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Abstract: Designing good recirculating aquaculture systems (RASs) is challenging in shrimp aquacul-
ture. In this study, two sets of RASs were constructed using sea cucumber nursery tanks for rearing
Litopenaeus vannamei. Recirculating aquaculture was supported by key technologies such as sewage
collection and aeration systems adapted to the rectangular tanks and technologies for the removal
of sewage, shrimp shells, and dead individuals. Six-hundred and eighty-five thousand juveniles
were selected for rearing in the newly constructed RASs, where the average stocking density was
1013 shrimp/m3. During the recirculating aquaculture period of 53 days, the water temperature of
the tanks was 24–31 ◦C, the salinity was 25–32‰, the pH was 6.4–8.2, the DO was ≥ 4.9 mg/L, the
concentration of total ammonia nitrogen (TAN) was maintained between 0.17 and 4.9 mg/L, the
concentration of nitrite nitrogen (NO2-N) was between 0.12 and 4.7 mg/L, and the total number
of Vibrio bacteria remained between 330 and 9700 cfu/mL. At the end of the experiment, the final
average weight of individual shrimp was 13.43 g, and the average yield reached 12.92 kg/m3. The
great improvement in growth performance marks a breakthrough in RAS technology of shrimp,
and it supports the use of an innovative methodology for the retrofitting and utilization of idle sea
cucumber nursery tanks.

Keywords: Litopenaeus vannamei; recirculating aquaculture system; intensive shrimp culture; indus-
trial aquaculture; retrofit

1. Introduction

In recent years, a large number of maricultured sea cucumbers died due to high
temperatures experienced in northern China during the summer, causing a significant
decrease in the cultured production of these species. In 2018, the production of maricultured
sea cucumbers in China was 174,340 tons, which was 20.72% lower than that in 2017 (219,907
tons) [1]. The death of a large number of sea cucumbers brought huge economic losses to the
farming industry, determining its decline. At present, in Chinese coastal areas, especially in
Liaodong and Shandong Peninsulas, many rectangular nursery tanks, normally used as sea
cucumber nurseries, are idle, and this represents a significant waste of resources. However,
while the sea cucumber farming industry experiences a dramatic decline, the whiteleg
shrimp (Litopenaeus vannamei) farming industry is currently expanding in China. In 2018
and 2019, the production of maricultured Litopenaeus vannamei was 1,117,534 and 1,144,370
tons, respectively, and the production of freshwater cultured Litopenaeus vannamei was
642,807 and 671,180 tons, respectively [1,2]. Nevertheless, China still needs to import nearly
one million tons of Litopenaeus vannamei every year from abroad to meet the domestic
demand. Such a high demand for whiteleg shrimp offers opportunities to further develop
the farming of this species. Using the idle sea cucumber nursery tanks for this purpose has
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been proposed. However, using rectangular sea cucumber nursery tanks in the traditional
factory-based water flow shrimp culture mode could not meet the requirements under the
pressure of national environmental protection policies. Recirculating aquaculture system
(RAS) technology represents the most advanced development in aquaculture, and it will
define the future of this sector [3]. As such, it was proposed as a solution to the problem of
successfully repurposing the sea cucumber tanks: these nursery tanks were retrofitted to
RASs for Litopenaeus vannamei farming, ultimately re-establishing a rational use of resources
and bringing significant economic benefits.

In the 1990s, several experiments were carried out in the United States using recircu-
lating raceway systems to rear Litopenaeus vannamei [4]. In the past 30 years, scientists have
continuously explored the recirculating aquaculture modes for rearing Litopenaeus vannamei.
These recirculating aquaculture technologies include raceway RAS [5], high place pond
RAS [6], fully enclosed land-based RAS [7–9], constructed wetland RAS [10], and small RAS
experimental facilities [11–14]. However, few reports on farms containing a water volume
exceeding 100 m3 and an average biomass yield above 6 kg/m3 have been published so
far for this species. Recirculating aquaculture has the advantage of allowing high stocking
densities and has been recognized as the way forward in terms of future development of
aquaculture technology. However, RAS technology is not yet sufficiently applicable to the
large-scale, high-density, and high-yield farming of Litopenaeus vannamei. Therefore, for
this particular species, RAS aquaculture needs further experimentation and upgrading.

