886
Production kg/m3 0.90 + 0.07 0.88 + 0.08 0.725
Survival % 88 + 3 87 + 10 0.867
Feed conversion ratio (FCR) 0.89 + 0.07b 1.24 + 0.11a 0.009
FCRyystem 1.21 + 0.10 1.24 + 0.11 0.723
Protein efficiency ratio (PER) 3.5 + 0.3 2.9 + 0.3 0.051
PERgystem 2.9 + 0.2 2.9 + 0.3 0.894
Protein utilization ratio (PUE) % 58 + 5 49 + 4 0.066
PUEqystem % 49 + 4 49 + 4 0.919
Energy utilization ratio (EUE) % 27 + 2a 21 + 2b 0.016
EUEgystem % 20 + 2 21 + 2 0.782

Values are the mean and the standard deviation (sd) of each treatment (CONdiet+WB = control diet + direct addition of wheat bran and WBdiet = wheat bran diet), P-
value = probability value. Different letters in bold show significant difference (P<0.05).

Table 6

Effect of the wheat bran addition method on the body composition of the Pacific white shrimp reared in a biofloc system within 42-days culture period.
Parameter D1 D42 P-value

CONdiet+WB WBdiet
mean sd mean sd mean sd

Dry matter (dm) g/kg 226 + 0.02 223 + 4.99 227 + 1.43 0.245
Ash g/kg dm 173 + 1 148 + 4 141 + 4 0.088
Crude protein g/kg dm 710 + 2 745 + 20 744 + 1 0.903
Fat g/kg dm 38 + 1 39 + 3 43 + 5 0.285
Energy kJ/g dm 18.4 + 0.1 19.9 + 0.1 20.3 + 0.3 0.066
Carbohydrate* g/kg dm 79 + 1 67 + 19 72 + 2 0.309
Phosphorus g/kg dm 14.0 + 0.1 12.2 + 0.1 11.9 + 0.3 0.101
Calcium g/kg dm 42 + 0.4 36 + 2.5 33 + 0.5 0.071
Magnesium g/kg dm 3.2 + 0.05 3.3 + 0.02a 3.1 + 0.10b 0.021
Carbon (C) g/kg dm 427 + 2 454 + 4 457 + 2 0.252
Nitrogen (N) g/kg dm 121 + 1.2 121 + 0.8 120 + 0.4 0.102
C:N ratio (mass) 3.5 + 0.01 3.7 + 0.05 3.8 + 0.00 0.104

Values are the mean and the standard deviation (sd) of each treatment (CONdiet+WB = control diet + direct addition of wheat bran and WBdiet = wheat bran diet). C:
N ratio = carbon to nitrogen ratio, P-value = probability value. different letters in bold show significant difference (P<0.05). *Calculated by subtracting ash, crude

protein, and fat from dry matter.

experiment, increasing faster towards the end of the experiment
(P<0.05, Table 8).

3.4. Nutrient balance

The nutrient mass balances, expressed as a percentage to the total
nutrient input (feed + stocking nutrient) comprising carbon, nitrogen
and phosphorous content of the biofloc on each sampling day (D1, D21
and D42), are shown in Table 9. At the end of culture period (D42) the
majority of carbon, and nitrogen present was in the biofloc, followed by

the shrimp and water in both treatments. Meanwhile, phosphorous
distribution was highest in the biofloc and the lowest in the water. The
distribution share in the biofloc were comparable between the 2 treat-
ments, with the exception for carbon which showed a lower percentage
in the WBdiet group. Overall, shrimp accumulated between 16 % and
21 %, 29-3449 % and 12-16 % of the carbon, nitrogen and phosphorous
fed during the 42-day culture period. The distribution share of nutrient
retained in shrimp was not significantly different between the 2 groups.
On average 39 %, —4 % and 3 % of carbon, nitrogen and phosphorous,
respectively, was unaccounted in the WBdiet treatment at D42.
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Table 7
Effect of the wheat bran addition method on biofloc quantity, quality, and chlorophyll-a concentration within 42-days culture period.
WB addition method (Treatment) ~ SEM treatment  Time SEM Time  P-value

