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Abstract

,

Biofloc technology (BFT) is an environmentally friendly aquaculture technique in which

water quality parameters maintenance and monitoring are the essential practices aiming at the

success of the growing cycles. Studies revealed that improving water quality parameters in

BFT and maintaining the safety range of the parameters could help to increase the growth

performance of cultured species. FolJowing a systematic review of the literatures, a meta-

analysis was performed to explore how some important water parameters such as pH,

dissolved oxygen (DO), nitrite (N02-N), nitrate (NDJ-N), ammonia (NI-b-N), total ammonia

nitrogen (TAN), total suspended solids (rSS), and alkalinity were influenced by different

BFT systems. The PRISMA screening process was followed and 33 studies were finally

eligible for the meta-analysis. The meta-analyses showed that NO:!-N and TSS were

significantly affected by BFT, while pH, DO, N03-N, NIh-N, TAN, and alkalinity were not

signiticantly influenced by this system. The analyses revealed that NOz-N had a significant

negative effect because of BFT, whereas TSS showed a significant positive effect. The study

also revealed some publication bias in which few experiments of some studies showed

extremely positive and negative effect sizes because of 8FT application in the system.

Overall, the findings suggest a clear evidence of profound influence of BFT on the water

quality parameters in different aquaculture systems, suggesting for the future development of

8FT for sustainable and environmentaJly friendly aquaculture production.

\,
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1. Introduction

Biofloc technology (BF!') has been driven towards increased fish production with

sustainability in the last decade (Abakari et al., 2021). BFT is a technique for improving water

quality by incorporating additional external carbon sources in conjunction with high levels of

aeration in order to produce high quantities of microbial bacterial floc in aquaculture systems

(Crab et al. 2012; Ahmad et al. 2017). Recently, it has received a lot of attention as a method

that is affordable, sustainable, and environmentally benign (Khanjani & Sharifinia, 2020). An

important benefit of this system is that there is no water exchange, which significantly decreases

water use and prevents environmental harm from effluent releases (de Souza et al., 2014).

Biosecurity seems to be a prime concern nowadays to prevent vertical infections given the

widespread distribution of viruses worldwide. Enhancing biosecurity can b~ accomplished using

the BF!' limited water exchange culture approach (Taw 2010), besides minimize the effiuent

discharge, and protecting the surrounding areas. The use of the same water for multiple

production cycles with no adverse environmental effects is made possible by the heterotrophic

bacteria in BF!' that assimilate nitrogen molecules (Krwnmenauer, 2014). In such a system, a

symbiotic community of microbes, algae, and protozoa, together with detritus and dead organic

particles, forms in the water column, improving water quality and generating microbial protein

for aquatic organisms. The resulting highly concentrated microbial population can act as a

system for improving the quality of system water, and the produced microbial protein can be fed

to animals as food (Cardona et al., 2016).

The world human population is increasing exponentially, which has a negative impact on

the environment and the fish stocks in lakes, rivers, and oceans. Inorder to encourage sustainable

farming, aquaculture production must be increased without significantly consuming the

necessary natural resources (Avnimelech, 2009). However, the development of aquaculture

industry has been restricted due to the environmental contamination caused by the discharge of

waste products containing a lot of organic nitrogenous component (Bakar et al., 2015). The

formation of toxic inorganic nitrogen compounds such as NH4+ and NOf in the water results in

an undesirable water quality, which is one of the major problems confronting the intensive

aquaculture sector. The excretion of concentrated ammonia by cultured aquatic organisms with

high commercial value such fish and shrimp has reportedly led to an accumulation in the rearing

1
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system or pond (Avnimelech, 1999). There are several solutions for water quality improvement

such as traditional method (Jackson et al., 2003) with increasing water exchange, recirculating

aquaculture system (RAS) (Kolarevic et al., 2012) with waste treatment infrastructures, and BFf

with zero-water exchange (Avnimelech, 2006). RAS provide fish farmers with a number of

significant benefits over open pond culture. These include a technique to increase production on

a fmite amount of land and water, and practically total environmental control to increase fish

development (Helfrich & Libey. 1991). But increasing water exchange increases operating

expenses because it uses more energy and water, and reduces the duration that nutrients are

retained in the culture system (Cang et al., 2019). Aquaculture practice with the addition ofBFf

could be a solution rather than other systems to this problem by allowing effective removal of

nutrients while simultaneously producing beneficial microbial biomass of high protein content

(Cang et al., 2019). By recycling feed waste and effluents, increasing food production,

minimizing pathogen transmission, enhancing immunity, and preventing disease outbreaks, BFT

decreases or eliminates the need for the frequent replacement of the water in the enclosures

(Otoshi et al., 2008; Crab et al., 2010). Microbial floes are created when these bacteria join

forces with organic residue particles and other microbes. Microalgae and bacteria recycle excess

nutrients in the water such as phosphorus and nitrogen, and also take up these substances, which

help to keep harmful substances like ammonia under control (Brito et al., 2016). Temperature,

dissolved oxygen (DO), pH, salinity, solids [total suspended solids (TSS) and settling solids],

total ammonia nitrogen (TAN), alkalinity, and orthophosphate are some examples of parameters

that should be continuously monitored in BFT (Emerenciano et al. 2017). The comprehension

and understanding of water quality parameters and its interactions in BFT are crucial to the

correct development and maintenance of the production cycle. For example, the recommended

ranges of pH, DO, TAN, TSS, and alkalinity lead a healthly growth and avoid mortalities of

cultured species. (Emerenciano et al. 2017).