The traditional shrimp farming industry in China is restricted by factors such as
climate change, shrimp larval quality, and disease outbreaks. Shrimp production largely
depends on weather conditions. There is no planning or stability in this type of farming,
and it is not possible to achieve stable improvements in shrimp production [1,2]. At the
same time, the discharge of aquaculture wastewater, which does not meet the industrial
development requirements in China, causes tremendous pressure on the environment.
Therefore, the shrimp farming industry in China has come to a crossroads, and a reform
is urgently needed. Recirculating aquaculture systems use industrialized means to arti-
ficially control the water environment in culture tanks and create better conditions for
shrimp survival and growth [15]. RASs have the advantages of occupying limited land
areas, producing high yields, and having generally high profitability. This technology is
more environmentally sustainable and is able to control the entire process of aquaculture
production; therefore, it is more suitable to the shrimp-farming industry in China.

In our previous research, we addressed the problems of sewage collection and aeration
in rectangular sea cucumber nursery tanks [16]. Drawing on those findings, a sea cucum-
ber nursery facility was here retrofitted to two fully enclosed land-based recirculating
aquaculture systems to be used for highly intensive aquaculture of Litopenaeus vannamei.
Subsequently, water treatment and culture performance during the aquaculture period
were analyzed and evaluated. The purpose of this research was to seek a breakthrough in
the recirculating aquaculture technology for Litopenaeus vannamei culture and to explore
new methods to retrofit and utilize idle sea cucumber nursery tanks.

2. Materials and Methods
2.1. Elements of the Recirculating Aquaculture System (RAS)

Two sets of RASs to be used for Litopenaeus vannamei culture were constructed in
Dalian, Liaoning Province, China. The structure and elements involved in the process
are shown in Figure 1 and Figure S1. Each RAS consisted of culture tanks, a reservoir,
circulation pumps, a micro filter, biofilters, a foam fractionator, an ozone generator, ul-
traviolet disinfection equipment, and a central control system. Each system contained 13
rectangular cement culture tanks, and each tank was 6.3 m long, 3.2 m wide, and 1.6 m
high. The water depth was maintained at 1.3 m. The total water volume for each RAS
was 338 m3. The effective volume of the reservoir was 40 m3. The flow of the recirculation
pump was 200 m3/h, which could be adjusted using a frequency converter. The microfilter
consisted of 260 mesh nylon screens that were able to filter out large particles such as
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uneaten feed and feces in the water body and was equipped with an automatic backwash
device controlled by the water level. The biofilter consisted of six cylindrical moving bed
biofilm reactors (MBBR), which measured 1.5 m in diameter and 2.6 m in height and which
were combined in parallel. These were mainly used to remove ammonia nitrogen, nitrite,
and nitrate from the water. The total volume of the biofilter was 27.6 m3, and the available
volume was 24 m3. The biofilter was filled with polyethylene (PE) biomedia rings that
measured 25 × 4 mm; their specific surface area was 1300 m2/m3, and their specific gravity
was 0.97–0.99 g/cm. The flow rate of the foam fractionator, which was connected to the
ozone generator, was 200 m3/h. Dissolved and suspended materials in the water were
removed through the foam fractionator and ozone oxidation reactions, and simultaneously
sterilization, disinfection, and aeration were carried out. Eight UV disinfection lamps with
a total power of 2.6 kW were set up. The liquid oxygen Dewar tank was connected to
the water outlet pipe of the foam fractionator through an oxygen pipe, and a gas flow
meter was used to control the flow of pure oxygen. The central control system was used
to maintain the parameters for the optimal functioning of the equipment, including the
micro filter, circulating pumps, and foam fractionator. Variations of the recirculating pump
frequency, liquid oxygen flow rate and ozone flow rate over time during the RAS culture
period are shown in Table 1.
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Figure 1. Flow chart depicting the recirculating aquaculture system.

Table 1. Variations in the recirculating pump frequency, the liquid oxygen flow rate, and the ozone flow rate over time during the RAS
culture period.

