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Abstract: The effects of ultrafine bubbles on the high stock density of striped catfish larvae in a
recirculating aquaculture system (RAS) are described in this research (UFBs-RAS). In this study, the
various stock densities of striped catfish were investigated regarding the effect of oxygen satura-
tion on the yolk sac absorption rate, length growth rate, and yolk sac utilization efficiency at the
endogenous stage. The survival rate, the specific growth rate (weight, length, and biomass), and
the gross feeding efficiency were examined at an exogenous stage. The results showed that the
ultrafine bubbles generator in the recirculating aquaculture system (UFBs-RAS) provide the dissolved
oxygen concentration up to 128.97%sat. The oxygen saturated state in FBs-RAS at the stock density
100 fish/L (D100) provided high yolk sac utilization efficiency in the endogenous stage and high
survival, specific growth rate, and gross feeding efficiency in the exogenous stage. It was emphasized
that the performance was possible due to surplus oxygen up to 1.58 mg/L at the stock density
of 100 fish/L and accomplished minimum ammonia (NH3-N) content much lower than the limit
(0.12 µg/L). Thus, the striped catfish larviculture with UFBs-RAS-provided oxygen balance subse-
quently improved the production rate significantly with cost-effective production.

Keywords: striped catfish; larvae phase; oxygen balance; growth performances; ultrafine bub-
bles; RAS

1. Introduction

The culture of striped catfish (Pangasianodon hypophthalmus) is one of the essential
aquaculture commodities worldwide. As of 2018, global striped catfish production, ac-
cording to Food and Agriculture Organization was about 2,359,500 tons [1]. In the Asian
region, significant production levels resulted in Vietnam [2] and other countries such as
Myanmar, Bangladesh, India, and Indonesia [3]. Based on the report of the Ministry of
Marine Affairs and fisheries of Indonesia, the production of striped catfish was around
319,966 tons, contributing to 3% of the total aquaculture production [4], and an increased
production of about 426,475 tons was reported in 2020 [5]. However, certain factors need to
be addressed in sustaining the quality and quantity of striped catfish larviculture.

With increasing stock density in larviculture, it becomes challenging to address the
extremely high mortality (e.g., 60–70%) at the early larvae stages in order to achieve
economic efficiency [6,7]. In addition, striped catfish larviculture has complications that
lead to a low survival rate within hours after hatching [8]. Cannibalistic behavior occurs

Fishes 2022, 7, 190. https://doi.org/10.3390/fishes7040190 https://www.mdpi.com/journal/fishes

https://doi.org/10.3390/fishes7040190
https://doi.org/10.3390/fishes7040190
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0001-5949-3418
https://doi.org/10.3390/fishes7040190
https://www.mdpi.com/journal/fishes
https://www.mdpi.com/article/10.3390/fishes7040190?type=check_update&version=2


Fishes 2022, 7, 190 2 of 21

when the water quality is poor in the rearing media, owing to the production of ammonia
due to inadequacy of dissolved oxygen (hypoxia), resulting in frequent larval stress [9].
Furthermore, poor water quality with ammonia content above the upper threshold certainly
causes toxicity to larva, which subsequently elevates their mortality. Slembrouck et al. [10]
reported the upper threshold of ammonia to be 0.22 mg/L for the striped catfish larva at a
density of 90 fish/L with a feeding level 9 (the number of artemia nauplii delivered per
meal for a fish stocked, e.g., 9 artemia nauplii per fish), while the lower threshold of oxygen
content should be 4.4 mg/L.

Conventional techniques were implemented to manage the exceptionally high mor-
tality rate, mainly by introducing a low stock density. However, this approach requires
utilization of large unit area, which is extremely expensive with a low production rate.
Increasing stock density in larvae media is an alternative approach to develop the pro-
duction rate by means of appropriate water treatment and air pumping to uphold the
prerequisite dissolved oxygen, since water exchange is critical to conserve the water quality
and dissolved oxygen in high stock density. However, both techniques are expensive in
maintaining the water quality since it entails the use of additional electrical energy require-
ment. Certainly, larvae media without water treatment or exchange may breakdown to
fulfill the water quality requirement, instigating stress in the cultured species, retarded
growth, low survival, and loss in yield [10]. Hence, water quality is the most imperative
factor that affects the growth and welfare of cultured organisms in high stock density.

The Recirculating Aquaculture System (RAS) is introduced as a solution in larviculture
to preserve the water quality and improve the cost efficiency. Moreover, RAS confirms high-
quality, safe, and healthy larvae products [11]. Aeration generation becomes mandatory to
deliver adequate biological oxygen demand (BOD) and suitable water treatments when
RAS is used in high-density larviculture [12]. Thus, to deliver sufficient dissolved oxygen,
larva media should be in a saturated condition, but saturated dissolved oxygen does not
affect physiological or metabolic activities of larvae [13]. Liquid oxygen is usually employed
through an aeration system to create larva media in saturated conditions [11]. However,
this technique suffers from the disadvantages of low efficiency, high energy consumption,
and the use of complex devices, and it requires sophisticated management systems [11].

The aeration technology was established using a bubble generator with average size of
500 nm (ultrafine bubbles) in recirculating aquaculture system (RAS) for the development
of striped catfish larvae in saturated conditions [14]. This is feasible due to the formation of
ultrafine bubble (submicron and nanobubbles, ISO 20480-1:2017) with high concentration
of dissolved oxygen, since smaller-sized bubbles effectively escalate the oxygen transfer
rate and enhance the residence time in the media [15]. An ultrafine bubble generator
(UFBs) with controlled the air flow rate in the mixing chamber of the generator to deliver
reserved oxygen potential which can eradicate ammonia [14,16]. However, there is no
report on the effect of ultrafine bubble application for the production of high larvae density.
In addition, ultrafine bubbles are expected to reduce the water dynamic that may cause
stress to the larvae that usually occurs under a conventional aeration process. The present
study aims to investigate the effect of saturated oxygen on the high stock density of
striped catfish larviculture using recirculating aquaculture systems (RAS) by means of
UFBs. The various stock density was investigated in correlation to the saturated condition
with observed feeding efficiency and mortality [17] at both the endogenous (utilizing
yolk sac reserves) and exogenous stages (relying on external feeds). The UFBs has been
introduced to balance oxygen distribution of larvae media to allow high stock density
of striped catfish larviculture. These performances potentially provide cost-effective and
sustainable aquaculture production.