A lot of studies are available about the influence of biofloc technology on water quality

parameters in aquaculture. When compared to the control system, BFf effectively removed

inorganic nitrogen from culture water and significantly increased the growth parameters of rohu

(Labeo rohitay; catla (Catla catla), and mrigal (Cirrihinus mriga/a) in polyculture mode (Deb et

al., 2020). Due to the high stocking density and high amounts of suspended particles, BFf did

not increase growth performance of Farfantepenaeus duorarum when compared to a traditional

2



clear-water water exchange system (Emerenciano et al., 2013). Maintaining water quality and

possibly utilizing the microbial population of the system as a food source will enable appropriate

hepatopancreas development and better nutritional conditions, leading to healthier post-larvae

shrimp (Lltopenaeus vannameiy (Suita et al., 201Sa). Toxic inorganic nitrogen is consumed by

the microbial biomass growing in the biofloc, which then transforms it into helpful protein that is

then made available to the cultivated shrimp (Penaeus vannameiy (Kumar et al., 2018). The

benefits of BFf technology are supported by the noticeably lower TAN and N02-N

concentrations as well as the improved growth, biomass output, and food and protein conversion

efficiency of shrimp (Luis-Villasenor et al., 2015). After maintaining water quality and the

planktonic profile, the BFr system did not improve the growth performance of piracanjuba

(Brycon orbignyanus) in comparison to RAS clear water (Sgnaulin et al., 2018).

Although some studies are available but no studies have been conducted yet to compile the

findings of improved water parameters because of BFT. The outcomes of these studies can be

compiled through review, systematic review, synthetic analysis and meta-analysis. Therefore, the

present study has been designed to compile the findings of previous studies systematically using

the meta-analysis and to analyze how the water quality parameters influence the biofloc

technology in aquaculture.

Meta-analysis is a statistical procedure that combines the findings of numerous unrelated

research that are considered to be "combinable." It is best to think of meta-analysis as an

empirical observational research. In comparison to traditional narrative reviews, well-conducted

meta-analyses allow for a more objective assessment of the data, provide a more accurate

estimate of a treatment effect, and may help to explain the differences in results between

different research (Egger et al., 1997). Complete coverage of all pertinent studies is the aim of a

good meta-analysis. They also seek for heterogeneity and use sensitivity analysis to investigate

the robustness of the key findings (Crombie & Davies. 2009).

3



1.1. Objectives

~ To systematically review different studies of water quality parameters those have been

done on the development and application ofBFT.

~ To compile and analyze the findings using the meta-analysis of different studies

conducted for water quality improvement through BFf.

~ To make this information available for researchers and give an overview of the current

status for management of different water quality parameters using BFf.

2. Methodology

2.1. Systematic literature search

A systematic literature search was done to obtain relevant studies testing for the

influence of biofloc technology on water quality parameters in aquaculture according to

PRISMA guidelines (page et al., 2021). Search results for each stage of the PRISMA

workflow are provided in Figure 1; further study-by-study details are provided in Table 1.

An initial database search was conducted in Web of Science using 7 different

keyword strings (Figure 1). Search results for each keyword string were exported as CSV

files, formatted for consistency (i.e., with respect to columns and relevant information), and

merged into a single Microsoft Excel file after which duplicates were removed.

Each article was then screened for relevance by reading the titles and abstracts and

selecting only those studies that experimentally tested the influence of biofloc technology on

eight water quality parameters in aquaculture such as alkalinity, dissolve oxygen (DO),

ammonium (NllJ-N), nitrite (N<h-N), nitrate (N03-N), pH, total ammonia nitrogen (TAN)

and total suspended solid (TSS). Biofloc related endpoints were then assessed for eligibility,

including only those studies (or experiments within studies) that directly measured only

water quality parameters which are directly related to the effects of biofloc technology on

aquaculture water parameters. We further excluded studies, or experiments within studies, if

4
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the experimental water quaJity parameters were not relevant to biofloc technology, no

standard deviation or standard error was mentioned. This selection process finally resulted in

33 studies eligible for the meta-analysis (Figure 1).

r- .~.,,"....~v~_~""\
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8iofloc-flsh

Nutrition
• 810noc.·flsh Growth

• 8iofloc-Flsh
• Sionoc·

Aquaculture

• 8ionoe-Flsh Olsfa~
, Biofloc-fl$O

Production

)

r
Stud", sc,"ned fOf 'Nv,nee

624

Studlts •• Iudtd (6ntlWbIe)

• \ • Bionoe·Shrlmp J

\"--------j
• . (- Addition~ Itudi'; ind;.d -,

(cited reference Sf.llch + GcqIt
Scholl, notimationl

(' Studirs screefltd for elisibility - J\
73

r ~TOtiIstudies tndudtd In meta- "\
aneJvsis

,__ .. 33

",.-------------------------------~
o

Figure 1. PRJSMA flow diagram depicting the results of each step in the systematic

literature search. Detailed information for each unique paper found in the literature search,

including reasons for exclusion, are presented in Table 1.
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2.2. Data collection

For each of the 33 studies, we collected various qualitative and quantitative attributes.

Specifically, we recorded general bibliographic data (authors, year published), name of the
species tested, fish species belong to which group, species life stage, treatment name, treatment

level, control variable, water quality parameter response, and response unit. For each eligible

experiment, we also obtained the treatment mean & standard deviation/standard error value,

control mean & standard deviation/standard error value, sample size (n), These values were

obtained directly from the text or tables within the article, from graphs within the article by using

ImageJ software. We also added data source (exactly from where data were collected) and if

there were any lack of information those were added in the comment section. Then all standard

error (SE) were converted to standard deviation (SD) prior to analysis.