Recirculating Pump Liquid Oxygen Ozone

Time
(d)

Recirculating Pump
Frequency

(Hz)

Time
(d)

Flow Rate
(m3/h)

Hours per Day
(h/d)

Time
(d)

Flow Rate
(m3/h)

Hours per Day
(h/d)

0–20 26–30 0–20 0 0 0–15 0.2 4
21–30 30–40 21–40 0.2 24 h 16–32 0.2 6
31–53 40–50 41–53 0.4 24 h 33–53 0.4 10

Note: if water turbidity was high, the recirculation flow was increased by adjusting the frequency of the recirculating pump to 50 Hz for a
specific period of time.

2.2. Key Technologies of the RAS Applied to Litopenaeus Vannamei Culture
2.2.1. Sewage Collection and Aeration in Rectangular Aquaculture Tanks

In order to maximize the use of the aquaculture area, sea cucumber nursery tanks
have a rectangular shape, and aerated stones are generally used to ensure proper aeration.
In order to meet the sewage collection requirements in the RAS, we improved aeration and
oxygenation methods. Fine-pore aeration tubes were arranged at the four corners of the
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rectangular aquaculture tanks, and they were used to both gather accumulated sewage
and to aerate the water. Details of the construction and functioning of sewage collection
and aeration methods have been published [16]: the fine-pore aeration tubes were made of
polymer materials, with an outer diameter of 16 mm, an inner diameter of 12 mm, 700–1200
holes per meter, and a bubble diameter of 0.5–2.0 mm. These tubes, each measuring 2.5 m
in length, were fixed at the four corners of the tank bottom. The total length of the fine-pore
aeration tubes in each culture tank was 10 m. The tubes were connected to the Roots blower
through the mesh hose and PVC pipe, and the average air intake of each culture tank was
maintained at 250–300 L/min. After the sewage was gathered at the center of each tank by
the aeration taking place at the four corners, it was removed through a sewage collection
pipe installed at the center of the tank bottom (Figure 2).
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collection opening with adjustable size.

2.2.2. Shrimp Shell, Dead Shrimp, and Sewage Removal Technology

A device for the removal of shrimp shells, dead individuals, and sewage was designed
and put in place (CN201811548991.1). An adjustable opening was located at the bottom
of the sewage collection pipe so that the sewage collection flow could be controlled. A
backwater drainage tank was placed on the tank surface, and a live shrimp anti-escape
frame with anti-escape nets inside was installed. Shrimp shells, dead individuals, and
small live shrimp flowing in from the sewage collection pipe at the bottom of the tanks
were retained in the anti-escape nets, while the sewage was directed into the backwater
pipe through the anti-escape nets (Figure 2). It is more difficult for RAS of shrimp than
fish, and the successful application of this device in this study is the key to the success of
shrimp culture in RAS.

2.2.3. Variable Flow Recirculating Aquaculture Technology

The flow of the recirculating pump was controlled through a frequency converter.
Different recirculating flow rates were adopted in different stages of the culture and in
different levels of turbidity present in the water body [17]. Variable-flow recirculating tech-
nology removed particulate organic matter in the tanks promptly, reducing the production
of ammonia nitrogen and nitrite at the source, and thus ensuring the water quality of the
system while saving a lot of energy. The main changes in the recirculating pump frequency
during the culture period are shown in Table 1.

2.3. Litopenaeus vannamei Culture Process and System Management
2.3.1. Nursery Management and Culture in the RAS

On 18 April 2018, 1.2 million commercial Litopenaeus vannamei post-larvae (PL 5,
average weight 0.0018 g, n = 300) were purchased and placed in four nursery tanks at
a stocking density of 10,000 to 11,000 PL/m3. After 39 days at the nursery tanks, they
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were moved into the RAS. During the nursery period, the aquaculture water temperature
was 26–28 ◦C, the salinity was 25–30 ‰, and the pH was 7.5–8.5. In the early stage of the
nursery period, the water quality was mainly adjusted through algae propagation, while
in the later stage it was controlled through microecological agents and water exchange.