Parameter Unit CON+WB  WBdiet D1 D21 D42 Treatment  Time Treatment*time
Crude protein g/kg afdm 697 703 20 532b 814a 753a 27 0.873 0.000 0.607
Energy g/kgafdm 283 27 13 151b  36.0a  3l.5a 2.5 0.484 0.001  0.550
Phosphorus g/kg dm 13.7 13.6 0.5 14.4a 11.4b 15.2a 0.6 0.822 0.003 0.135
Calcium g/kg dm 50 51 2.4 50 49 52 2.4 0.957 0.700 0.381
Magnesium g/kg dm 11.8 12.4 0.5 4.7b 17.2a 14.4a 0.9 0.520 0.000 0.567
Carbon (C) g/kg afdm 553 541 10 349a 641b 650b 18 0.448 0.000 0.193
Nitrogen (N) g/kg afdm 93 92 2.1 62b 108a 107a 3.5 0.691 0.000 0.276
C:N ratio (mass) 5.9 5.9 0.05 5.6b 5.9a 6.1a 0.06 0.503 0.002 0.912
TSS mg/L 585 597 15 340c 651b 781a 17 0.611 0.000 0.676
VSS mg/L 356 373 13 269¢ 377b 448a 3.1 0.398 0.000 0.532
Chl-a water mg/m3 183 193 13 104c 206b 254a 8 0.594 0.000 0.943
Chl-a particulate mg/m3 196 205 7 110c 226b 265a 8 0.450 0.000 0.290
Chl-a total mg/m?> 378 398 18 214c 432b 519a 13 0.487 0.000 0.628
Microbial activity 0.931 1.009 0.036 0.780c¢ 0.993b 1.138a 0.032 0.202 0.002 0.685

Values are the mean of three sampling times of each treatment (CONdiet+WB = control diet + direct addition of wheat bran and WBdiet = wheat bran diet) and the
mean of two treatments of each sampling times (D1 = day-1, D21 = day-21, and D42 = day-42). Dm = dry matter, WB = wheat bran, TSS = total suspended solid, VSS
= volatile suspended solid, Chl-a = chlorophyll-a, SE = standard error, -value = probability value. For each factor (diet or time), different letters in bold show sig-

nificant difference (P<0.05). (there is no unit of ma because.)
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Fig. 1. Linear regression between (a) microbial activity and volatile suspended
solid (VSS); (b) microbial activity and total chlorophyll-a concentration. Values
are the mean of each treatment (CONdiet+WB = control diet + direct addition
of wheat bran and WBdiet = wheat bran diet) in all sampling times (D1 = day-
1, D21 = day-21, and D42 = day-42). R? = coefficient of determination.

4. Discussion
4.1. Nutrient digestibility and shrimp performance

The inclusion of wheat bran increased the NSP level in the diet which
reduced the apparent digestibility. According to (Sinha, Kumar, Makkar,
De Boeck, and Becker, 2011), dietary NSP increases the digesta viscosity
and the digesta passage velocity, and reduces the mixing of digestive
enzymes with feed in the fish gut. Yang et al. (2009) reported that 30 %
incorporation of various plant-based ingredients, such as soyabean
meal, peanut meal and wheat gluten meal reduced the nutrient ADCs in
Pacific white shrimp. However, the ADC values reported in their study

were higher than in our study because we included more NSP in the diet.

In our study, 14 % wheat bran was also included in the CONdiet, to
reduce the difference in digestibility with the WBdiet, which partially
explains the small differences in protein and carbohydrate apparent
digestibility between diets (4-15 %; Table 4). The average carbohydrate
ADC for Pacific white shrimp in this study (43-50 %) was lower than
reported for Nile tilapia (65-72 %), averaged from studies using diverse
feed formulations (Maas, Verdegem, Wiegertjes, and Schrama, 2020).
Related to the longer gut, the gut passage time is much longer in Nile
tilapia than in Pacific white shrimp and consequently there is a longer
exposure time for fermentation of carbohydrates in Nile tilapia, which
might explain the difference in ADC between both species (Beseres,
Lawrence, and Feller, 2006; Kabir, Verdegem, Verreth, Phillips, and
Schrama, 2020). Therefore, Nile tilapia might cope better with NSP than
Pacific white shrimp. In the present study, NSP digestibility was not
analyzed. More research is needed on NSP digestibility in shrimp, to be
able to finetune the formulation of NSP-rich shrimp diets.