2.3. Meta-analysis

The analysis was carried out using the standardized mean difference (SMD) as the

outcome measure. The following equations were used to calculate the effect size and variances

(Noble et al., 2022):

Where, sampling variance =

Here, Ml: mean of control group; M2: mean of treatment group; SDp: pooled standard

deviation; J: a small sample correction; N1 : sample size of control group, and N2: sample size of

treatment group.

3
aJ = 1 - 4(N-;:t N2 ., 2) _"1: SDp =
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Here, SOl: sample standard deviation of control group; SD2: sample standard deviation

of treatment group.

A random-effects model was fitted to the data. The amount of heterogeneity (i.e., 't2), was

estimated using the restricted maximum-likelihood estimator (Viechtbauer, 2005). In addition to

the estimate of r, the Q-test for heterogeneity (Cochran, 1954) and the 12 statistic (Higgins &

Thompson, 2002) are reported. In case any amount of heterogeneity is detected (i.e., 't2>0,

regardless of the results of the Q-test), a prediction interval for the true outcomes is also provided

(Riley et al., 2011).

The analysis was carried out using R (version 4.0.5) (R Core Team, 2021) and the

metafor package (version 3.4.0) (Viechtbauer, 2010). A subset of the qualitative and quantitative

factors collected from each experiment were explored as potential explainers of effect size

variation such as study, year of publication, study species, life stage of study species, aquaculture

system, experimental biofloc compounds and control compounds, etc. Studentized residuals and

Cook's distances were used to examine whether studies might have outliers andlor influential in

the context of the model (Viechtbauer & Cheung, 2010). Studies with a studentized residual

larger than the 1OOx(1-0.05/(2xk»th percentile of a standard normal distribution were considered

potential outliers (i.e., using a Bonferroni correction with two-sided 0.=0.05 for k studies

included in the meta-analysis). Studies with a Cook's distance larger than the median plus six

times the interquartile range of the Cook's distances were considered to be influential. The rank

correlation test (Begg & Mazumdar, 1994) and the regression test (Sterne & Egger, 2005), using

the standard error of the observed outcomes as predictor, were used to check for funnel plot

asymmetry.
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3. Results

3.1. Overview of inctuded studies

A total of33 studies published between 2012 and 2020 that examined the effects ofBFT

on different water quality parameters in aquaculture systems were eligible for the meta-analysis

database (Fig. 2). The studies were started searching on 8/11/2020 and finished on 10/12/2020.

The review found the highest number of eligible studies in 2019 (7 studies) followed by 2018 (6

studies), while the lowest number of eligible publication (1 study) was found in 2014 (Fig. 2).

8

3

2

2012 2013 2014 2015 2016 2017
Publication year

2018 20202019

Figure 2. Publication years of the eligible studies for the meta-analysis database.
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The number of studies was greatest in Asia (17 studies), followed by Europe (6 studies),

South America and North America (5 studies in each continent) (Fig. 3a). The highest number of

studies were conducted in China (8 publications), followed by Brazil (5 publications), and other

countries (Fig. 3b).
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Figure 3. Indication of (a) the continent and (b) country where BFT on water quality

experiments were conducted.
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The studies included 16 different fish culture systems (monoculture and mixed culture of

various species) in which monocuJture of Litopenaeus vannamei was received the most interest

(in 15 studies), followed by the rnonoculture of Oreochromis niloticus (3 studies per species),

and carps mixed culture (2 studies) (Fig. 4).
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Figure 4. List of different fish species that were used in the eligible studies for meta-
analysis.

38



The review revealed that the highest number of studies (n=S) used only molasses as

biofloc compound (n=lO) (Fig. 5).
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Figure S. List of biofloc compounds that were used in the biofloc systems for the eligible
studies for meta-analysis.

3.2. Effects on water alkalin.ity

The data from 11 multilevel experiments of S studies were included in the analysis. The

observed standardized mean differences ranged from -6.01 to ]2.16, with the majority of

estimates being negative (64%). The estimated average standardized mean difference based on

the random-effects model was j.l=O.S3 (95% CI: -1.78 LO 2.84). Therefore, the average outcome

did not differ significantly from zero (z=O,45, p=O.65).
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The aggregated analysis of these multiple experiments showed a total of 8 studies were

included in the analysis. The observed aggregated outcomes ranged from -6.01 to 7.47, with the

majority of estimates being negative (62%). The estimated average outcome based on the

random-effects model was j.L=O.19(95% CI: -2.14 to 2.51). Therefore, the average outcome did

not differ significantly from zero (z=0.16, p=0.87).

3.3. Effects on DO

The data from 33 multilevel experiments of 27 studies were included in the analysis. The

observed standardized mean differences ranged from -76.35 to 3.57, with the majority of

estimates being negative (61%). The estimated average standardized mean difference based on

the random-effects model was j.L=-0.32(95% CI: -0.72 to 0.07). Therefore, the average outcome

did not differ significantly from zero (z=-159, p=0.11).

The aggregated analysis of these multiple experiments showed a total of 27 studies were

included in the analysis. The observed aggregated outcomes ranged from -76.35 to 3.57, with

the majority of estimates being negative (59 %). The estimated average outcome based on the

random-effects model was Jl=-0.51 (95% CI: -1.09 to 0.07). Therefore, the average outcome did

not differ significantly from zero (z=-L 71, p=O.09).