On 27 May 2018, after the nursery period was completed, 685,000 juvenile Litopenaeus
vannamei (average weight 0.4 g) individuals were selected and moved into 26 culture tanks
in two RAS sets, which consisted of 13 tanks each. The average stocking density was about
1013 shrimp/m3. In the first RAS (RAS1), the stocking density was 1150 shrimp/m3 in four
culture tanks and 960 shrimp/m3 in the other nine culture tanks. In the second RAS (RAS2),
the stocking density was 1150 shrimp/m3 in three culture tanks and 960 shrimp/m3 in the
other ten.

2.3.2. Growth Indexes

The average weight of shrimp in the two RASs was measured every four to six days.
Between 200 and 300 shrimp were randomly sampled each time from six culture tanks
with a density of 960/m3 and from two tanks with a density of 1150/m3. The total weight
was measured after the water was drained. Once the number of individuals sampled was
counted, the shrimp were put back to the tanks, and their average weight was calculated.
Dead individuals were collected from the live shrimp anti-escape frame every day and
they were taken into account in shrimp stock assessment calculations. Shrimp biomass in
the RAS was calculated based on the shrimp average weight and the stocking density. The
amount of feed was then calculated based on biomass numbers.

2.3.3. Feeding Management

Shrimp were fed six times a day at 7:00, 10:00, 13:00, 16:00, 19:00, and 22:00. In the
early stage of culture (1–20 days after entering the RAS), shrimp were fed four times a
day with the No. 1 compound diet and twice a day with chilled copepods at 8–10% of
the shrimp biomass. In the second phase (21–42 days), shrimp were fed six times a day
with the No. 2 compound diet together with the main feed and an appropriate number
of chilled copepods as supplements at 5–8% of the shrimp biomass. In the late stage of
culture (between 43 days and harvest), feeding occurred six times a day but only with
the No. 2 compound diet at 3–5% of the total shrimp biomass. The feed had to be eaten
within 1 h or within 1.5 h. Whether the amount of feed was sufficient was determined
through direct observation of uneaten feed accumulating in the backwater drainage tank,
as well as through the observation of molting, so feed was added or subtracted accordingly.
During the molting period or when water quality parameters were poor, it was considered
appropriate to reduce the amount of feed or even stop feeding altogether. The mass of
chilled copepods was converted into dry weight at a conversion rate of 15%, and the daily
feeding amount was calculated by adding the dry weight of chilled copepods to the amount
of compound diet.

2.3.4. Water Quality Management

In this study, exogenous seawater or underground well water were pumped into
the disinfection tank in the culture greenhouse. After disinfection, the water was heated
through solar exposure until it reached an appropriate temperature, and it then entered the
RASs as source water for the culture. The water used in the initial period of recirculating
aquaculture was all exogenous seawater (salinity about 31‰). Underground well water
(salinity about 20‰) was gradually added during the middle stage, until the salinity of
the aquaculture water dropped to about 25‰, and then the daily addition of exogenous
seawater gradually brought the salinity up to approximately 29‰. In order to maintain
DO above 5.0 mg/L, liquid oxygen (0.2 m3/h, 24 h/d) was added from the 20th day of
RAS culture onwards, and the amount (0.4 m3/h, 24 h/d) was further increased from
the 30th day onwards. Temperature (T), dissolved oxygen (DO), salinity, and pH in three
culture tanks randomly selected from each RAS system (RAS1 and RAS2) were measured
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using YSI PROplus at 8:00, 14:00, and 20:00 every day. The average values represented the
water quality index of each RAS. During the first ten days of RAS culture, the contents of
total ammonia nitrogen (TAN) and nitrite nitrogen (NO2-N) and the total number of Vibrio
present in two RASs were determined every five days. Between days 11 and 20, they were
determined every two days, and between days 21 and 53, they were measured every day.
The total ammonia nitrogen (TAN) and nitrite nitrogen (NO2-N) were measured using a
YSI 9500 photometer: TAN was determined in the Phot 4 program and nitrite nitrogen
(NO2-N) in the Phot 24 program. The total number of Vibrio was calculated through plate
culture on TCBS. The daily addition of liquid oxygen and ozone in the two RASs for the
culture of Litopenaeus vannamei is shown in Table 1. The UV lamp was constantly on during
the culture period. The initial biological media filling rate in the MBBR was 58.3%, which
contained 10% of mature media (the mature media were sourced from a RAS for grouper
culture with a density of 80 kg/m3). On the 41st day of RAS culture, 1 m3 of new media
was added to each MBBR, and the filling rate of biological media reached 62.5%.