2. Materials and Methods
2.1. Larvae Description and Experimental Design

The larvae used in this experiment were obtained from fishpond production of catfish
larvae at North Marine and Fisheries (NMF) Cijengkol Subang, West Java, Indonesia
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(6.35503S; 107.66292E). The best practice of NMF on artificial spawning and egg fertilization
was performed according to the Indonesian National Standard [18]. The fertilized eggs in
the morula stage were transported in a closed packaging system using a plastic bag filled
with pure oxygen to the laboratory for aquaculture and water treatment, at Functional Nano
Powder Centre of Excellence, Universitas Padjadjaran Indonesia (6.920410S; 107.773969E).
Then, the fertilized eggs were incubated for 20–26 h, at 26–27 ◦C, in an aquarium of
(100 × 50 × 50) cm3 filled with 200 L of water with stocking density of 10 eggs/cm3 [18].
After incubation, the larvae were transferred into rearing media for four different treatments
using various stock densities. The stock densities were varied as follows: 40 fish/L (D40C),
80 fish/L (D80), 100 fish/L (D100), and 120 fish/L (D120), respectively, and four replications
were performed in rearing media (15 L), making it a completely randomized experimental
design. The treatment with a stock density of 40 fish/L was considered as control; this
density refers to the optimal density in conventional rearing, according to the Indonesian
National Standard [18]. The four treatments were carried out in the UFBs-RAS system,
where the experimental units were assigned to each of the four treatments with similar
water quality including saturated oxygen water supply and temperature.

2.2. RAS Design and Operation

The experimental equipment of UFBs-RAS larviculture striped catfish was set up
according to design as shown in Figure 1. The installation consists of two primary containers
intended for ultrafine bubbles tanks (20 L capacity), 16 cylindrical tanks (20 L capacity),
and a container (100 L) designed individually for larvae media and water treatment. The
aeration in UFBs-RAS utilizes UFBs generator (125-Watt) connected to the ultrafine bubbles
tank with oxygen flow rate of 0.1 L/min [14], while the water flow rate in the RAS system
was adjusted to 0.5 L/min, and the larvae media were filled with 15 L of freshwater. The
water treatment box consists of a filter mat, japmat, and mineral filter (zeolite). Additionally,
the water temperature of the UFBs-RAS system was maintained at a constant temperature
of 26–27 ◦C using a thermostat heater (150-Watt).
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Figure 1. Schematic diagram of recirculating aquaculture system (UFBs-RAS) for striped catfish
(Pangasianodon hypophthalmus) larviculture.

2.3. Ultrafine Bubbles and Water Quality Analysis

The size distribution and zeta potential of bubbles from the ultrafine bubbles tank were
measured using Horiba Nanoparticle analyzer SZ 100 series instrument. The water quality
parameters were determined based on observed dissolved oxygen, temperature, pH, and
ammonia content. The water quality profile was measured in the ultrafine bubbles tank and
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inlet of the water treatment box. The dissolved oxygen and temperature were measured
using a dissolved oxygen portable meter of Milwaukee M1605. The pH and ammonia
contents were measured correspondingly using Milwaukee MW 101 and a commercial test
kit (Sera Aqua Test Box).

2.4. Larvae Performances
2.4.1. Percent Volume of the Yolk Sac

The percent volume of the yolk sac of larvae during the endogenous stage was de-
termined based on the yolk sac length and height. Initially, five samples of larvae were
taken from each larva media after 36 h hatching (hah) with 3 h intervals. The larva samples
were anesthetized by a fish stabilizer (1 mL/4 Lwater) and the yolk sac photograph was
captured using a binocular microscope (Olympus CX 23). The yolk sac length and height
were analyzed by ImageJ software (version 1.53k) to obtain the yolk sac volume using
Equation (1), according to [19].

V =
π

6
LH2 (1)

where:

V = yolk sac volume (mm3)
L = yolk sac length (mm)
H = yolk sac height (mm)

2.4.2. Yolk Sac Absorption Rate

The rate of yolk absorption was determined by the change in yolk sac volume from
that in the initial endogenous stage (V0) to that in the final volume (Vt) using Equation (2),
according to [20].

g =

(
lnV0 − lnVt

t − i

)
100% (2)

where:

g = yolk sac absorption rate (%)
V0 = early volume of the yolk sac (mm3)
Vt = final volume of the yolk sac at 36 hah (mm3)
t – i = time (hours)

2.4.3. Length Growth Rate

The length of larvae was measured by collecting five samples of larvae from each tank
at the beginning and the end of the sampling period (36 hah). The larvae samples were pre-
pared in Petri dish and then captured images were obtained using a binocular microscope
(Olympus CX 23). The images of larvae samples were analyzed using ImageJ software
(version 1.53k) to obtain the length of larvae. The length growth rate was calculated using
Equation (3), according to [20].

α =

(
lnLt − lnL0

t − i

)
100% (3)

where:

α = length growth rate (%)
Lt = average length of fish at the end of the sampling period (mm)
L0 = average length of fish at the beginning of the sampling period (mm)
t – i = time (hours)

2.4.4. Yolk Sac Utilization Efficiency

Yolk sac utilization efficiency is the amount of body tissue formed from yolk sac
absorption. The yolk sac utilization efficiency was calculated based on the length growth
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rate and yolk sac absorption rate from 5 samples of larvae for each tank using Equation (4),
according to [20].

EP =
α

g
× 100% (4)

where:

EP = yolk sac utilization rate (%)
α = length growth rate (%)
g = yolk sac absorption rate (%)

2.4.5. Survival Rate

Survival rate was calculated using Equation (5), based on the percentage ratio of the
number of fish harvested divided by the number of fish stocked after the exogenous stage
period (192 hah) [10].

SR =

(
Nt−n

Nt−0

)
× 100% (5)

where:

SR = survival rate (%)
Nt−n = total fish at end exogenous stage (fish)
Nt−0 = total fish at the initial exogenous stage (fish)

2.4.6. Gross Feeding Efficiency

Gross feeding efficiency (GFE) is calculated using Equation (6), based on the biomass
different from the final and initial exogenous stage divided by total feed intake (artemia
nauplii) [21].