Assuming 100 % diet intake, the protein intake of shrimp fed the
WBdiet and the CONdiet was estimated. Shrimp fed the WBdiet via
water consumed 18 % more protein (Table S1) with a 4 % lower
apparent digestibility (Table 4), resulting in a 13 % higher digestible
protein intake compared to shrimp in the CONdiet+WB treatment
(Table S2). However, the shrimp production and shrimp protein content
were similar (P>0.05), most likely because shrimp in CONdiet+WB
treatment tanks consumed more biofloc. Krummenauer et al. (2020),
using stable isotopes, estimated that biofloc contributed 35-86 % to the
N-retention by Pacific white shrimp in biofloc systems. That biofloc
contributes to shrimp production is also suggested comparing biofloc
and non-biofloc studies. In biofloc studies the reported SGR fall in the
range of 2.1-10.1 % body weight gain/day, FCR in the range of 0.9-2.6,
and PER in the range of 2.2-3.8 g body weight gain/g protein intake
(Braga et al., 2016; Panigrahi et al., 2018, 2020; Rajkumar et al., 2016;
Tinh, Hai, Verreth, and Verdegem, 2021; Tinh, Momoh, et al., 2021). In
contrast, in non-biofloc studies on average the performance is less, with
reported ranges for SGR of 1.6-4.1 % body weight gain/day, for FCR of
1.5-2.8 and for PER of 1.3-1.8 g body weight gain/g protein intake
(Mansour et al., 2022; Panigrahi et al., 2018, 2020; Rajkumar et al.,
2016; Ruvalcaba-Marquez et al., 2021). One limitation of this study is
the absence of an economic analysis of both treatments, to provide a
more comprehensive view from a business perspective.

Tinh, Momoh, et al. (2021) did a similar study, comparing inclusion
in the pelleted feed versus separate addition of corn starch. In contrast to
our results, including the carbohydrate in the pelleted diet was less
effective than separate addition. Corn starch is highly digestible, and
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Table 8

Effect of the wheat bran addition method on the water quality within 42-days culture period.
Parameter Unit WB addition (treatment) SEM treatment Time SEM time P-value

CON+WB WBdiet D1 D21 D42 Treatment Time Treatment. X time

NH4-N (mg/L) 0.026 0.023 0.004 0.039a 0.019b 0.018b 0.002 0.633 0.000 0.514
NOx-N (mg/L) 19.3 20.2 0.73 18.2b 18.5b 22.6a 0.58 0.467 0.001 0.755
TIN (mg/L) 19.4 20.2 0.73 18.2b 18.5b 22.6a 0.58 0.467 0.001 0.755
TON (mg/L) 1.71 1.68 0.06 1.26b 1.55b 2.29a 0.11 0.746 0.000 0.910
TN (mg/L) 21.1 21.9 0.69 19.5b 20.0b 25.0a 0.64 0.459 0.001 0.785
TIC (mg/L) 12.7 12.5 0.46 13.8b 15.5a 8.5¢ 0.28 0.856 0.000 0.459
TOC (mg/L) 15.7 15.9 0.21 14.0c 15.5a 17.9b 0.37 0.574 0.000 0.958
TC (mg/L) 28.4 28.4 0.39 27.9b 30.9a 26.4b 0.51 0.925 0.001 0.874
PO4-P (mg/L) 3.36 3.27 0.09 2.1c 2.7b 5.2a 0.12 0.501 0.000 0.602

Values are the mean of three sampling times of each treatment (CONdiet+WB = control diet + direct addition of wheat bran and WBdiet = wheat bran diet) and the
mean of two treatments of each sampling times (D1 = day-1, D21 = day-21, and D42 = day-42). WB = wheat bran, NO,-N = total of NO»-N and NO3-N, TON = total
organic nitrogen; TIN = total inorganic nitrogen; TN = total nitrogen; TIC = total inorganic carbon; TOC = total organic carbon; TC = total carbon, P-value =
probability value. For each factor (diet or time), different letters in bold show significant difference (P<0.05).

when included in the pelleted feed, the shrimp digest it, resulting in
faeces with a low C:N ratio providing less energy for the microbiota in
the biofloc system. When applying the corn starch via the water, the
microbiota in the biofloc tank benefit, and contribute more to water
quality maintenance, and shrimp and biofloc production. By incorpo-
rating an NSP-rich carbohydrate in the pelleted feed, however, a large
fraction of the dietary carbohydrate may be transferred to the biofloc
tank through the faeces, benefiting biofloc performance and contribu-
tion to shrimp growth. As a result, there was no difference in shrimp and
system performance when administrating the NSP-rich carbohydrate
through either the pelleted feed (WBdiet treatment) or by introducing it
into the water in the biofloc tank (CONdiet+WB treatment) (Table 5 and
Table 9).

4.2. Biofloc quantity, quality, and activity

A high fibre content in the diet increases the TSS concentration in the
rearing system (Braga et al., 2016; Lopez-Elias et al., 2015). In this
study, the way wheat bran was introduced in the rearing system did not
affect the quantity (e.g., TSS and VSS) of biofloc present (P>0.05;
Table 7). Tinh, Momoh, et al. (2021) also found similar TSS and VSS
concentrations between dietary treatments with four times higher
stocking density than in our experiment using corn starch instead of
wheat bran as carbon source. In this study, shrimp coped well with the
biofloc concentration in the biofloc rearing system, as seen from a high
survival (above 85 %; Table 5) for the type of culture system used
(Hamidoghli et al., 2018). If the culture period would have been longer
causing the TSS concentration to raise above 800 mg/L then water ex-
change or partial biofloc harvesting might become necessary (Gaona, de
Almeida, Viau, Poersch, and Wasielesky, 2017; Ray, Drury, and Cecil,
2017; Ray, Lewis, Browdy, and Leffler, 2010; Schveitzer et al., 2013).