3. Results
3.1. Shrimp Growth

After 1.2 million post-larval shrimp (PL 5) were cultured in nursery tanks for 39 days,
a total of 692,000 post-larval shrimp survived (survival rate, 57.5%). A total of 685,000
post-larval shrimp were selected and transferred to the RAS. After 53 days of culture,
650,400 shrimp survived (survival rate, 94.95%). During the 53-day RAS culture period,
the average weight of the shrimp increased from 0.4 g to 13.43 g, and the total biomass
increased from 274 kg to 8735 kg, so the total weight gain was 8461 kg (Figure 3). After 92
days of culture, the yield reached 12.92 kg/m3. The dry weight of daily feed in the two
RASs is shown in Figure 4. The amount of feed gradually increased to a maximum of 270
kg. At a later stage of the culture, the feed amount was reduced in order to maintain water
quality parameters. During the RAS culture period, a total of 7912 kg of dry weight feed
including 2405 kg of copepods (which were converted to a dry weight of 361 kg) and 7551
kg of commercial feed were consumed.
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3.2. Changes in Water Quality Parameters during RAS Culture

During the entire RAS culture period, water temperature increased gradually from 24
to 31 ◦C (Figure 5A), and salinity fluctuated between 25‰ and 32‰ (Figure 5B). Dissolved
oxygen (DO) declined gradually from 7.0 mg/L to 5.0 mg/L in the early stage (0–20 days).
After 20 days, liquid oxygen was added, and the DO level was thus maintained above
5.0 mg/L (Figure 6A). The pH of the culture water gradually decreased from an initial
value of 8.2 to about 6.4 (Figure 6B).

3.3. Water Purification Performance of Biofilm and Pathogen Control

During the entire RAS culture period, the total number of Vibrio was maintained
at 300–10000 cfu/mL (Figure 7A). It gradually increased in the early stage, fluctuating
between 4000 and 10,000 cfu/mL, but it was controlled by the combined use of ultraviolet
sterilization and ozone in later stages of culture. Total ammonia nitrogen concentrations
(TAN) of both RASs gradually increased during the culture period (Figure 7B). During the
first 30 days, TAN was stable at 2.0 mg/L. With the increase in feed amount in the late stage
of culture, ammonia nitrogen accumulated, and TAN reached the highest level at 4.8 mg/L.
The TAN content was controlled by reducing the feed amount in the late stage. Nitrite
nitrogen (NO2-N) concentrations in the two RASs also gradually increased (Figure 7C).
The value was maintained within 1 mg/L during the first 38 days of culture, while nitrite
accumulated and reached 4.7 mg/L in later stages.
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4. Discussion

In recirculating aquaculture systems, gathering the sewage in the water body to
a specific area is one of the many essential steps [16]. Removing shrimp shells, dead
individuals, and sewage in time are challenging tasks but essential to ensure the success
of this particular aquaculture process. In order to prevent shrimp from escaping, the
backwater outlet is designed to allow the opening of gaps [18], and anti-escape nets and
similar tools are added [19]. However, these often lead to the clogging of outlets. A
large amount of shells may be present in the water after molting, and they can block
the backwater outlet, hindering water recirculation. In this study, a device to remove
shrimp shells, dead individuals, and sewage was designed (CN201811548991.1) and put
in place in order to avoid clogging. The backwater sewage collection pipe of the device
was located at the bottom of the rectangular tanks that were once used as sea cucumber
nursery tanks. The opening of the sewage collection pipe was designed as a long strip.
The width of the opening could be adjusted according to shrimp size, so that only shrimp
shells, dead individuals, and sewage could pass through. A backwater drainage tank
equipped with a live-shrimp anti-escape frame and anti-escape nets with adjustable mesh
size was installed in the upper layer of the culture tanks. The installation of anti-escape
nets not only solved the problem of potential blockage of the backwater passage, but it also
allowed the retention of live shrimp that entered the net through the sewage collection pipe.
These were returned to the culture tanks regularly. The use of the device for the removal
of shrimp shells, dead individuals, and sewage ensured the smooth functioning of water
recirculation in the RAS. The adoption of a variable flow, regulated by the recirculating
pump with adjustable frequency, contributed to a more energy-saving and efficient RAS.