GFE =

(W f − Wi

Fi

)
100% (6)

where:

Wf = final weight of exogenous stage (mg)
Wi = initial weight of exogenous stage (mg)
Fi = feed intake of artemia nauplii (mg)

2.4.7. Specific Growth Rate

The performance of larvae production is determined in terms of the specific growth
rate (SGR) with respect to weight, length, and biomass per day using Equations (7)–(9).

SGR =

( lnW f − lnWi

t (days)

)
× 100% (7)

where:

Wf = average final weight of fish (mg)
Wi = average initial weight of fish (mg)
t = exogenous stage periods (5 days)

SGR =

( lnL f − lnLi

t (days)

)
100% (8)

where:

Lf = final length of exogenous stage (mm)
Li = initial length of exogenous stage (mm)
t = exogenous stage periods (5 days)
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SGR =

( lnWbio. f − lnWbio.i

t (days)

)
× 100% (9)

where:

Wbio.f = average final weight of biomass (g)
Wbio.i = average initial weight of biomass (g)
t = exogenous stage periods (5 days)

2.5. Statistical Analysis

The data were analyzed to identify the inconsistent values and tested for the normality
using Shapiro–Wilk test, since the number of data is less than 50. If the data were not
normally distributed, the data were transformed for normalization and application of an
additional square root test. The One-Way ANOVA at the endogenous stage was conducted
on yolk sac absorption rate, length growth rate, and yolk sac utilization efficiency, and was
followed by Tukey’s test. While at the exogenous stage, One-Way ANOVA was conducted
on the survival rate, specific growth rate based on weight, length, and biomass, and also
gross feeding efficiency, followed by Tukey’s test. Differences were considered statistically
significant at p < 0.05.

2.6. Water Balance Analysis (WBA)

It is necessary to correlate the results of statistical analysis of UFBs-RAS performances
against various treatment with the water quality due to oxygen saturation, i.e., water
balance analysis (WBA). The WBA aims to evaluate the oxygen consumption/demand in
relation to the oxygen supply as the result of ultrafine bubbles at various stock densities.
Water balance analysis was conducted on the oxygen and ammonia distribution, mass
balance, and oxygen demand. The ammonia distribution was calculated using yolk sac
utilization in the exogenous stage and gross feeding efficiency in the exogenous stage.
Oxygen distribution was calculated from oxygen transfer to larva media obtained from
the dissolved oxygen in the ultrafine bubbles tank and transferred volume (flow rate) at
constant water recirculating flow rate. The oxygen demand was obtained from the yolk sac
biomass, nitrifying bacteria, and direct oxidation of unionized ammonia at endogenous
stage, while at exogenous stage, the yolk sac biomass was replaced by artemia nauplii
biomass. Those water balance analyses (WBA) indicators at saturated dissolved oxygen
were discussed regarding the growth performances. Furthermore, the calculated WBA
was evaluated in correlation to the projection of oxygen demands due to variation in
stock density, and it also predicted the reserved oxygen in larva media due to the oxygen
saturation condition.

2.6.1. Oxygen Production

The total flowrate (Q) in the recirculating system was 480 L/h, and consequently, each
larva media received an equal amount of water supply for each 16-larva media (30 L/h).

The oxygen production for each larvae density per h (Poxygen, mg/h) for each larvae
media was calculated based on the dissolved oxygen concentration (CDO) at a recirculating
flowrate (Q) 30 L/h as follows:

Poxygen (mg/h) = Q × CDO tank (10)

2.6.2. Ammonia Production at Endogenous and Exogenous Stages

The ammonia production was mainly contributed by the feed diet of the yolk sac at
endogenous stage and external feed (artemia nauplii) at exogenous stage of larviculture.
Therefore, for the endogenous stage, it is necessary to know the total yolk sac as feed input
for each larvae media at particular stock density. In the first step, the initial weight was
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calculated using length-to-weight relationship to define the initial weight of larva [22]. The
length-to-weight relationship is expressed as follows:

Wt0 = K × (Lt0)
n (11)

where Wt0 = weight of larvae at initial period (0 hah) in endogenous stage, K = condition
factor (5.16 × 10−6), n = 3.11, and Lt0 = length of larvae at initial period (0 h) in endogenous
stage for each density. Furthermore, the total length at the end of endogenous stage was
calculated using the length growth rate for larvae in each stock density using Equation (12).

Lt36(mm) = Lt0 + (Ave. Lrate × Lt0)× t (12)

where Lt36 = length of larvae at endogenous stage (36 hah), Lt0 = length of larvae at initial
times (hah) of endogenous stage, Ave.Lrate = average length growth rate for stock density
D40C, D80, D100, and D120, and t = times of endogenous stage (36 h).

The weight of larvae at the end of the endogenous stage (36 hah) (Wt36) was calculated
using Equation (11), by substituting Lt0 to Lt36. Thus, the weight biomass was calculated
using Equation (13) for each larva media at a particular stock density (D40C–D120), where
the observed survival rate was 100% at the endogenous stage. Now, the total weight of
biomass was calculated as follows:

Wbiomass(g) = Wt36 × (total fish × survival rate) (13)

where Wbiomass = total weight of biomass in each larva media at particular stock density.
Knowing the total biomass, the weight of the yolk sac as feeding input for each

larva media was calculated based on the data of average yolk sac feeding efficiency
using Equation (14).

W f eed(g) = Wbiomass/Feede f f (14)

where Wfeed = total weight of yolk sac as feeding input in each larva media at particular
stock density, and Feedeff. = average yolk sac efficiency for the stock density D40C, D80,
D100, and D120, respectively.

Assuming the protein content in the yolk sac was 17% [23], Total Ammonia Nitro-
gen production (PTAN acc.) in each larvae media at a particular stock density during the
endogenous stage (36 hah) was calculated as follows:

PTAN acc.(mg) = %protein ×
(

W f eed × 1000
)
× CF (15)

where PTAN acc. = production of accumulation total ammonia nitrogen (TAN) during
endogenous stage of each larvae media at a particular stock density, %protein = 17%,
CF = condition factor of protein-to-TAN conversion (0.092) [24].