3.4. Effects on NH3-N

The data from 9 multilevel experiments of 7 studies were included in the analysis. The

observed standardized mean differences ranged from -32.87 to 2.65, with the majority of

estimates being negative (56%). The estimated average standardized mean difference based on

the random-effects model was Jl=O.46(95% CI: -0.49 to 1.42). Therefore, the average outcome

did not differ significantly from zero (z=0.95, p=O.34).

The aggregated analysis of these multiple experiments showed a total of 7 studies were

included in the analysis. The observed aggregated outcomes ranged from -32.87 to 2.64, with

the majority of estimates being negative (57 %). The estimated average outcome based on the

random-effects model was 1l=0.21 (95% CI: -0.48 to 0.91). Therefore, the average outcome did

not differ significantly from zero (z=0.61, p=O.54).
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3.5. Effects on NO~N

The data from 33 multilevel experiments of24 studies were included in the analysis. The

observed standardized mean differences ranged from -117.06 to 5.99, with the majority of

estimates being negative (64%). The estimated average standardized mean difference based on

the random-effects model was j.l=-1.12 (95% CI: -2.06 to -0.19). Therefore, the average

outcome differed significantly from zero (z~2.35, p=O.02). A forest plot showing the observed

outcomes and the estimate based on the random-effects model is shown in Figure 6.
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Figure 6. Forest plot reporting the effect size (standardized mean differences) for N02-N in

different studies ofBFf having multiple experimental levels. Mean and 95% confidence interval

(CI) effect sizes are reported. The estimated summary effect size is indicated at the bottom of the

figure (cyan diamond shape). When a study includes multiple treatment levels, it is presented

with a 'numeric number' after the publication year.

According to the Qstest, the true outcomes appear to be heterogeneous (Q (32)

=172.99, p<O.OOI, r=5.99, 12::88.83%). A 95% prediction interval for the true outcomes is given

by -6.01 to 3.76. Hence, although the average outcome is estimated to be negative, in some

studies the tme outcome may in fact be positive.

An examination of the studentized residuals revealed that one study (Soto-Alcala et al.,

2020) had a value larger than ±3.00 and may be a potential outlier in the context of this model.

According to the Cook's distances, one study (Soto-Alcala et aL 2020) could be considered to be

overly influential. A funnel plot of the estimates is shown in Figure 7. Both the rank correlation

and the regression test indicated the funnel plot asymmetry (p<O.OOl and p<O.Ol, respectively).

\
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Figure 7. Funnel plot depicting the effect size of each study (x-axis) for N02-N in relation to the

precision of that study (SE; y-axis). Here points are not scattered symmetrically within the funnel

suggesting a publication bias.

The bauiat plot also showed the study of Soto-Alcala et al., 2020 has the higher values on

x-axis that may be considered to be an overly influential case on overall results (Figure 8). The

studies of Kaya ct al., 2020.1, Luis-Villasefior et al., 2015, Du er al., 2018, etc. have the higher

values on y-axis that may also be considered to be an overly influential case on overall results

(Figure 8).
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The sensitivity analysis was done by removing the outliers which showed almost the

same significant negative overall effect size ~=-1.l0 (95% CI: -2.03 to -0.16), z=-2.30,

p=O.02).

The aggregated analysis of these multiple experiments showed a total of 24 studies were

included in the analysis. The observed aggregated outcomes ranged tram -117.06 to 5.99, with

the majority of estimates being negative (67%). The estimated average outcome based on the

random-effects model was ~=-1.15 (95% CI: -2.23 to -0.07). Therefore, the average outcome

differed significantly from zero (z=-2.09, p=O.04). A forest plot showing the observed outcomes

and the estimate based on the random-effects model is shown in Figure 9.
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N02-N in different studies of BFf. Mean and 95% confidence interval (CI) effect sizes are

reported. The estimated summary effect size is indicated at the bottom of the figure (blue

diamond shape).
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The sensitivity analysis was done for this aggregated effect size model by removing the

outliers which showed almost the same significant negative overall pooled effect size p.=-1.12

(95% CI: -2.19 to -0.05), z=-2.04, p=O.04).

3.6. Effects on NOJ-oN

The data from 32 multilevel experiments of 23 studies were included in the analysis. The

observed standardized mean differences ranged from -56.33 to 19.83, with the majority of

estimates being negative (56%). The estimated average standardized mean difference based on

the random-effects model was ....=0.69 (95% CI: -1.51 to 2.90). Therefore, the average outcome

did not differ significantly from zero (z=0.62, p=O.54).

The aggregated analysis of these multiple experiments showed a total of 23 studies were

included in the analysis. The observed aggregated outcomes ranged from -56.33 to 19.83, with

the majority of estimates being negative (61 %). The estimated average outcome based on the

random-effects model was p.=O.88(95% CI: -1.35 to 3.12). Therefore, the average outcome did

not differ significantly from zero (z=O.77, p=0.44).

3.7. Effects on pH

The data from 33 multilevel experiments of 26 studies were included in the analysis. The

observed standardized mean differences ranged from -15.95 to 31.92, with the majority of

estimates being negative (64%). The estimated average standardized mean difference based on

the random-effects model was J.l=-0.75 (95% Cl: -1.82 to 0.33). Therefore, the average outcome

did not differ significantly from zero (z=-1.36, p=0.17).

