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Abstract

:

The increasing global population has led to an increase in food demand; consequently, aquaculture is one of the food production sectors that has offered opportunities to alleviate hunger, malnutrition, and poverty. However, the development of a sustainable aquaculture industry has been hindered by the limited availability of natural resources as well as its negative impact on the surrounding environment. Hence, there is an urgent need to search for better aquacultural production systems that, despite their high productivity and profitability, utilize fewer resources such as water, energy, land, and capital in conjunction with a negligible impact on the environment. Biofloc technology (BFT) is one of the most exciting and promising sustainable aquaculture systems; it takes into account the intensive culture of aquatic species, zero water exchange, and improved water quality as a result of beneficial microbial biomass activity, which, at the same time, can be utilized as a nutritious aquaculture feed, thus lowering the costs of production. Furthermore, BFT permits the installation of integrated multi-trophic aquaculture (IMTA) systems in which the wastes of one organism are utilized as feed by another organism, without a detrimental effect on co-cultured species. This review, therefore, highlights the basics of BFT, factors associated with BFT for the successful production of aquatic species, the significance of this food production system for the sustainable production of economically important aquatic species, its economic aspects, drawbacks, limitations, and recommended management aspects for sustainable aquaculture.
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1. Introduction


According to the Food and Agriculture Organization, aquaculture is one of the food production sectors that offers a golden opportunity to alleviate hunger, malnutrition, and poverty through income generation and better use of natural resources [1]. With the increasing human population, projected to reach 9.6 billion by 2050 [2], the demand for food is escalating amidst limited natural resources such as water and land required for the continuous production of food. Nevertheless, aquaculture production is projected to rise from 40 million tons by 2008 to 82 million tons in 2050 [3]. This is probably due to the gradual adoption of semi-intensive and intensive aquacultural practices for the production of economically important aquatic species. However, intensive aquacultural practices are of great environmental concern due to the discharge of nutrient-rich wastewater into the environment. With all these constraints in mind, the development of sustainable aquaculture systems should focus more on system designs that permit not only the efficient use of fewer resources such as water, energy, land, and capital but also minimizing environmental pollution and maximizing production and profitability. This would, in the long run, lead to the fulfillment of the Sustainable Development Goals (SDGs), notably SDG 1 (end poverty), SDG 2 (zero hunger, achieve food security, improve nutrition, and promote sustainable agriculture), SDG 8 (promoting inclusive and sustainable economic growth, decent work for all), and SDG 14 (conservation and sustainable use of water bodies for sustainable development) [1].



Biofloc technology (BFT) is one of the most exciting food production alternatives that has attracted the attention of the scientific community and producers for sustainable aquaculture due to (i) zero water exchange, thus permitting efficient use of limited water resources and preventing the discharge of nutrient-rich wastewater into the environment; (ii) reduced artificial feed input (fishmeal), which reduces the costs of production while permitting the inclusion of alternatively cheaper and highly nutritious protein sources, and (iii) natural establishment of microbial biomass that not only purifies water but also enhances the growth, growth performance, and immunity of aquatic species reared in the system. The use of this system in farming practices for the production of crustaceans and some finfish species has been extensively studied [4,5,6,7,8,9,10,11,12]. The aim of this review, therefore, is to (i) give a brief overview of BFT systems, including operational parameters that affect their efficiency; (ii) review studies that have been conducted on the application of BFT systems for the sustainable production of economically important aquatic species; (iii) highlight the economic aspects of BFT systems, as well as their drawbacks and limitations, and recommend management aspects of BFT systems for sustainable aquaculture.



1.1. Biofloc Technology


According to the National Agricultural Library Glossary (United States Department of Agriculture, North Bend, WA, USA), BFT is defined as ‘the use of aggregates of bacteria, algae or protozoa, held together in a matrix along with particulate organic matter to improve water quality, waste treatment and disease prevention in intensive aquaculture systems’ [2]. In other words, BFT relies on the principle of nitrogenous waste recycling by several microbial species (bioflocs) in the system while improving water quality and the growth performance of the reared aquatic species. Heterotrophic bacteria within the system take up ammonium as a nitrogen (N) source for their biomass, thus resulting in a decrease in ammonium/ammonia in the water to non-toxic levels. This process is, however, faster than the nitrification process carried out by autotrophic nitrifying bacteria due to the faster growth rate of heterotrophic bacteria. Figure 1 shows a general overview of the BFT system. Certain factors that affect floc formation (mixture of microorganisms) and water quality in BFT systems are discussed below.