The TAN production per hour (PTAN) was obtained by dividing PTAN over the total
period of endogenous stage (t = 36 h).

PTAN (mg/h) = PTANacc./t36 (16)

To determine the concentration of TAN (CTAN) for each stock density, the PTAN was
divided by the total recirculating flow rate per hour.

CTAN (mg/L) = PTAN/Q (17)

where Q = recirculating flow rate each larva media (30 L/h). Now, the conversion of CTANto
the concentration of unionized ammonia (NH3-N) was (Cun−N), as referred to in ref. [25].
The production of unionized ammonia per hour (Pun-N) was estimated using the values of
Cun−N multiplied by recirculating flow rate per hour (30 L/h).

Pun−N(mg/h) = Cun−N × Q (18)
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In the exogenous stage, the calculation of the ammonia distribution at each larva
media at a particular stock density was possible by determining the weight of larvae at the
end of exogenous stage (Wt120). The Wt120 was obtained using Equation (19), by inserting
the average specific growth weight rate Ave. Wrate.

Wt120(mm) = Wt0 + (Ave. Wrate × Wt0)× t (19)

The percentage of protein 6.49 was used to calculate PTAN acc. (Equation (15)) at exoge-
nous stage [26,27], and CF = condition factor of protein-to-TAN conversion (0.092) [24].

2.6.3. The Oxygen Demand and Reserved Oxygen

The oxygen demand at endogenous and exogenous stages in each larva media at a
particular stock density was calculated after determining oxygen supply and unionized
ammonia production in each larva media. The obtained oxygen distribution was required
to examine the response of the larva in correlation to their environmental conditions. Fur-
thermore, the oxygen demand for the endogenous stage was determined using Equations
(20)–(22). The determination of oxygen demand for each larva media at a particular stock
density was considered for larvae metabolism, nitrifying bacteria, and direct oxidation for
unionized ammonia during the endogenous stage.

Oxydemand metabolism (mg/h) = CF f eed ×
(

W f eed × 1000
)

/t) (20)

Oxydemand N. bacteria (mg/h) = CFN.bacteria ×
(

W f eed × 1000
)

/t) (21)

Oxydemand D.oxydation (mg/h) = CFD.oxydation × Pun−N (22)

where Oxydemand metabolism = oxygen demand for larvae metabolism, Oxydemand N.bacteria =
oxygen demand for nitrifying bacteria, Oxy.demand D.oxydation = oxygen demand for di-
rect oxidation of unionized ammonia (NH3-N), CFfeed = conversion factor for oxygen
demand per mg of yolk sac feed consumed by fish larvae (0.25 mg O2/mg yolk sac),
CFN.bacteria = conversion factor for oxygen demand per mg of feed consumed by nitrifying
bacteria (0.12 mg O2/mg yolk sac), CFD.oxydation = conversion factor for oxygen demand to
oxidize per mg ammonia (117 mg O2/mg NH3-N), t = total period of endogenous stage
(36 hah), and Pun−N = production of unionized ammonia from each larva media at a partic-
ular stock density of larvae at endogenous stage. At the exogenous stage, similar equations
(Equations (20)–(22)) were applied to calculate the oxygen demand for a total time period
of 120 h and the production of unionized ammonia from each larva media at a particular
stock density of larvae at the exogenous stage (Pun−N).

Now, the above calculation provides the total oxygen supply and oxygen demand
per larva media for each larva media at various stock densities for both the endoge-
nous and exogenous stages. Thus, we were able to calculate the total reserved oxygen
(Res.Oxy, mg/h) from the oxygen supply by subtracting the oxygen demand and the
measured dissolved oxygen at the water treatment box, as expressed in Equation (23).

Res.Oxy. (mg/h) = Poxygen − Oxydemand metabbolism − Oxydemand N.bacteria
− Oxydemand D oxydation − Oxytreatment box

(23)

3. Results and Discussion
3.1. Ultrafine Bubbles Characteristics and Water Quality

The size distribution of bubbles in the ultrafine bubbles tank is tabulated in
Table 1. The mean bubble size was around (482.9 ± 38.3) nm, and the zeta potential was
−23.6 mV. The results indicate that the UFBs generated ultrafine particles size improve
saturated dissolved oxygen (258.2%) in the ultrafine bubbles tank, which is considered as a
hyperoxia condition [13]. Additionally, the negative zeta potential stabilizes the ultrafine
bubbles and perhaps develops reserve oxygen potential (ROP) which has the capability
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to remove ammonia waste in accordance with our previous study [14]. Furthermore,
the performance of ultrafine bubbles was subjected to evaluation for mass balance in the
upcoming section. The effect of saturated dissolved oxygen on the water quality (DO,
nitrate, nitrite, and temperature) of the entire outlet of larva media or inlet of the water
treatment box is given in Table 2. It can be noted that the saturated dissolved oxygen
reduced from 258.2% to around 128% (mild hyperoxia) around pH 7.6 and temperature
of ±27 ◦C for both endogenous and exogenous stages. Thus, the saturated condition
significantly reduced due to the oxygen transfer rate from the ultrafine bubbles tank to the
larva media. The percentage of oxygen saturation remains high for the stock density under
investigation. The UFBs-RAS system offers the possibility of recirculating the water media
and maintaining acceptable dissolved oxygen in the larva media, although nitrogen waste
loading was produced during larviculture. This becomes the focus for evaluation in the
next water balance analysis section. It can be highlighted that the nitrogen compounds in
the endogenous stage contain lower nitrite as a consequence of the yolk sac metabolism
in comparison to the exogenous stage ((1.75 ± 2.82) mg/L). In contrast, the nitrate at
the endogenous stage was higher ((5 ± 0.05) mg/L) compared to the exogenous stage
((3.50 ± 2.60) mg/L), where artemia nauplii was used as larva feed. The nitrogenous
metabolites of the artemia nauplii may affect the oxygen balance in the rearing media.
The accumulation of nitrogen in recirculating systems has a high impact on the survival
of fish, especially at high density. Thus, the analysis of water balance is essential in the
UFBs-RAS system.

Table 1. The bubbles characteristic and water quality profile in the ultrafine bubbles tank.