The aggregated analysis of these multiple experiments showed a total of 26 studies were

included in the analysis. The observed aggregated outcomes ranged from -15.95 to 31.92, with

the majority of estimates being negative (65 %). The estimated average outcome based on the

random-effects model was p.=-0.97 (95% CI: -2.15 to 0.21). Therefore, the average outcome did

not differ significantly from zero (z=-1.61, p=O.11).

\.
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3.B. Effects on TAN

The data from 32 multilevel experiments of 24 studies were included in the analysis. The

observed standardized mean differences ranged from -19.86 to 38.62, with the majority of

estimates being negative (56%). The estimated average standardized mean difference based on

the random-effects model was J.l=-0.70 (95% CI: -2.08 to 0.67). Therefore, the average outcome

did not differ significantly from zero (z=-0.99, p=0.32).

The aggregated analysis of these multiple experiments showed a total of 24 studies were

included in the analysis. The observed aggregated outcomes ranged from -19.86 to 38.61, with

the majority of estimates being negative (50 %). The estimated average outcome based on the

random-effects model was J.l==-0.19(95% CI: -2.28 to 1.89). Therefore, the average outcome did

not differ significantly from zero (z=-0.19, p=O.85).

3.9. Effects on TSS

The data from 24 multilevel experiments of 16 studies were included in the analysis. The

observed standardized mean differences ranged from -6.32 to 16.66, with the majority of

estimates being positive (92%). The estimated average standardized mean difference based on

the random-effects model was J.l=4.81 (95% CI: 3.05 to 6.56). Therefore, the average outcome

differed significantly from zero (z=5.37, p<O.OOOl). A forest plot showing the observed

outcomes and the estimate based on the random-effects model is shown in Figure 10.

\
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Figure 10. Forest plot reporting the effect size (standardized mean differences) for TSS in
different studies of BFT having multiple experimental levels. Mean and 95% confidence interval

(CI) effect sizes are reported. The estimated summary effect size is indicated at the bottom of the

figure (cyan diamond shape). When a study includes multiple treatment levels, it is presented

with a 'numeric number' after the publication year.
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According to the Q-test, the true outcomes appear to be heterogeneous (Q (23) = 130.13,

p<O.OOOI, -2=14.99, f=87.82%). A 95% prediction interval for the true outcomes is given by

-2.98 to 12.59. Hence, although the average outcome is estimated to be positive, in some studies

the true outcome may in fact be negative.

An examination of the studentized residuals revealed that none of the studies had a value

larger than ±3.08 and hence there was no indication of outliers in the context of this model.

According to the Cook's distances, none of the studies could be considered to be overly

influential. A funnel plot of the estimates is shown in Figure 11. Both the rank correlation and

the regression test indicated potential funnel plot asymmetry (p<0.0001 and p<O.OOOI.

respectively).
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Figure 11. Funnel plot depicting the effect size of each study (x-axis) for TSS in relation to the

precision of that study (SE; y-axis). Here points are not scattered symmetrically within the funnel

suggesting a publication bias.
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The baujat plot also showed the study of de Souza et al., 2019 has the higher values on x-

axis that may be considered to be an overly influential case on overall results (Figure 12). The

studies of Deb et al., 2020.3, Kumar et al., 2020, Deb et al., 2020.1, etc. have the higher values

on y-axis that may also be considered to be an overly influential case on overall results

(Figure 12).
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Figure 12. Baujat plot showing the heterogeneity in TSS meta-analytic data. The plot shows the

overall heterogeneity contribution of each effect size in x-axis, while the y-axis shows the

influence of each effect size on the pooled result.
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the majority of estimates being positive (94%). The estimated average outcome based on the

random-effects model was Jl=5.25 (95% CI: 2.97 to 7.53). Therefore, the average outcome

differed significantly from zero (z=4.S1, p<O.OOO1). A forest plot showing the observed

outcomes and the estimate based on the random-effects model is shown in Figure 13.
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Figure 13. Forest plot reporting the aggregated effect size (standardized mean differences) for

TSS in different studies of BFT. Mean and 95% confidence interval (CI) effect sizes are

reported. The estimated summary effect size is indicated at the bottom of the figure (blue

diamond shape).

The sensitivity analysis was done for this aggregated effect size model by removing the

outliers which showed almost the same significant positive overall pooled effect size Jl=5.68

(95% CI: 3.87 to 7.49), z=6.1S, p<O.OOOl).
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4. Discussion

Maintaining and monitoring water quality in aquaculture is crucial for the performance of

the production cycles in BFT. In aquaculture, organic matter and nitrogen wastes are a major

issue for a good and sustainable production (Emerenciano et at, 2017). High carbon-to-nitrogen

(C:N) ratios are used to maintain water quality parameters because heterotrophic bacteria can

readily absorb nitrogenous byproducts for both maintenance (respiration, feeding, motility,

digestion, etc.) as well as for growth and to form new bacterial cells (Emerenciano et al., 2017).

The stability of zero or minimal water exchange in BFf depends on the dynamic interaction

among communities of bacteria, microalgae, fungi, protozoans, nematode, rotifer, etc. Such

consortia of microorganisms usually help the water quality for maintenance and recycling wastes

to produce a high-value fish-food (Emerenciano et a1., 2017).

The rise in the number of publications in recent years (Fig. 2) revealed the attention of

researchers about the influence ofbiofloc technology on water quality parameters in aquaculture.

Based on the analysis, Asian countries take the lead in research on this particular topic (Fig. 3a)

which is not surprising because these Asian countries have suitable opportunities and modern

research facilities as well as they invest a lot of money for this kind of research. Among various

countries, China ranked the highest in publication (8 studies) on this topic followed by Brazil (5

studies), Mexico (4 studies), and other countries (Fig. 3b). Unfortunately, no African country

was found to conduct any research on this topic that has been eligible for this meta-analysis.