1.1.1. Carbon–Nitrogen Ratio


In the aquatic environment, the carbon–nitrogen ratio (C/N) plays a vital role in the immobilization of toxic inorganic N compounds into useful microbial biomass that might act as a direct source of food for the reared aquatic species. Immobilization of inorganic N occurs at a C/N ratio of organic matter above 10 and, hence, any alteration in this ratio within the BFT system might result in a shift in microbial diversity, which might further affect the water quality. For example, De Schryver et al. [13] observed that a high C/N ratio favors the proliferation of heterotrophic bacteria, which leads to significant changes in water quality and biofloc composition. As such, manipulation of the C/N ratio can be achieved through modification of the carbohydrate content in the feed or the addition of an external carbon source in the rearing water so that microbes can assimilate waste ammonium for microbial biomass production. This will, in turn, decrease the concentrations of ammonium/ammonia to less toxic levels, thus making water exchange unnecessary [14]. Total suspended solids (TSS) is another important water quality parameter whose concentration in aquatic ecosystems depends on the C/N ratio. Xu et al. [15] observed that a high C/N ratio (15:1 and 18:1) rapidly increased the TSS concentrations in water, which negatively affected the growth performance of L. vannamei. Moreover, the authors anticipated that production costs would be reduced under the C/N ratio of 12:1 compared to 15:1 and 18:1 due to reduced utilization of organic carbon, saving approximately 20,000 L of molasses per hectare of shrimp production at the same stocking density. Pérez-Fuentes et al. [16] also found that, under high-density cultivation of O. niloticus in a BFT system, C/N ratios exceeding 15:1 promoted the production of dissolved salts and settled biomass, which affected the growth performance of fish. The authors recommended a C/N ratio of 10:1 as the optimum condition for the production of O. niloticus reared under similar conditions. In another study, Silva et al. [17] also observed poor water quality (high TSS, turbidity, alkalinity, and settleable solids) at a C/N ratio of 20:1, which affected the growth performance of O. niloticus. Similar results have been reported in Clarias gariepinus [18,19]. However, Yu et al. [20], Haghparast et al. [21], and Wang et al. [22] reported better growth performance and immune stimulation in carp at high C/N ratios (20:1 and/or 25:1) reared in BFT. The discrepancy in results could be attributed to the difference in species and the source of organic carbon.




1.1.2. Source of Organic Carbon


Different carbon sources, such as molasses, glucose, cassava starch, cornmeal, wheat flour, sorghum meal, sugar bagasse, sugar, rice bran, ground bread crumb, glycerol, and anhydrous glucose, are used to enhance nutrient dynamics through an altered C/N ratio as well as improving the production of crustaceans and certain finfish species [20,23,24,25,26,27,28,29]. The efficient establishment of flocs by different carbon sources mainly depends on their carbon content and speed of degradation, hence indicating that certain carbon sources are more efficient in promoting floc formation than others. Generally, simple sugars such as molasses are degraded faster than complex sugars such as cassava starch, leading to improved water quality, as indicated by lower concentrations of ammonia and a higher growth rate of beneficial microbial biomass [2]. Molasses are the most widely used carbon sources in BFT systems during larval, nursery, and grow-out phases due to their efficiency in improving water quality for the sustainable production of aquatic species [2,30].



One of the most elegant flexibilities of BFT systems is the capability of reusing water-containing flocs for the production of certain detritivorous species under intensive cultivation. This practice aims to prevent the discharge of nutrient-rich wastewater into the environment, which might result in pollution. Liu et al. [31] conducted a 56-day experiment to elucidate the effect of no carbohydrate addition applied to control water quality in water-reusing BFT systems for tilapia (GIFT Oreochromis niloticus, 99.62 ± 7.34 g). Results indicated no significant difference in growth performance between fish culture in tanks with or without carbohydrate (glucose) addition, hence indicating the feasibility of no carbohydrate addition in water-reusing BFT systems for tilapia. Similar results have been obtained in L. vannamei juveniles (3.5 g) reared in a BFT system for 30 days [32].