Parameter Value

Bubbles size distribution means (nm) 482.9 ± 38.3
Polydispersity Index 1.342
Zeta potential (mV) − 23.6 ± 8.20

Electrophoretic mobility (cm2/Vs) − 0.000183 ± 0.00006
Dissolved oxygen (%sat.) 255.31 ± 3.90

Temperature (◦C) 26.2 ± 0.15

Table 2. The water quality profile in the water treatment box.

Water Quality Endogenous Stage Exogenous Stage

Dissolved oxygen (% sat.) 128.97 ± 6.69 128.73 ± 6.17
Temperature (◦C) 26.08 ± 0.19 27 ± 0.10

pH 7.60 ± 0.10 7.60 ± 0.10
Total Ammonia Nitrogen (mg/L) 0.25 ± 0.34 0.25 ± 0.34

Ammonia nitrogen, NH3-N
(mg/L) 0.006 ± 0.00 0.007 ± 0.00

Ammonium nitrogen, NH4
+-N

(mg/L) 0.244 ± 0.00 0.243 ± 0.00

Nitrite, NO2-N (mg/L) 0.0 1.75 ± 2.82
Nitrate, NO3-N (mg/L) 5 ± 0.05 3.50 ± 2.60

3.2. Larvae Performances at Endogenous Stage

The photographs of catfish larvae samples in the endogenous stage at various hours
after hatching (hah) are depicted in Figure 2 and the percentage volume of the yolk sac and
total length of catfish larvae are illustrated in Figure 3. The observed data were normally
distributed, as per the Shapiro–Wilk test, and homogenously distributed, according to the
Levene test. Next, One-Way ANOVA was conducted on the survival rate, specific growth
rate based on weight, length, and biomass, and also gross feeding efficiency, followed by
Tukey’s test with statistical significance at p < 0.05.
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The visual observation shows no substantial change in the percentage volume of
yolk sac in the initial 0–9 hah at all stock densities, but changes appear at 12–21 hah.
However, the percentage volume of yolk sac was not clearly observed at different stock
densities. Therefore, additional analysis from Figure 2 would be beneficial in perceiving
the percentage volume of yolk sac at various stock densities. It was observed that at stock
density D120, a slow decrease in the percentage volume of yolk sac was observed compared
to the stock density D40–D100. This might be due to several factors including higher
oxygen demand for the metabolism process at higher stock density required for yolk sac
absorption. Thus, it was suggested that more efficient metabolism occurs at lower stock
density, as highlighted in Figure 3.

Figure 4a–c show the yolk sac utilization rate, length growth rate, and yolk sac uti-
lization efficiency of catfish larvae at various stock densities (D40C–D120) where the stock
density of 40 fish/L was considered as the control. The performances of the yolk sac uti-
lization rate, length growth rate, and yolk sac utilization efficiency displayed no significant
difference at the higher stock densities (D80–D120) compared to D40C. This indicates that
saturated dissolved oxygen in UFBs-RAS larviculture offers a good environment and yolk
sac utilization efficiency for the highest stock density (D120).

3.3. Larvae Performances at Exogenous Stage

All the observed data were identified as normally distribution under Shapiro–Wilk
test and homogenous using Levene test, except for the observed data of everyday weight
of biomass. For normal distributed data, One-Way ANOVA was conducted on the survival
rate, specific growth rate based on weight, length, and gross feeding efficiency, followed by
Tukey’s test with statistical significance at p < 0.05. On the other hand, the everyday weight
of biomass data follows the square root transformation method. The data were not normally
distributed after transformation. Thus, the data were analyzed using nonparametric
Kruskal–Wallis ANOVA.

The survival rate of larvae after 192 hah at the end of exogenous stage is depicted
in Figure 5. The larva survival rate in FBs-RAS larviculture at various stock densities
(D40C–D120) are in the range of (26.79 ± 0.59)–(42.12 ± 1.86)%. In contrast, the survival
rate of stock densities D80–D120 revealed a significant difference compared to D40C. There
is no significant difference in the survival rate among the stock density D80, D100, and
D120, respectively. The effect of the oxygen saturation on the survival rate at various stock
densities will be addressed in the upcoming sub-section when the water balance analyses
were obtained.

Figure 6 shows the specific growth rate in terms of weight and length of larvae at
the exogenous stage. High specific growth rates are obtained for all treatment (D40C–
D120) for both weight and length. Interestingly, there is no significant difference in spe-
cific growth rate D80–D120 compared to D40C. The specific weight and length growth
rate for the highest density (D120) are correspondingly (32.26 ± 1.67)% mg/day and
(6.01 ± 0.86)% mm/day. These results indicated that the oxygen saturation condition was
still able to support the growth rate process even at highest stock densities [13]. It is
emphasized that at the highest stock density, more surviving larva with high growth rates
were obtained.
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Figure 4. (a) Yolk sac absorption rate, (b) length growth rate, and (c) yolk sac utilization efficiency
of striped catfish (Pangasianodon hypophthalmus) larvae at various stock density treatment levels in
endogenous stage, at a mean temperature of 26.08 ◦C. Vertical bars indicate standard error, the same
letters “a” denote no different (p > 0.05).
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Figure 5. The survival rate of striped catfish (Pangasianodon hypophthalmus) larvae at various stock
density treatment levels in exogenous stage, at mean temperature of 27 ◦C. Vertical bars indicate
standard error. Different letters denote significant differences between groups (p < 0.05).
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Figure 6. The specific growth rate of weight and length of striped catfish (Pangasianodon hypophthal-
mus) larvae at various stock density treatment levels in exogenous stage, at mean temperature of
27 ◦C. Vertical bars indicate standard error. Different letters denote significant differences between
groups (p < 0.05).

The everyday weight of biomass under all treatment conditions is depicted in
Figure 7. The results show that the biomass growth rate at D40C, D80, D100, and D120 is
(4.74 ± 2.97), (14.69 ± 2.24), (14.93 ± 2.03), and (13.07 ± 2.06)% gram/day, respectively.
The Kruskal–Wallis post hoc test showed at least one of the mean rank group (D40C) was
different from the other group (D100). This means that the environmental system using
the ultrafine bubbles application (UFBs-RAS) with the oxygen saturation improved the
everyday weight of biomass at high stock density (D100).
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Figure 7. The specific growth rate of biomass striped catfish (Pangasianodon hypophthalmus) larvae at
various stock density treatment levels in exogenous stage, at mean temperature of 27 ◦C. Vertical
bars indicate standard error. Different letters denote significant differences between groups (p < 0.05).