Therefore, poor countries (especially in African region) having valuable fisheries resources

should collaborate with the interested rich countries to explore the influence of biofloc

technology on water quality parameters of different fish species culture. Although 16 species

were investigated during these studies "(Fig. 4), more species should be included in the future

research particularly many commercially important species are required to know how BFT can

influence the water quality parameters for the sustainable production of these species. The

review showed the use of a variety of biofloc compounds in the eligible studies including

molasses, glucose, sucrose, tapioca flour, cornmeal, seaweed, etc. The analysis revealed that the

majority of these studies were utilized molasses as biofloc compound (Fig. 5), however, further

research should be conducted by using the locally available, cheap and environment friendly

BFT compounds for sustainable aquaculture.
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In the present study, a significant negative effect of N02-N on BFT has been

revealed. Most of the reviewed studies showed that N02-N was significantly lower in BFf than

the control group. For examples, Du et al. (2018) used glucose and starch along with

heterotrophic bacteria (Bacillus sp.) as the organic carbon sources in BFf treatment and found

that N02-N was significantly lower in BFT than that of control group. It might be the cause of

the fact that in the BFT system, heterotrophic bacteria can convert ammonia into microbial

biomass, which could remove more dissolved nitrogen. Heterotrophic bacteria will increase their

need for nitrogen as a result of increased organic carbon intake. which encourages competition

for nitrogen between heterotrophic bacteria and phytoplankton (Martinez-Cordova et a1., 2014).

Luis-Villasefior et al. (2015) used cornmeal as carbon source and found N02-N concentration

because the addition of cornmeal to the carbon cycle preserves the proper C:N ratio required by

bacteria to convert these toxic nitrogen molecules into single cell proteins. For biofloc formation,

sugar beet molasses (Beta vulgaris) was used to stimulate the growth of heterotrophic bacteria by

Kaya et al. (2020) and found lower N02-N concentration in BFT system than that of control

system. Cang et a1. (2019) used molasses and found N02-N was increased gradually and reached

the highest value (0.15 mg L-l) at day 12, and then decreased to undetectable level with the

development ofbioflocs in BFT group. By including a carbon source in the BFT, heterotrophic

bacteria are encouraged to flourish. which aids in the conversion of these harmful N-compounds

into single-cell proteins (Shang et al., 2018). In the present study. the study of Soto-Alcala et al.

(2020) was found to be overly influential. They used molasses as a carbon source for biofloc

formation and found lower N02-N concentration in BFT than control group. N02-N is a crucial

element in determining the success of aquaculture. Fish are severely harmed by NOz-N. even at

low concentrations (Montealegre et al., 2002). Boyd and Pillai (1985) reported that Nfb-N levels

above 1.0 mgl,"! in pond water might cause death to the cultured fish. They found overall

negative effects ofN02-N in BFT, however, some reviewed studies showed positive effects. For

example, Ray et a1. (2017) used foam fractionator to manage solids concentration and an external

bio-filter for nitrogen control and found that N02-N contributed a significantly higher

concentration in the biofloc treatment. In systems with a functioning nitrifying bacterial

population, nitrogen concentration did not appear to accumulate as would be predicted; this

could mean that the floc community was not fully developed. This is not clear why such

continuous accumulation did not take place (Rayet al., 2017). Sgnaulin et a1. (2018) used com

54



meal, wheat meal and molasses as carbon source and found that N02-N concentration was higher

than control group. Most serious effects in fish exposed to nitrite are increased plasma

methemoglobin and nitrite levels, resulting in hypoxia, stress, reduced feed intake and reduced

growth (Arillo et al., 1984; Hilmyet at, 1987; Woo and Chill, 1997).

The meta-analysis revealed a significant positive effect of TSS in BFT. An overall

positive effect was shown by different studies. For example, Kumar et al. (2020) used glucose in

BFT and found that TSS recorded significantly higher in biofloc group as compared to clear

water group, and Luis-Villasefior et al. (2015) also used glucose and found TSS significantly

higher in biofloc group than control group. Long et a1. (2015) used glucose as carbon source and

found that TSS level in the BFT group increased gradually throughout the experimental period.

The average concentration was 24.61 mgl." in the control group, while 484.48 mgl," in the BFT

treatment (Long et al., 2015). Ray et al. (2010) demonstrated that the TSS concentration in the

BFT tanks should be well controlled because the anti-clogging of fish gills and water quality are

intimately connected. Kim et a1. (2015) stated that TSS was significantly higher in all biofloc

treatments compared to seawater because an intensive shrimp production system with zero

exchange provided the water source for biotloc treatment every day throughout this trial. Cang et

at. (2019) used molasses as carbon source and found TSS increase~ with the development of

biotlocs in BFT system and was much higher than that in control group due to water exchange in

control. TSS is heavily reliant on pond conditions and management techniques including feed,

water quality parameters, stocking density, and culture period (Deb et aI., 2020). TSS is related

with biotlocs formation in BFT group. TSS concentration of 400-600 mgl," was considered

suitable for super-intensive culture of L. vannamei (Gaona et aI., 2017). When TSS was lower

than 100 mgl,", water quality was difficult to maintain well (Schveitzer et al., 2013). However,

high TSS (~ 800 mgl,") might become a stressor to respiration of the shrimp since gills were

clogged with suspended solids (Schveitzer et al., 2013). But de Souza et al. (2019) showed

negative result where TSS was recorded significantly lower in biotloc group as compared to

clear water group after using molasses as carbon source in BFT. It is unclear why such biotloc

production did not occur in the BFT system.