2. Bioflocs as a Nutritious Food Source, for Dietary Protein Reduction, Compensatory Growth, and Productivity of Economically Important Aquatic Species


Bioflocs as a Nutritious Feed Source


One of the major challenges facing aquaculture producers is the high cost of aquaculture feeds. Protein levels and adequate amino acid balance are critical in aquaculture feeds due to their essential role in maintaining the growth and the general wellbeing of aquatic organisms. However, these nutrients are an expensive component of the feeds and hence influence their market price [33]. In tilapia, for example, feeding can account for 50% of the operational costs and could even reach higher levels with high-protein diets and/or inadequate protein [33,34]. However, this could be mitigated by feeding tilapia on alternative feed sources such as phytoplankton, zooplankton, and algae, whose nutritive content would enhance the growth, survival, and production of fish [35]. Avnimelech and Kochba [36] found that tilapia can uptake 240 mg N kg−1 of biofloc, which is equivalent to 25% of the protein in fish diets. Moreover, bioflocs can contain 20%–<40% crude protein, <1%–>8% lipids, <1%–>15% fiber, <18–>35% total carbohydrates, and <15%–>60% ash, thus providing an alternative feed source to the reared aquatic species [2].



It is worth noting that the nutritional value of bioflocs is highly dependent on the microbial community that encompasses it and, as mentioned in the previous section, certain factors such as carbon sources and C/N ratio influence the biochemical composition of bioflocs. For example, Moreno-Arias et al. [37] reported that the fatty acid and amino acid composition of both biofloc and shrimp cultivated in BFT systems depends on the composition of the aquaculture feed used. The use of plant-based protein sources in the feed is more favorable for biofloc systems and is considered to be more eco-friendly and sustainable. This is because their use reduces the release of phosphorous and nitrogenous wastes in the aquatic ecosystem as well as the dependency on overexploited marine sources [14,38]. The effect of biofloc feed on the general wellbeing and sustainable production of aquatic species is discussed below.



Emerenciano et al. [39] investigated the influence of BFT as a food source in a limited water exchange nursery system on the growth performance of pink shrimp (Farfantepenaeus brasiliensis) post-larvae. The authors reported that rearing post-larvae in the BFT system without commercial food supply did not affect the growth performance of the animals. Moreover, no significant differences in final biomass and weight gain were noted between shrimp reared in BFT with or without commercial diet supplementation. The good growth performance of the larvae was attributed to the diverse microbial community that consisted of protozoa grazers, rotifers, cyanobacteria, and diatoms, which were utilized as a food source. In another study, Emerenciano et al. [40] found no significant differences in the final biomass and survival of early post-larvae pink shrimp (Farfantepenaeus paulensis) reared in BFT with or without commercial feed supplementation. Emerenciano et al. [11] also observed no significant difference in spawning performance among females reared in BFT with or without feed supplementation. Zhang et al. [10] found that culturing gibel carp (C. auratus gibelio ♀ × C. carpio ♂, 6.4 ± 0.5 g) in BFT without feed addition for 30 days did not affect the growth performance (weight gain, specific growth, and survival) of fish. The fish were able to utilize the bioflocs as a feed, with increased digestive enzyme activity of pepsin and amylase noted in fish reared in water containing high TSS (300, 600, 800, and 1000 mg L−1 TSS). Furthermore, bioflocs enhanced the fish’s innate immunity, as indicated by increased superoxide dismutase (SOD) and total antioxidant capacity (TAOC) activity in the skin and mucus. Upregulated immune-related genes included intelectin (ITLN), dual-specificity phosphatase 1 (DUSP 1), keratin 8 (KRT 8), myeloid-specific-peroxidase (MPO), c-type lysozyme (c-lys), and interleukin-11 (IL-11).



The nutritive content and quality of bioflocs are rich and, as such, bioflocs have been used as a cheaper and sustainable alternative to the highly expensive fishmeal. For example, in shrimp culture, 15% to 30% of conventional protein sources can be replaced by biofloc meal without negatively affecting the general wellbeing of the species [2]. The incorporation of biofloc meal in aquaculture indeed reduces the costs of production whilst permitting an intensive culture of species, hence maximizing profits. Several studies have shown that replacing fishmeal with biofloc meal alone or in combination with certain dietary sources such as lysine, soy protein concentrate, and protein hydrolysate improves the growth performance, survival, digestive enzyme activity, and immunity of the reared aquatic species [41,42,43,44,45,46,47,48].



Currently, more research studies in the field of pro- and prebiotic bioflocs are ongoing. Probiotics are beneficial microbes that are either added or naturally developed in the BFT system to stimulate the immune system for the reared aquatic species against biotic and abiotic stress. Several beneficial microorganisms, such as those from the Bacillaceae family, have been previously identified and isolated from the shrimp culture BFT system [49]. These bacteria have been used in the biocontrol of disease outbreaks caused by pathogenic microbes as well as immunostimulants for enhancing the general wellbeing of aquatic species. Table 1 shows some of the conducted studies on probiotics in BFT systems included in animal diets or added directly into the rearing water for enhancement of the general wellbeing of the reared aquatic species.