After 53 days of recirculating aquaculture (the total culture time was 92 days including
the nursery period), the final culture yield of whiteleg shrimp, Litopenaeus vannamei, reached
12.92 kg/m3, which was a considerably larger amount compared to yields obtained using
other shrimp culture technologies. The culture density of Litopenaeus vannamei at the
time of harvest in traditional pond cultures is generally about 1–2 kg/m2 [20]. It reached
4–11 kg/m3 in raceway RASs [4,5,21,22] and 2–5 kg/m3 in another experimental set up
with a land-based closed RAS [19]. The increase in the final culture density in this study
marks a breakthrough in RAS technology. Overall, the operating costs (excluding site fee
and equipment depreciation) of the shrimp culture in this study amounted to about 22
RMB/kg. Considering that the average market price of Litopenaeus vannamei is 46 RMB/kg,
the profit per kg of shrimp would equal 24 RMB, and two sets of RAS could generate an
income of 210,000 RMB for one shrimp crop. Therefore, the economic benefits of using this
aquaculture technology are considerable.

Environmental parameters such as water temperature, salinity, dissolved oxygen
(DO), and pH play an important role in the entire shrimp culture process, and changes in
their values have important effects on the physiology of shrimp, in particular on growth,
metabolism, reproduction, and molting [23,24]. The experiment was carried out between
late May and late July in northern China. The external air temperature gradually increased
during this time also determining a gradual increase in water temperature. The water
temperature increased from 24.0 to 30.8 ◦C, within the suitable temperature range for the
growth of Litopenaeus vannamei [25]. Studies have reported that the optimal salinity range
for the growth of Litopenaeus vannamei is 15–25‰ [23]. Due to limited freshwater resources
available in the nursery farm, the salinity during the entire culture process varied between
25–32‰, and the shrimp still exhibited a relatively fast growth rate. With the increase
in shrimp biomass and the proliferation of microorganisms in the biofilm, the oxygen
consumption rate of both the shrimp and microorganisms increased, and the DO in the
aquaculture water gradually decreased from the initial value of 7.0 mg/L. The adding of
liquid oxygen and the DO value above 5.0 mg/L ensures adequate shrimp growth and
floc metabolism [26]. Under the highly intensive aquaculture conditions of the RAS, the
pH value dropped rapidly due to the carbon dioxide produced through respiration and
hydrogen ions produced by the nitrification of the biofilter [27]. After a month of RAS
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culture, the pH value dropped from 8.2 to about 7.0. By adding a small amount of calcium
oxide (CaO) or sodium bicarbonate to the system every day, the pH was maintained above
6.4. This necessary daily addition increases aquaculture costs, while maintaining a weakly
acidic pH reduces the toxicity of ammonia nitrogen in the aquaculture water [28,29] and
does not add costs.

Pathogenic Vibrio is one of the main pathogens affecting Litopenaeus vannamei aquacul-
ture, and estimates of the total number of Vibrio present in the culture can be used as an
important indicator of the impact on the culture’s health [30,31]. During the entire culture
period, the total number of Vibrio bacteria in the system was maintained at 300–10,000
cfu/mL, and no diseases or abnormal mortality rates were reported. The number of bacteria
increased gradually in later stages, but through the use of ultraviolet lamp sterilization and
increased ozone input, it was successfully kept under control. The maximum abundance
of Vibrio in aquaculture water was 104 CFU/mL, which was almost two logarithmic units
lower than the 106 CFU/mL pathogenicity level in water [31]. This pathogen concentration
is comparable to that observed in previous research by Suantika et al. (2018) where the
total number of Vibrio in a RAS culture of Litopenaeus vannamei was successfully controlled
under low salinity conditions [9].