Although no significant effect of alkalinity on BFf has been revealed in this study, an

" overall negative effect was shown by different studies. For example, de Souza et a1. (2019) and

Tepaamomdech et al. (2020) used molasses, Kumar et al. (2018) used molasses, sugar and
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wheat, Suita et al. (2015) used glucose, Vinatea et al. (2018) used glucose as a carbon source in

BFT, and found the values obtained for alkalinity were lower in the BFT system than the control.

This was most likely caused by nitrification, which increased the amount of carbon dioxide in the

water used in the biofloc treatment, and by the respiration of heterotrophic organisms

(Wasielesky Jr. et al., 2006; Furtado et al., 2011). On the other hand, there are some studies

which showed positive effect sizes. Kaya et al. (2020) used molasses and showed alkalinity

parameters of both trials were higher in BFT tanks compared to control tanks. Jatoba et a1.

(2019) used sugar and powdered diet, while Sgnaulin et al, (2018) used cornmeal, wheatmeal

and molasses as carbon source who also showed higher alkalinity in BFT tanks compared to

control tanks.

No significant effect of DO on BFT has been revealed in this study, an overall negative

effect of DO on BFT has been revealed in this meta-analysis. For example, Kaya et al. (2019)

showed that DO values were lower in the biofloc groups compared with the control groups. This

was most likely caused by the higher oxygen requirements of heterotrophic bacteria in biofloc

tanks (Emerenciano et al., 2012, Xu and Pan., 2013). Long et a1. (2015) used glucose as carbon

source and found that DO was maintained at a level greater than 6 mgl," and differed

significantly between BFT and control group. This likely resulted from the higher respiration

rates caused by the bacteria and other microorganisms in the BFT group (Emerenciano et a1.,

2012, Kim et al., 2014). However, the DO level in the BFT treatment was well within an

acceptable range for the survival and growth of fish. Similar results were recorded by Martins et

al. (2015), Kumar et a1. (2020), de souza et al. (2019), and Chan-Vivas et a1. (2019). But there

are some studies which showed positive results. For example, Vinatea et a1. (2018) showed that

the levels of DO in the BFT tanks of M cephalus were significantly higher than those registered

in the RAS due to the incorporation of pure oxygen to cover the high oxygen demand caused by

the bacterial respiration of the bioflocs, especially during the application of glucose

(Avnimelech, 1999). However, only in the mullet BFT tanks did pure oxygen addition become

necessary. This is likely because the mullet's swimming activity was significantly higher than

that of the tench, and the mullet approached the surface to receive food with great excitement

while the tench remained listless at the tank bottom (Vinatea et al., 2018). Kumar et al. (2018)

showed significantly higher DO in the biofloc pond, but within acceptable range for culture of P.

vannamei, indicating the impact of aeration.
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No significant effect of NH3-N on BFT has been revealed in this study. An overall

negative effect of DO on BFT has been revealed in this meta-analysis. For example, Kumar et al.

(2018) used molasses, sugar and wheat as carbon source and showed that NH3-N concentration

decreased significantly in the biofloc pond when compared with the controL It was apparent that

the addition of carbon increased total heterotrophic bacterial population in the biofloc pond

having the ability to consume NH3-N, and N03-N for their growth and multiplication

(Avnimelech, 1999). Ammonia cannot be completely eliminated from the system because of the

increased unaccounted nitrogen loss (denitrification and ammonia volatilization) (De Schyver

and Verstraete, 2009). Similar results are found by Martins et al. (2015). Some studies showed

positive effect of NH3-N on BFT. For example, Vinatea et aI. (2018) used glucose as carbon

source and found that NllJ-N concentration was higher in BFT group than control group. In

biofloc-based cultures, ammonia can be controlled by the application of carbohydrates

(Avnimelech, 1999). However, because of the limited amount of water used and the high protein

content of the feeds, the oxygen concentration was impaired due to the high glucose

requirements. This remained true even after spreading the addition of glucose out over the course

of the day (two in the morning, at 08 and 12 h, and two in the afternoon, at 15 and 18 h) (Vinatea

et aI., 2018). Kaya et aI. (2020) experimented two trials with different stocking densities (trial I:

20 shrimp/O.24m2, trial II: 10,20,30,40 shrimp/m''), In trial I, NJh-N concentration was lower in
BFT than control group, and in trial II, NH3-N concentration was higher in BFT than control

group. Because tanks were being stocked at higher densities, the higher ammonia level in Trial II

might be related to an increase in organic waste.

Although no significant effect of N03-N on BFT has been revealed in this study, an

overall negative effect of N03-N on BIT has been revealed in this meta-analysis. For example,

Kumar et al. (2018) showed that N03-N concentration was lower in BFT than control group. It

was apparent that the addition of carbon increased total heterotrophic bacterial population in the

biofloc pond having the ability to consume NH3-N and N03-N for growth and multiplication.

Similar results were found by Shang et al. (2018). and Soto-Alcala et al. (2020). Long et al.