3. Dietary Protein Reduction


Dietary protein (DP) is the most expensive ingredient in aquaculture feeds. It is used for tissue and body maintenance as well as sustaining the growth of aquatic organisms. Using high-protein diets above the recommended range not only pollutes the aquatic ecosystem via nitrogenous waste excretion but also increases the costs of production [60]. For example, in Clarias sp. production, farmers in the hatchery generally feed the fry on high-protein diets in the range of 38–40% to reach the maximum output. This is costly to the farmer and does not match the low selling prices of the fish fry [8]. Since bioflocs can serve as alternative nutritive sources for the reared aquatic species, Tacon et al. [61] suggested that bioflocs might also permit the use of lower feed rations and a reduction in the use of costly feed ingredients. Moreover, several studies have indicated that the protein content of bioflocs ranges between 12% and 50% and this depends on the type of organic carbon source used [39,62,63,64,65].



Braga et al. [66] evaluated the effect of feeds with different protein levels (BFT + FF: 68.48% dietary protein; BFT + BF: 52.51%; BFT + JF: 39.91%) on the spermatophore and sperm quality of Litopenaeus vannamei males (36.40 ± 3.13 g) cultured for 30 days under the BFT system during the pre-maturation period. Compared to shrimp cultured under a clear water system and fed on a mixture of fresh food, higher sperm quality (survival %, spermatophore weight, sperm count %, normal sperm rate %, and dead sperm rate %) was recorded in shrimp fed on BFT + JF compared to other protein levels and a mixture of fresh food. Generally, better sperm and spermatophore quality of shrimp cultured in BFT system were noted compared to those reared under a clear water system, hence indicating the superiority of a BFT-dominated zero exchange system in maintaining better reproductive performance. Xia et al. [60] investigated the influence of different DP levels (31%, 35%, 39%, 43%, and 47%) on the growth, digestibility, digestive enzyme activity, and stress tolerance of Litopenaeus vannamei (Boone, 1931) (6.2 ± 0.2 g) reared under a BFT system for 60 days. The authors observed increasing weight gain with increasing DP levels up to 43% DP, whereas the lowest feed conversion ratio and protein digestibility were recorded at 43% DP. Moreover, higher digestive enzyme activity and tolerance in a sudden decline in salinity were noted at 43% DP. Using spoilage date extract (SDE) as a carbon source for the BFT system, Abbaszadeh et al. [67] found that feeding Litopenaeus vannamei (5.4 ± 0.3 g) on diets containing different protein levels (P15 and P25%) for 35 days led to improved growth performance (protein efficiency ratio and protein productive value). Moreover, lower total ammonia nitrogen (TAN) was observed in the SDE BFT system, indicating better water quality. Under a super-intensive biofloc-dominated system for the culture of Litopenaeus vannamei, Prangnell et al. [65] have recently shown that feeding shrimp (4.70 ± 0.66 g) on commercial feeds of different protein content (35% and 40% DP) for 77 days enhanced the final weight and water quality parameters (35% DP), hence indicating that lower DP levels can support shrimp growth performance and maintain good water properties under intensive cultivation. Similar results have previously been reported by Xu et al. [68], Pinho et al. [69], Kumar et al. [70], and Brito et al. [71]. Xu and Pan [62] reported that manipulating C/N ratios in the zero exchange culture of Litopenaeus vannamei (6.95 ± 0.22 g) fed on different DP levels (P25 and P35) influences the growth performance and water quality of shrimp. The authors found no significant difference in the growth performance of shrimp fed on P25 and P35, except for the FCR, where shrimp fed on P35 had a lower FCR. This could be attributed to the low protein content of the bioflocs and difficulty in ingesting bioflocs under experimental conditions. C/N ratios or their interaction with DP levels did not affect the growth performance of animals.



In Nile tilapia (O. niloticus), several studies have indicated the maintenance of good water properties and growth performance of fish cultured in BFT systems and fed on lower levels of crude protein in the range of 20–31% [33,72,73,74,75,76].



In Juvenile common carp (Cyprinus carpio), Aalimahmoudi et al. [77] found that rearing fish in a BFT system for 8 weeks with a C/N ratio of 15% and 25% DP level improved growth and feeding parameters, body composition, blood biochemical parameters, and water quality suitable for common carp. Zhao et al. [78] also found that a 20% decrease in DP did not negatively affect the growth performance of mirror cap (Cyprinus carpio specularis) reared in a BFT polyculture system.