Ammonia nitrogen (especially free ammonia) and nitrite concentrations are also im-
portant factors that affect the health of Litopenaeus vannamei cultures [29,32]. In RASs, these
concentrations are mainly reduced by biofilters [33]. In the initial period of recirculating
aquaculture in this study, 10% of mature biomedia (sourced from a grouper RAS with
a culture density of 80 kg/m3) was added to promote the fast growth of biofilm in the
new biomedia. During the first 20 days of culture, the TAN value remained within 2.0
mg/L. With the increase in feed amount, it exceeded 3.95 mg/L for four consecutive days
by the 41st day. At this time, the total feed amount in the two systems reached 226.8
kg/d, which represented the maximum feeding load of the system. Studies have reported
that the “safe level” of TAN for rearing juvenile Litopenaeus vannamei is 3.95 mg/L [34].
Subsequently, 1 m3 of new biomedia was added to each system, and the daily feed amount
was appropriately reduced to match the control of TAN in the systems. This was reduced
to about 2 mg/L again through these measures. Studies recommended that the filling rate
of the MBBR should not exceed 70% [35,36]. In this study, it approached this critical value,
giving full play to the water treatment capacity of the MBBR. With the increase in shrimp
biomass, the demand for feed increased. The daily feed amount gradually increased to 270
kg/d (on the 46th day), and the TAN concentration on the 47th day was 4.8 mg/L, reaching
again the maximum feeding load of the system. In later stages, TAN was controlled by ap-
propriately reducing the feed amount until the end of the experiment. Ammonia tolerance
in Litopenaeus vannamei increases with age [37], so the safe concentration of TAN tolerated
by Litopenaeus vannamei should be greater than 3.95 mg/l in the later period of the culture.
In this study, TAN was maintained below 3.95 mg/L as much as possible. Although TAN
exceeded 3.95 for a few days in the late stage, the pH was lower than 7, so the concentration
of free ammonia was relatively low [28,29]. Therefore, there were no mortality events that
could be attributed to high TAN values in the later stage of the culture.

Studies have reported that the “safe levels” of nitrite nitrogen for juvenile Litopenaeus
vannamei placed at salinities of 25‰ and 35‰ were 15.2 mg/L and 25.7 mg/L, respec-
tively [38]. In the first 38 days of RAS culture, the concentration of nitrite nitrogen was
within 1 mg/L, and it gradually increased with the increase in feed amount, reaching a
maximum of 4.5 mg/L. By reducing the feed amount, nitrite nitrogen at the end of the
culture process was finally reduced to approximately 2 mg/L. The system salinity fluctu-
ated between 25 and 32 during the entire period, so nitrite nitrogen concentrations in this
experiment were safely far below the limit.

The procedures for Litopenaeus vannamei aquaculture in RASs are complex and highly
controlled. In order to ensure effective water recirculation in the entire RAS, specific
equipment including a device for the removal of shrimp shells, dead individuals, and
sewage; microfilters; a foam fractionator; ultraviolet lamps; an ozone generator; and a
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liquid oxygen aerator were installed. Compared to open flow aquaculture technologies,
the fluctuation of temperature, salinity, and pH during the whole recirculating aquaculture
period was smaller [39]. Aeration facilities ensured the maintenance of the DO required for
shrimp survival, and biofilters, UV lamps, and ozone effectively controlled the proliferation
of pathogens. In particular, biofilters maintained TAN and nitrite nitrogen at safe levels.

5. Conclusions

With the support of key technologies for sewage collection, aeration, and variable
flow installed in the rectangular aquaculture tanks, two sets of RASs for rearing Litopenaeus
vannamei were constructed. Environmental factors required by Litopenaeus vannamei, such
as water temperature, salinity, DO, and pH, were successfully controlled. Water quality
indicators such as the total number of Vibrio bacteria, TAN, and nitrite were maintained
within safe ranges. The yield of shrimp Litopenaeus vannamei reached 12.92 kg/m3 after 92
days of culture. This study provides support of technology and industrial application for
RAS of shrimp culture.

Supplementary Materials: The following are available online at https://zenodo.org/record/5136
341#.YWQjWPmvywp, Figure S1: Panoramic view of the recirculating aquaculture system (A) and
physical picture of equipment (B), Video S1: Shrimps (Litopenaeus vannamei) in the later stage of the
recirculating aquaculture period.
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