The gross feeding efficiency (GFE) is an important indicator in aquaculture to deter-
mine the profitability and production efficiency. In this study, the gross feeding efficiency
(GFE) for all treatments at the end of the exogenous stage is given in Figure 8. The
GFE at larvae density at 80, 100, and 120 fish/L (D80–D120) was obtained in the range
around (40.65 ± 4.18–43.36 ± 4.40)% and was significantly different (p < 0.005) from D40C
(26.17 ± 4.01)%. The corresponding GFE values are mainly contributed by biomass and
feed intake. Lower GFE of D1 means lower biomass with high feed intake. Contrarily, at
higher stock density (D80–D120), higher GFE was obtained, suggesting higher biomass at
similar feed intake. Therefore, our proposed method of striped catfish provides high GFE
at high stock density (D120). It also proved that the proposed FBs-RAS is able to retain the
environmental conditions for growth, providing potentially cost-effective larviculture.
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Figure 8. Gross feeding efficiency (GFE) of striped catfish (Pangasianodon hypophthalmus) larvae at
various stock density treatment levels in exogenous stage, at mean temperature of 27 ◦C. Vertical
bars indicate standard error. Different letters denote significant differences between groups (p < 0.05).
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3.4. Water Balance Analysis (WBA)
3.4.1. Oxygen Production

The oxygen concentration in the ultrafine bubbles tank, water treatment tank at en-
dogenous and exogenous stages were obtain from measured percentage oxygen saturation
from Tables 1 and 2. The oxygen production in the ultrafine bubbles tank and water treat-
ment tank were calculated using Equation (24). However, the oxygen production in each
larvae media was obtained after determining the oxygen concentration by considering OTE
as 63.75% from ultrafine bubbles tank [14]. Therefore, oxygen concentration in all larvae
media was calculated using the equation as follows:

CDO media (mg/L) = CDO tank × OTE (24)

where CDOmedia (mg/L) = concentration of oxygen in each larvae media, CDO tank(mg/L) =
concentration of oxygen in ultrafine bubbles tank, OTE (%) = oxygen transfer efficiency
from ultrafine bubbles tank to larvae media. The results of oxygen production for the
oxygen supply and production at all UFBs-RAS units are summarized in Table 3.

Table 3. The oxygen supply and production in UFBs-RAS.

Tank
Recirculating
Flow Rate (Q)

Oxygen
Saturation

Concentration
(CDO)

Oxygen
Production

(Poxygen)

(L/h) (Sat%) (mg/L) (mg/h)

Ultrafine bubbles tank 480 255.31 19.11 9172.8
Water treatment tank
(endogenous stage)

480 128.97 9.46 4540.8

Water treatment tank
(exogenous stage)

480 128.73 9.44 4531.2

Each larva media 30 166.03 12.18 365.4

3.4.2. Ammonia Production

The weight of larvae at the initial period (0 hah) (Wt0) in the endogenous stage was
calculated using Equation (11) by implanting the length of larvae at initial period (Lt0)
before rearing (3.31 ± 0.21 mm) for each density. The length of larvae at end endogenous
stage (36 hah) (Lt36) was calculated using Equation (12) by adding the length data, growth
rate for larvae in each stock density (from Figure 4b, D40C–D120). The average growth
length rate was (2.00 ± 0.09), (2.02 ± 0.13), (2.03 ± 0.15), and (1.98 ± 0.08)% for stock
density D40C, D80, D100, and D120, respectively. The weight of larvae at the end of the
endogenous stage (36 hah) (Wt36) was calculated using Equation (11), by substituting Lt0
to Lt36, and the total fish amount was 600, 1200, 1500 and 1800 fish corresponding to stock
density D40C, D80, D100, and D120 (with survival rate 100%), respectively. The weight of
the yolk sac as feed input for each larva was calculated using Equation (14) by inserting
average yolk sac efficiency (Feedeff.) from Figure 4c, D40C–D120. The average yolk sac
efficiency was (50.63 ± 2.82), (52.03 ± 4.75), (53.00 ± 3.35) and (50.04 ± 3.21)% for the stock
density D40C, D80, D100, and D120, respectively.

Similarly for the exogenous stage, the weight of larvae at the end of exogenous stage
(Wt120) was calculated using Equation (19) by inserting the average specific growth weight
rate (Ave.Wrate) from Figure 6 and weight of larvae during the initial period in exogenous
stage (Wt0). All calculated variables and terms for calculating the ammonia production in
UFBs-RAS of striped catfish (Pangasianodon hypophthalmus) are presented in Table 4 for both
endogenous and exogenous stages.
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Table 4. The variable and terms for calculating the unionized ammonia production in FBs-RAS at the
endogenous and exogenous stages of striped catfish (Pangasianodon hypophthalmus).

Term
Stock Density Treatment

D40C D80 D100 D120

Endogenous Stage

Lt0 (mm)
Length of larvae at initial

period (0 h) in endogenous
stage

3.31 ± 0.21 3.31 ± 0.21 3.31 ± 0.21 3.31 ± 0.21

Survival rate (%) The survival rate of each stock
density at endogenous stage 100 100 100 100

Ave.Lrate (%) Average lengths growth rate
(Figure 4b) 2.00 ± 0.09 2.02 ± 0.13 2.03 ± 0.15 1.98 ± 0.08

Feedeff. (%) Average yolk sac efficiency
(Figure 4c) 50.63 ± 2.82 52.03 ± 4.75 53.00 ± 3.35 50.04 ± 3.21

Wt0 (g), (Equation (12)) Weight of larvae at initial
period 0.00021 0.00021 0.00021 0.00021

Lt36 (mm), (Equation (13)) Length of larvae at end
endogenous stage (36 hah) 5.69 5.72 5.73 5.67

Wt36 (g), (Equation (12))
Weight of larvae at the end of

the endogenous phase (36
hah)