Khasanah et al. [8] demonstrated that 34% DP (C/N ratio 15) can replace 38% DP in catfish (Clarias sp. 4–5 cm) fry reared in a BFT system for 35 days. Sawant et al. [79] evaluated the effect of different DP levels (15%, 20%, 25%, 30%, 35%, and 40%) on the growth and survival of Labeo rohita (Hamilton, 1822) reared in a BFT system for 80 days and found 25% DP (C/N ratio 19:1) to be superior in terms of the improvement in growth performance (average weight, weight gain, length gain, specific growth rate, and survival) compared to other DP levels. Yu et al. [80] also found that decreasing the DP levels of Rhynchocypris lagowski cultured in the BFT system (8 weeks) from 37% to 29% slightly decreased the growth performance, digestive enzyme activity, and immune response in fish, but no noticeable difference was noted with those fed on a control diet (clear water condition, 37% DP).




4. Compensatory Growth and Productivity


Throughout their life cycle, aquatic organisms experience a period of fasting, probably due to certain factors such as a periodically inadequate food supply, poor water quality, and the presence of pathogens in their environment, which causes stress. In aquaculture, food restriction is considered stressful but this technique has been used to reduce operational costs as well as the concentration of organic matter, nitrogenous, and phosphorus wastes in effluent water [81,82]. Furthermore, when food is restored after a period of starvation, aquatic organisms exhibit a phase of accelerated growth, also known as compensatory growth, which is usually associated with increased weight gain [82]. It is worth noting that animals use tissue energy reserves such as lipids for the induction of compensatory growth and this depends on several factors such as the type of species, development stage, body size, food quality, and the duration of starvation [82,83]. Hence, compensatory growth is a form of an internal adjustment mechanism that assists animals in adjusting to environmental stress [82,84,85]. Studies on feed restriction in BFT systems and its effect on the growth performance and productivity of crustaceans and fish have been conducted, and, below, we present research findings obtained from some of these studies.



Kaya et al. [9] found high productivity indices in the establishment of speckled shrimp (Metapenaeus Monoceros, Fabricus) in a BFT system during 30 days of cultivation. The study was carried out with four different biofloc treatments and a control with a stocking density of 12 shrimp/0.24 m2, using feed restriction regimes that consisted of one day of starvation and varying days of feeding. Generally, all BFT treatments exhibited improved growth performance (final weight, weight gain, daily weight gain, specific growth rate, protein efficiency ratio, survival rate, and food conversion ratio), whole-body crude protein ratios, and ash contents. Likewise, histopathological examinations did not indicate any pathological findings. In another study, Lara et al. [86] investigated L. vannamei juveniles (1.14 ± 0.38 g) cultured in a BFT system with 21 days of artificial feed restriction and with 29 days of artificial feedback and found partial compensatory growth in the second period and enhanced survival (>95%), resulting in 24.79% savings on artificial feed application. Rocha et al. [87] found that 1-day repetitive feed restriction and 1-day feeding in L. vannamei (0.46 ± 0.18 g) juveniles led to partial compensatory growth as a result of enhanced feed conversion efficiency driven by increased enzyme activity.



Correa et al. [88] also found 70% survival in Nile tilapia (O. niloticus, 4.78 ± 0.13 g) juveniles reared in a BFT system subjected to four days of feeding and three days of feed deprivation. Moreover, the reduction in feed costs was 46.7% and the authors anticipated that this would result in a 3% increase in the farmer’s partial profit. Likewise, the authors observed that two days of feed deprivation and 4 days of refeeding resulted in a high feed consumption ratio, feed efficiency ratio, and protein efficiency ratio, hence indicating that feed deprivation in tilapia does not affect the growth performance of fish.



Gallardo-Collí et al. [5] found that cyclic feeding based on 12 days of feed restriction and 36 days of feeding triggered a complete compensation in weight and restoration of energy reserves, with similar measures of productive performance observed compared to the control. Moreover, feed restriction did not affect the proximal composition.




5. Biofloc-Based Integrated Multi-Trophic Aquaculture


Much as BFT systems facilitate the maintenance of good water quality suitable for the survival and general wellbeing of reared aquatic species without the use of high water volumes and exchange rate, the accumulation of total suspended solids (TSS) and organic matter in the rearing units might result in several ecological problems in the surrounding environment. Therefore, there is an urgent need for sustainable utilization of the accumulated substances, which might pose a danger to the aquatic ecosystems and surrounding environment.