(2015) showed that the N03-N concentration in the control group fluctuated throughout the

culture period and a similar trend was observed in the BFT treatment. The highest N03-N level

in the BFf was 5.45 mg/L, observed in week 3. which then gradually decreased over time. The

N03-N concentration was significantly higher in the control and showed a tendency to
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accumulate in the first 5 weeks of the culture period to levels of 11.64 mgIL. In week 8, the level

first dropped and then increased once again. The immobilization by heterotrophic bacteria, which

impeded the nitrification process, is most likely what caused the decrease in N03-N from the

third week until the end of the experiment. In addition, denitrification may have occurred during

the experiment. Some studies showed positive result. For example, Martins et a1. (2015) used

molasses and found higher nitrate concentration in BFf than control group. Lower nitrate levels

were observed in control where 80-90% of water was renewed every 48 h and in BFT, where no

water renewal was performed. Kim et a1. (2014) showed that N03-N concentration was higher in

BFT than control due to the extensive nitrification. Xu et al, (2013) showed that the accumulation

ofN03-N concentration occurred in the two bioflocs treatments. This demonstrated the presence

of nitrifying bacteria in the bioflocs and suggested that both heterotrophic and autotrophic TAN

removal mechanisms might have taken place in the system. Similar results were found by Kim et

a1. (2015), de souza et al. (2019), Rayet al. (2017), and Yun et al. (2016).

No significant effect of TAN on 8FT has been revealed in this study, an overall negative

effect of TAN on 8FT has been revealed in this meta-analysis. For example, Kumar et a1. (2018)

used molasses, sugar and wheat as a carbon source and showed that the TAN concentration in

the biofloc system gets effectively reduced after the formation of biofloc by both heterotrophic

assimilation and autotrophic nitrification when carbon and nitrogen were well balanced. de

Souza et a1., (2019) also showed that TAN was also lower in 8FT tanks due to the nitrification

process performed by the microorganisms present in this system. Luis-Villasefior et al. (2015)

showed low TAN concentration because the additional carbon source cornmeal maintains an

appropriate CiN ratio for bacterial transformation of these toxic N compounds into single

cell protein. Xu et a1. (2013) used brown sugar and showed the same result, indicating that

nitrifying bacteria were present in the bioflocs and both heterotrophic and autotrophic TAN

removal processes might have occurred in the system. Similar results were found by Zhao et a1.

(2012), Nguyen et al. (2019), and Deb et al. (2020). However, some studies showed positive

results. The study of Kaya et al. (2019) could be considered to be overly influential. In this study,

reduced feeding rates and effects of the fasted were evaluated comparatively in BFT and control

groups. The levels of TAN values were higher in the biofloc groups. The aquatic species being

raised, and the sources of the diet's basic materials were hypothesized to affect the rates of the

nutrient components of the biofloc product. Vinatea et al. (2018) showed that TAN concentration

58



- ------- -------------------

was always higher in BFT rearing tanks in both grey mullet and tench than in RAS cultures. In

Long et al. (2015) the difference of TAN concentrations was fairly consistent over time between

the two groups. The TAN concentration in the biofloc group remained stable from week I to the

end of the experiment. During the 8-week experimental period, no water was discharged from

the BFf treatment. By adding a carbon source (Glucose) to stimulate the growth of heterotrophic

bacteria, TAN can be used and stored by the formation of biofloc microbes (Asaduzzaman et al.,

2008, Avnimelech, 1999, Ebeling et aI., 2006, Emerenciano et al., 2012), which may explain

why the TAN concentration did not exhibit significant difference between the clear water control

group and zero water exchange BFT treatment.

Although no significant effect of pH on BFT has been revealed in this study, an overall

negative effect of pH on BFI' has been revealed in this meta-analysis. For example, de Souza et

al. (2019) showed that the value obtained for pH was lower in the BFT system than in control.

This was most likely caused by the respiration of heterotrophic organisms, which raised the

carbon dioxide concentration in the biofloc treatment water (Wasielesky Jr. et al., 2006; Furtado

et al., 2011). Kumar et aI. (2018) also showed that nH was lower in the BFT because of

dominance of heterotrophic over autotrophic bacteria in the system and the impact of carbon

dioxide excretion by microbes during respiration. In Kim et al. (2014), the pH in the biofloc

group was lower than that of the control, most likely as a result of substantial nitrification and the

respiration of heterotrophic organisms, which increased the water's carbon dioxide concentration

during the biofloc treatment (Tacon et al., 2002; Wasielesky et al., 2006). Similar results were

found by Kim et al. (201S), Kumar et aI. (2020), and Xu et al., (2013). However, some studies

showed positive results. For example, Martins et aI., (2015) showed that BFT system possessed

significantly higher values for pH compared with control but were within acceptable limits for

the survival and growth of L. vannamei. Long et al. (2015) showed higher value of pH than

control but there was no significant difference between the systems. Kaya et al. (2019) also

showed higher value of pH than control but there was no significant difference between the

systems.
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s. Conclusion

The current literature review and meta-analysis is about the influence of biofloc

technology on water quality parameters in aquaculture. In general, the findings of meta-analysis

ensure that BFT improves the water quality of different aquaculture systems significantly by

maintaining some physico-chemical parameters such as N02-N, N0:3-N, NH3-N, TAN, TSS, pH,

DO, and alkalinity etc. Microbial community is able to rapidly utilize dissolved nitrogen leached

from cultured shrimp or fish feces and uneaten food and convert it into microbial protein, and

thus, maintaining the water quality. The physical, chemical, and biological interactions that occur

into the BFT are complex. The findings of this study could provide information available for

researchers and interested stakeholders, and give an overview of the current status and make

recommendations for proper maintenance and management of different water quality parameters

in different aquaculture systems using BFT.
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