0.00115 0.00117 0.00118 0.00114

Wfeed (g), (Equation (15)) Weight of the yolk sac 1.37 2.69 3.33 4.09

Exogenous Stage

Lt0 (mm)
Length of larvae at initial
period (0 h) in exogenous

stage
8.38 ± 0.33 7.72 ± 0.15 7.70 ± 0.14 7.87 ± 0.35

Survival rate (%)
The survival rate of each stock
density at endogenous stage

(Figure 5)
26.79 ± 2.74 38.27 ± 0.59 42.12 ± 1.88 41.38 ± 5.69

Ave.Wrate (%)
Average specific growth

weight rate per hour for each
stock density (Figure 6)

1.41 ± 0.08 1.30 ± 0.05 1.34 ± 0.05 1.25 ± 0.06

Feedeff. (%)
Average Gross Feeding

Efficiency (GFE) of larvae for
each stock density (Figure 8)

26.17 ± 4.01 42.87 ± 4.67 43.36 ± 4.40 40.65 ± 4.18

Wt0 (g), (Equation (12)) Weight of larvae at initial
period in exogenous stage 0.00384 0.00297 0.00295 0.00316

Wt120 (g), (Equation (20)) Weight of larvae at the end of
the exogenous stage (120 hah) 0.01035 0.00761 0.00771 0.00825

Wfeed (g), (Equation (15)) Weight of the external feed
(artemia nauplii) 6.36 8.15 11.23 15.11

Total ammonia nitrogen production (PTAN acc.) in each larvae media at a particular
stock density during the endogenous stage (36 hah) was calculated using Equation (15)
by inserting the weight of the yolk sac as feeding input for each larva, considering %
protein (17%) and condition factor (CF) of protein-to-TAN conversion (0.092) [24]. The
TAN production per hour (PTAN) was obtained by dividing PTAN acc. by the total period of
endogenous stage (t = 36 h). The concentration of TAN (CTAN) for each stock density was
determined by dividing PTAN over the total recirculating flow rate per hour (Q = 30 L/h).
The conversion of CTAN to the concentration of unionized ammonia (NH3-N) was (Cun−N)
taken from reference. [25]. Finally, the production of unionized ammonia per hour (Pun-N)
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was estimated using Equation (18) by inserting the values of Cun−N and the recirculating
flow rate per hour (30 L/h). The result of unionized ammonia production at endogenous
stage for each stock density is summarized in Table 5. Similarly, the ammonia production
calculation at exogenous stage using Equation (15) was performed by considering the
percentage of protein (6.49%) and condition factor (CF) of protein-to-TAN conversion
(0.092). The results of unionized ammonia production at exogenous stage for each stock
density are also summarized in Table 5.

Table 5. Unionized ammonia production (NH3-N) in each striped catfish (Pangasianodon hypophthal-
mus) larva media at various stock densities in UFBs-RAS.

Stages Stock Density
Treatment

Recirculating
Flow Rate (Q)

Concentration of Unionized Ammonia
(Cun-N)

Production of
Unionized

Ammonia (Pun-N)

(L/h) (mg/L) (µg/L) (mg/h)

Endogenous

D40C 30 0.0005 0.5 0.014
D80 30 0.0009 0.9 0.027

D100 30 0.0011 1.1 0.034
D120 30 0.0014 1.4 0.041

Exogenous

D40C 30 0.00006 0.06 0.002
D80 30 0.00008 0.08 0.003

D100 30 0.00012 0.12 0.003
D120 30 0.00015 0.15 0.005

3.4.3. The Oxygen Demand and Reserved Oxygen

The results of oxygen demand for each stock densities for both endogenous and
exogenous stages were obtained using Equations (20)–(22) by inserting the corresponding
total oxygen supply from (Table 3) and unionized ammonia production in each larva media
at a particular stock density (Table 5). Moreover, the reserved oxygen was calculated using
Equation (23) by introducing the oxygen supply and oxygen demand values. The results
of oxygen demand and reserved oxygen for each stock density for both endogenous and
exogenous stages are presented in Table 6.

Table 6. Mass balance, oxygen demand, and oxygen reserved in UFBs-RAS used for striped catfish
(Pangasianodon hypophthalmus).

Stages
Stock

Density
Treatment

Recirculating
Flow Rate

Oxygen
Supply in

Each
Larvae
Media

Measured
Oxygen in

Water
Treatment

Box

Oxygen
Demand

for
Metabolism

Oxygen
Demand

for
Nitrifying
Bacteria

Oxygen
Demand for

Direct
Oxidation
Unionized
Ammonia
(NH3-N)

Reserved Oxygen

(L/h) (mg/h) (mg/h) (mg/h) (mg/h) (mg/h) (mg/h) (mg/L)

Endogenous

D40C 30 365.48 283.80 9.49 4.55 1.62 66.02 2.20
D80 30 365.48 283.80 18.71 8.98 3.18 50.81 1.69
D100 30 365.48 283.80 23.11 11.09 3.93 43.55 1.45
D120 30 365.48 283.80 28.43 13.65 4.84 34.77 1.16

Exogenous

D40C 30 365.48 283.20 13.25 6.36 0.23 62.44 2.08
D80 30 365.48 283.20 16.98 8.15 0.29 56.86 1.90
D100 30 365.48 283.20 23.39 11.23 0.40 47.26 1.58
D120 30 365.48 283.20 31.48 15.11 0.54 35.15 1.17

3.4.4. Effect of Water Balance on the Striped Catfish (Pangasianodon hypophthalmus)
Larviculture Performance

The water balance analysis to the ammonia and oxygen demand influences the larvae
growth performances [28]. The water quality (oxygen supply versus reserved oxygen at
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larva media) affected the percentage volume of the yolk sac and total length of larvae, as
shown in Figure 3. Thus, reserved oxygen strongly depends on the stock density, where
higher unionized ammonia was produced, and mass balance generated improved oxygen
demands at higher stock density. This condition caused the larvae to respond relatively
slower, as is required to acclimate the water environment, due to minimal dissolved
oxygen [29]. Interestingly, our results showed that at all stock densities, there was no
significant deference in the total length growth and yolk sac absorption at the endogenous
stage. This indicated that the water supply for larvae media at all stock densities provided
enough surplus oxygen, as given in Table 6. However, upon increasing the stock density, a
reduction in the surplus oxygen was noticed. It was emphasized that the ultrafine bubbles
technology provided saturated dissolved oxygen to maintain surplus oxygen at the highest
stock density (120 fish/L) with very efficient yolk sac utilization [30]. This provided the
opportunity for the larvae to develop without stress conditions and for efficient growth
length, leading to the development of healthy larvae in the proceeding stage (exogenous).
Other researchers reported the performances of other species (Barbus barbus, Carassius
carassius, Aspius aspius, etc.), finding that in applying large stocks, there was no negative
effect on the growth rate and individual development of larval rearing under controlled
conditions of temperature, photoperiod, and additional water aeration [31–33].