BFT systems permit the installation of integrated multi-trophic aquaculture (IMTA) systems in which the wastes of one organism are utilized as feed by another organism [89,90,91,92,93,94]. In other words, filter-feeding organisms such as Oreochromis sp. and Mugil liza are utilized for the assimilation of suspended solids and organic matter that accumulate at the bottom of rearing units. However, the choice of these organisms will depend on certain factors, as reported by Borges et al. [89]. These include:




	
The absence of competition for food between the co-cultured species;



	
The filter feeders should be able to consume the suspended solids and organic matter without detrimental effects on their general wellbeing;



	
The filter feeders should not negatively affect the growth performance and general wellbeing of a co-cultured species in the rearing unit.








Previous studies on the integration of shrimp and Nile tilapia (Oreochromis niloticus) have reported increased N and P recovery, yields, growth, growth performance, and immunity in shrimp or tilapia under different stocking densities [4,90,91,93].



Borges et al. [89] demonstrated that the integrated culture of mullet (Mugil liza) and white shrimp (Litopenaeus vannamei) in the same rearing unit or two separate units for 41 days resulted in a reduction in sludge, thus indicating the utilization of organic matter in the rearing units by mullet. Holanda et al. [94] also showed that integrating mullet and shrimp culture not only reduces the concentration of TSS in rearing water but also improves the water quality and growth performance of shrimp. However, Hoang et al. [95] found that gray mullet (Mugil cephalus) is not an efficient biofloc consumer under the shrimp polyculture BFT system. The discrepancy in results could be attributed to differences in mullet species and rearing conditions. Furthermore, de Oliveira Costa et al. [12] have recently shown that the integration of oyster (Crassostrea gasar) and shrimp (Litopenaeus vannamei) in BFT systems did not influence the concentrations of TSS in the rearing units. The authors hence suggested that larger stocking densities could result in more noticeable changes in TSS concentrations. Therefore, the choice of species and rearing conditions is vital for the maintenance of good water quality and to increase crop production.



Sometimes, photoautotrophs (halophytes) are used for the absorption of N and P, all of which lead to the maintenance of good water quality and the improved survival and growth performance of the reared species [92]. For example, Legarda et al. [96] found that an integrated BFT system (L. vannamei and Ulva fasciata) facilitated N and P recovery at 5.5% and 7.6%, respectively, compared to the control (without Ulva fasciata). Moreover, shrimp yields were 2.91 kg m−3 with a survival rate of 90.6% and FCR of 1.84. Likewise, Pinheiro et al. [97] observed that integrating L. vannamei and Sarcocornia ambigua at different water salinities (16 and 24 psu) favored the elimination of N and phosphate compounds and did not negatively affect the growth of shrimp or plant growth.




6. Economic Aspects of BFT Systems


In comparison to the conventional aquaculture systems, BFT systems generally improve the growth performance (growth, specific growth rate, survival rate, and FCR) of the reared aquatic species and water quality and, as such, these parameters play a vital role in determining the aquaculture management costs. Moreover, reducing production costs while optimizing profits is the major strategic goal driving the aquaculture industry [98]. Certain growth performance parameters such as survival rate influence cost returns and profitability. For example, a 20% increase in stocking density and growth rate increases profitability by 57% and 45%, respectively [99]. Likewise, reducing feeding costs by 20% can significantly impact profitability [98]. As mentioned earlier, bioflocs can replace commercial feeds without negatively affecting the survival, growth performance, and production of aquatic species. The efficiency of protein utilization is two times higher in BFT systems compared to conventional systems. Production of one kilogram of tilapia and green tiger shrimp (Penaeus semisulcatus) in BFT is associated with a 10% and 33% reduction in costs, respectively, and this is dependent on the species, aquaculture feed, the quantity of consumed biofloc, and the price of carbohydrates [98,100,101]. It is worth noting that in BFT, generally, carbon source costs are incurred, thus eliminating the costs of organic and inorganic fertilizer input. Likewise, BFT systems facilitate zero water exchange, permit the reduction of water treatment costs by 30%, reduce the cultivation period, and increase the survival and growth rate of aquatic species compared to the conventional systems; hence, they are sustainable systems for aquaculture production [7,13,98].