The proximate content of the biofloc, including ash, crude protein,
energy and minerals in this study (Table 7) was similar between wheat
bran addition method and comparable with reported contents in liter-
ature (Ekasari, Angela, et al., 2014; Santhana Kumar et al., 2018; Tacon
et al., 2002). The nutritive value of biofloc makes it a good supplemental
natural food (Kuhn, Lawrence, Crockett, and Taylor, 2016; Wang et al.,
2015), although it should be checked for deficiencies. For instance, in a
study by Ju et al. (2008) biofloc was deficient in arginine and lysine. In
our study, the concentration ranges of Cu (0.09-2.1 g/kg DM), Mg
(4.1-12.3 g/kg DM), and P (12.3-31.5 g/kg DM) aligned closely with
the range documented by Kuhn, Boardman, Lawrence, Marsh, and Flick
Jr (2009) and Rajkumar et al. (2016), except for the Ca content, which
was twofold higher in our study. This discrepancy could potentially be
attributed to difference in salt removal during sample washing.

Wheat bran addition methods did not affect the algal growth (seen
from the chlorophyl-a concentration) and the microbial activity in the
system. Our study measured microbial activity using HoOy degradation

analysis, principally measuring microbial enzymatic activity (peroxi-
dases and catalases) (Iwase et al., 2013; Mishra and Imlay, 2012;
Rojas-Tirado, Pedersen, Vadstein, and Pedersen, 2018). Dead micro-
biota are not contributing, as suggested by Arvin and Pedersen (2015)
who measured no HyO, degradation after autoclaving water samples
showing previously microbial activity. We observed significant corre-
lations between microbial activity and TSS, VSS and chlorophyl-a con-
centration (Fig. 1). Pedersen et al. (2019) reported a significant
correlation between microbial activity and biological oxygen demand
(BOD) and Rojas-Tirado et al. (2018) between microbial activity and
feed load. In our study, the concentrations of both VSS and chlorophyl-a
were positively correlated with bacterial activity. The latter is confusing,
as algae under stress produce extracellular reactive oxygen species
(ROS) and hydrogen peroxide (Diaz, Plummer, Tomas, and
Alves-de-Souza, 2018), which might reduce the net H,O, degradation
recorded with the HyO; test. A possible explanation is that epiphytic
bacteria on algae contribute to the antioxidative defences of the algae,
which is beneficial to the growth of both algae and bacteria (Hiinken,
Harder, and Kirst, 2008). More work is needed to fine-tune the hydrogen
peroxide test for use in mixotrophic biofloc systems, with algae and
heterotrophic and nitrification bacteria present.

If measurements of microbial activity would the further standardized
and results better interpreted, then it is a simple, cost-effective, rapid,
and relatively accurate approach for assessing the microbial activity in
water samples, including biofloc samples. Microbial activity measure-
ments are less time consuming than TSS, VSS and BODS5 analyses, and
thus this will allow to obtain insight in biofloc development and activity
faster than presently possible.

The biofloc ash content increased over time while the protein level
decreased (P<0.05; Table 7). This trend was consistent with previous
studies (Ju et al., 2008). Post- feeding waste, shrimp and plankton
exoskeletons, and minerals (e.g. acid soluble oxides and mixed silicates)
mainly contribute to ash accumulation (Tacon et al., 2002). The
chlorophyl-a concentration, an indicator of algal presence, doubled
during the first half of the culture period, and continued to increase until
the end of the experiment, although more slowly. A similar pattern was
observed in the biofloc for the amount Mg, an important component of
chlorophyll-a, although the increase stabilized during the second half of
the culture period (Marchand, Heydarizadeh, Schoefs, and Spetea, 2018;
Salman et al., 2023). In spite of observed increase in chlorophyl-a, the
authors observed a change in colour from green to brownish, during the
culture period, concurring with observations of (Ju et al., 2008), who
reported a negative correlation between the brownness of biofloc water
and the alga: bacteria ratio.

Besides the algae, both autotrophic and heterotrophic bacteria
contributed to water quality management in the biofloc rearing system,
as seen from the low TON and the increasing accumulation of NOx-N
throughout the culture period, as suggested by (Correia et al., 2014).
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