The significant difference in the survival rate of stock density D40C compared to the
other higher stock densities (D80–D120) suggests the presence of higher reserved oxygen
content in rearing media of D40C, which disturbs the larvae metabolic process [34]. At
the same time, the larvae possessed the active movement to target artemia nauplii. In this
condition, the larvae did not support the total artemia nauplii produced per unit volume,
i.e., at stock density D40C = 40 fish/L, and the feed density became 120 artemia nauplii/L.
The feed density for stock density D40C was much lower compared to the stock density
D120 = 120 fish/L (360 artemia nauplii/L). The lower feed density was the origin of feed
limitation leading to larval starvation, which triggered higher mortality for lower stock
density [35]. In contrast, the artemia nauplii per unit volume at higher larvae density
(D80–D120) increased in the larvae media. Therefore, this condition led the larvae to
efficiently target the artemia nauplii and probably elevated the survival rate. Thus, at high
stock density or high feed density and appropriate rearing media of saturated oxygen, the
reserved oxygen was able to adequately prevent the aggressive nature of larvae. Moreover,
the surplus oxygen resolved the ammonia condition below <0.05 mg/L, as tabulated in
(Table 6), which would have been difficult to achieve in the recirculation system without
the incorporation of ultrafine bubbles [10].

A high specific growth rate was possible due to the ability of UFBs-RAS to maintain the
oxygen supply, resulting in a low production of ammonia and providing surplus oxygen
(Table 6). The increase in the growth rate might be due to the improvement in the blood
flow [36] and fish metabolic process [37]. Moreover, the high dissolved oxygen content led
to a boost in the antioxidant activity and enzymatic digestion, and a reduction in the glucose
and lactic acid content [38]. Remarkably, the high dissolved oxygen content improved
the immune response performance of the sea bass, as evidenced from the treatment with
12–13 mg/L of oxygen [39], which was similar to the current oxygen level in this study. This
oxygen concentration has induced a modification in the distribution of T- and B-cells, which
experienced an increment in specific myelopoietic sites, which was probably responsible for
enhancing the immune response performance. Many researchers were interested to know
the deleterious effect associated with many stressful conditions including hypoxia and
hyperoxia on the larval skin, since this organ plays an decisive the role in osmoregulation
of striped catfish larva. Burggren et al. [40] reported that the deleterious effect or chronic
hyperoxia, unlike chronic hypoxia, has no significant variations in the skin morphology of
larval Rana catesbeiana. Therefore, in this study, the high dissolved oxygen content provides
less energy for the larvae to respond under environmental stress.

Moreover, the high oxygen saturation condition in the UFBs-RAS offered enough
surplus oxygen in the larva media that may affect the nitrogen digestibility of larvae
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to transform artemia nauplii into biomass growth. Consequently, it increased the gross
feeding efficiency (GFE). For example, larviculture at stock density of D120 produced a
GFE of 40.60%. Hence, a 100 g artemia nauplii was converted into 40.60 g of larvae biomass,
assuming the nitrogen weight % of artemia nauplii and larvae were 7.5 and 9.17% (at dry
basis), respectively [41,42]. The nitrogen in larvae body tissues was improved around 49%.
Thus, the GFE of 40.60% corresponds to 49% nitrogen digestion. In contrast, other study
reported that the nitrogen digestion of catfish larva was found at 25% of larviculture in
pond system [43]. It was suggested that the UFBs-RAS with the integration of ultrafine
bubbles for catfish larviculture enhanced nitrogen digestion. Moreover, the accumulation of
nitrogen digestion reduced the ammonia waste in larviculture media. It can be highlighted
that the UFBs-RAS system unveiled effective striped catfish larviculture resulting in the
high GFE and survival rate, as evidenced from high stock density.

4. Conclusions

The application of ultrafine bubbles in RAS created saturated dissolved oxygen condi-
tion that offered reserved oxygen up to 1.58 mg/L and reduced ammonia (NH3-N) until
0.12 µg/L. The proposed striped catfish larviculture at stock density 100 fish/L (D100)
provide high yolk sac utilization efficiency in the endogenous stage and enhanced specific
biomass growth rate in the exogenous stage. By evaluating the overall performances of
UFBs-RAS at the stock density 100 fish/L (D100), the gross feeding efficiency was improved.
WBA calculation enabled oxygen demand predictions as the stock density increased in
larva media under saturated oxygen conditions, thereby preventing the aggressive behavior
of larvae. It can be concluded that UFBs-RAS with stock density of 100 fish/L (D100) with
good growth performances resolved crucial issues by maintaining the sustainability of the
striped catfish industry with a positive effect on the production.

The recent investigation no sign of larvae feeding behavior was observed in the
exogenous stage due to oxygen saturation, which was reiterated by submersible camera
observation and the cannibalism behavior under high stock density. It is recommended
that future investigations include the experimental setup of the recirculating system (RAS)
equipped with separated ultrafine bubbles aeration and water treatment supply for each
larvae media at various densities, which allows the contribution from each treatment.
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32. Żarski, D.; Targońska, K.; Krejszeff, S.; Kwiatkowski, M.; Kupren, K.; Kucharczyk, D. Influence of Stocking Density and Type of
Feed on the Rearing of Crucian Carp, Carassius carassius (L.), Larvae under Controlled Conditions. Aquac. Int. 2011, 19, 1105–1117.
[CrossRef]

33. Kupren, K.; Zarski, D.; Krejszeff, S.; Kucharczyk, D.; Targońska, K. Effect of Stocking Density on Growth, Survival and
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