7. Drawbacks, Limitations, and Management Aspects of BFT Systems


Despite their use in commercial applications since the mid-1990s, BFT systems are still facing serious drawbacks and operational difficulties. For example, the dependency of outdoor systems on prevailing weather conditions often results in fluctuations in water quality due to changes in microalgae bloom. Therefore, for sustainable aquaculture production, certain factors such as site location, light intensity, and season of the year should be taken into consideration when setting up outdoor BFT systems. Furthermore, the concentration of total suspended solids (TSS) should be carefully monitored. The desirable concentration of TSS for aquaculture ranges from 500 to 1000 mg L−1, above which turbidity, visibility, and FCR are increased, thus leading to poor growth performance and poor productivity [98].



According to Avnimelech et al. [36], monitoring the following water quality parameters is vital:




	
NO2. Nitrite is highly toxic to fish if present in levels above 1 mg L−1. This means the presence of anaerobic regions, which lead to the accumulation of sludge. This will therefore necessitate the changing of aerators to increase levels of dissolved oxygen required by aerobic microbes to convert nitrite to nitrates.



	
TAN. Total ammonia nitrogen below 0.5 mg L−1 indicates that the system is working properly. An increase in TAN above this level warrants the addition of carbon into the system.



	
DO. Dissolved oxygen should not fall below 5 mg L−1. Below this level, more aerators should be added to the system to provide more oxygen.



	
Floc volume (FV) should be in the range of 5 to 50 mL L−1 and this can be monitored using Imhoff cones. When FV concentrations are above 50 mL L−1, sludge should be removed, and if below 5 mL L−1, carbohydrates should be added.








The slow establishment of nitrifying bacteria within the BFT system is also one of the drawbacks of this technology. It takes more than one month for the initial bioflocs to develop, which might affect aquatic life at sensitive stages of their life cycle. Luo et al. [102] have recently shown that a strategy of a one-time carbohydrate addition at a C/N ratio maintained at 20:1 has a good nitrification performance. However, the authors did not show how fast the nitrifying bacteria were established; thus, more research is needed. De Morais et al. [103] have also shown that increasing the aeration at a rate of 33.75 L/min in Litopenaeus vannamei (Boone, 1931) biofloc culture speeded up the establishment of nitrifying bacteria, whereas a low aeration rate slowed down the process. Jiménez-Ordaz et al. [104] have recently demonstrated that the addition of Schizochytrium sp., L. fermentum (TD19), and two diatoms (Grammatophora sp. and Navicula sp.) can induce the formation of bioflocs in a hyper-intensive culture of P. vannamei reared in a BFT system. Therefore, more research is needed to optimize the conditions necessary for the fast establishment of slow-growing nitrifying bacteria in BFT systems.



Another serious limitation of BFT is high energy costs. Aerators and pumps require energy for their normal operation and any incident of power failure can cause huge economic losses. Likewise, high energy costs (hydroelectricity) make BFT systems less feasible to small-scale farmers and those from developing countries. Hence, there is an urgent need to search for cheaper and environmentally cleaner sources of energy that would sustainably permit intensive cultivation and result in maximum profits. Another important concern of the BFT system is the development of off-flavors (geosmin and 2-methylisoborneol) that lower the quality and market cost of BFT-produced fish and shrimps. These off-flavors develop as a result of high turbidity, filamentous cyanobacteria, and Actinomycetes. Transferring fish and shrimps to clean running water before harvest would alleviate this problem but this is costly and unsustainable. However, Schrader et al. [105] suggested that lowering the feeding application rates could decrease the production of off-flavors, particularly 2-methylisoborneol (MIB) in channel catfish (Ictalurus punctatus). Another strategy is to introduce certain microorganisms, such as those from the Bacillaceae family, into the BFT system designs as bioreactors. These have been reported to play a vital role in the degradation of geosmin and MIB [106,107].




8. Conclusions


The increasing food demand amidst a growing population, water scarcity, and limited land for the expansion of aquacultural practices have become major constraints on a global scale. To satisfy the growing demand for animal protein, intensive aquaculture is one of the promising alternatives. However, this system of food production comes with its demerits, one of which is its pollution of the surrounding ecosystem due to the discharge of nutrient-rich effluents. Likewise, intensive aquacultural practices have led to increased disease outbreaks, poor growth performance, and increased dependency on fishmeal, which is costly and scarce. BFT is, however, a sustainable and more environmentally friendly food production system characterized by zero water exchange and intensive culture of aquatic species. Moreover, this technology permits the utilization of bioflocs as a nutritious feed source, hence lowering feeding and production costs as well as dependency on fishmeal. Bioflocs also stimulate the immune system of the animals, thus lowering the risk of pathogen-associated disease outbreaks in the system. Likewise, several studies have indicated that probiotic addition in BFT systems and/or their dietary administration improves the immunity of cultured fishes and crustaceans. Despite the increasing popularity of BFT systems, more research is needed to optimize the operational parameters (such as energy needs) with lower costs of production for the system in order to ensure that they are acceptable and feasible for small-scale farmers and those from developing countries. Energy alternatives such as solar power, gas, and wind turbines should be considered. Furthermore, for this system to create a more sustainable impact in aquaculture production, more studies on tolerance levels regarding the water quality of aquatic species reared in BFT under commercial settings are needed since reference levels used for the production of certain species are derived from clear water or water exchange systems. Moreover, most of these studies are conducted on a small scale or under laboratory settings, which are far from commercial conditions. Lastly, there is an urgent need to disseminate research findings on BFT systems to farmers as this will help them in acquiring the skills required for better management of the system and, in turn, generate more profit.
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Figure 1. Schematic diagram of a biofloc technology system. 
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Table 1. Some of the conducted studies on probiotics in BFT systems included in animal diets or added directly into the rearing water for enhancement of the general wellbeing of the reared aquatic species.
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	Aquatic Species
	Probiotic Species
	Dosage and Duration of Study
	Observation
	Reference





	Litopenaeus vannamei
	Altai™, Providencia, Santiago, Chile (Bacillus subtilis, Bacillus natto, Bacillus megaterium, Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus brevis, Lactobacillus casei, and Saccharomyces cerevisiae)
	109 CFU g−1–45 days
	↑ Growth and survival. ↓ Severe lesions in shrimp tissues. ↓ Abundance of pathogenic bacteria.
	Aguilera-Rivera et al. [50]



	Penaeus indicus
	Bacillus sp.
	5.4 × 109 CFU mL−1–90 days
	↑ Immunity
	Panigrahi et al. [51]



	Litopenaeus vannamei
	Bacillus spp.
	1 × 104 CFU mL−1–42 days
	↓ Abundance of pathogenic bacteria Vibrio alginolyticus (BCCM 2068). ↑ Immunity.
	Ferreira et al. [52]



	Litopenaeus vannamei
	Bacillus sp.
	1.5 × 108 CFU L−1–95 days
	↑ Microbial diversity of beneficial bacteria. ↓ Abundance of pathogenic bacteria.
	Hu et al. [53]



	Clarias gariepinus
	Bacillus sp.
	5 × 1010 CFU–60 days
	↑ Growth performance, survival rate, and feed utilization.
	Putra et al. [6]



	Clarias gariepinus
	Bacillus cereus
	5 mg L−1–35 days
	↑ Growth performance.
	Hapsari [54]



	Oreochromis niloticus
	Bacillus sp.

Rhodococcus sp.
	1 × 107 CFU mL−1–60 days
	↑ Survival.
	Kathia et al. [55]



	Oreochromis niloticus
	Multi strain probiotics (B. subtilis, L. plantarum, L. Rhamnosus, L. acidophilus, L. delbrueckii)
	108 CFU g−1–112 days
	↑ Immune response (serum protease, SOD, CAT, AP, MPO, and RBA activities). ↓ Mortality against Aeromonas hydrophila infection challenge.
	Mohammadi et al. [56]



	Oreochromis niloticus
	Bacillus sp.

L. acidophilus
	107 bacteria mL−1–8 weeks
	↑ Survival percent and weight in fish fed on Bacillus sp. alone or probiotic mixture. ↑ Resistance against pathogenic bacteria.
	Aly et al. [57]



	Oreochromis niloticus
	Chlorella vulgaris

Scenedesmus obliquus
	0.014 g L−1–12 days
	↔ Growth performance. ↑ Immune response.
	Jung et al. [58]



	Cyprinus carpio
	B. pumilus

L. delbrueckii
	12.8 × 108 cells ml−1 and 13.5 × 108 cells mL−1–60 days
	↑ Development of suspended biomass in the BFT system. ↑ Immunity and disease resistance.
	Dash et al. [59]







(↑): Increase; (↓): Decrease; (↔): No change; BFT: Biofloc technology; RBA: Respiratory burst activity; SOD: Superoxide dismutase; CAT: Catalase; AP: Alkaline phosphatase; MPO: Myeloperoxidase; CFU: Colony forming units.
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