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A technique called biofloc technology (BFT) is an environmentally friendly method for aquaculture in which a successful growing
cycle depends on the maintenance and monitoring of water quality parameters. Studies have revealed that improving water quality
in BFT and maintaining the safety range of the parameters can help to increase the growth performance of cultured species.
Following a systematic review of the literature, a meta-analysis was performed to explore how some important water parameters
such as pH, dissolved oxygen (DO), nitrite (NO2–N), nitrate (NO3–N), ammonia (NH3–N), total ammonia nitrogen (TAN), total
suspended solids (TSS), and alkalinity were influenced by different BFT systems. The PRISMA screening process was followed, and
33 studies were eligible for the meta-analysis. The meta-analyses showed that NO2–N and TSS were significantly affected by BFT,
while pH, DO, NO3–N, NH3–N, TAN, and alkalinity were not significantly influenced by this system. The analyses revealed that
NO2–N had a significant negative effect size due to BFT, whereas TSS showed a significant positive effect size. The study also
revealed some publication bias in which few experiments of some studies showed extremely positive and negative effect sizes due to
BFT application in the system. Overall, the findings suggest clear evidence of the profound influence of BFT on the water quality
parameters in different aquaculture systems, suggesting the future development of BFT for sustainable and environmentally
friendly aquaculture production.

1. Introduction

Biofloc technology (BFT) has been driven toward increased fish
production with sustainability in the last decade [1]. BFT is a
technique for enhancing water quality through incorporating
additional external carbon sources in conjunction with high
levels of aeration in order to produce large quantities of

microbial bacterial floc in fish farming systems [2, 3]. Recently,
it has received a lot of attention as a method that is affordable,
sustainable, and environmentally benign [4]. An important ben-
efit of this system is that there is no water exchange, which
significantly decreases water use and prevents environmen-
tal harm from effluent release [5]. Biosecurity seems to be
a prime concern nowadays to prevent vertical infections
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given the widespread distribution of viruses worldwide. Enhanc-
ing biosecurity can be accomplished using BFT limited water
exchange culture approach [6], further it can reduce the
waste discharge and protect the adjoining environments.
Using the same water for multiple production cycles with
no adverse environmental effects is made possible by the
heterotrophic bacteria in BFT that assimilate nitrogenmolecules
[7]. Within this system, there exists a symbiotic community
consisting of microbes, algae, and protozoa, which coexists
alongside detritus and deceased organic particles forming in
the water column, improving water quality, and generating
microbial proteins for aquatic organisms. The resulting highly
concentrated microbial population can act as a system for
improving the quality of systemwater, and the producedmicro-
bial protein can be fed to animals as food [8].

The human population of the world is growing exponen-
tially, which is having a detrimental effect on the environ-
ment as well as the fish populations in oceans, rivers, and
lakes. In order to encourage sustainable farming, fish pro-
duction must be increased without significantly consuming
essential natural resources [9]. However, the expansion of
the aquaculture sector has been limited due to the environ-
mental contamination caused by the release of unwanted
products containing a lot of organic nitrogenous compo-
nents [10]. The formation of lethal inorganic nitrogen com-
pounds such as NO2

− and NH4
+ in the culture system results

in an undesirable water quality, which is one of the key issues
confronting the intensive aquaculture sector. Aquaculture
systems are reportedly affected by the excretion of concen-
trated ammonia by high-value aquatic organisms such as fish
and shrimp [9]. Water quality can be improved with several
methods, including high-volume water exchange [11], waste
treatment with recirculating aquaculture systems (RAS) [12],
and zero-water exchange with BFT [13]. RAS provides fish
farmers with a number of significant benefits over open pond
culture. These include a technique to increase production with
a finite amount of land and water, and practically total envi-
ronmental control to increase fish development [14]. But
increasing water exchange increases operating expenses because
it uses more energy and water and reduces the duration that
nutrients are retained in the rearing systems [15]. The
application of BFT to aquaculture could provide a potential
solution, rather than using other techniques, since it could
result in the removal of nutrients while simultaneously pro-
ducing a high level of protein-rich microbial biomass [15].
By recycling feed waste and effluents, increasing food produc-
tion, minimizing pathogen transmission, enhancing immu-
nity, and preventing disease outbreaks, BFT decreases or
eliminates the need for the frequent replacement of the water
in the enclosures [3, 16]. Microbial flocs are created when
these bacteria join forces with organic residue particles and
other microbes. Microalgae and bacteria recycle excess nutri-
ents in the water such as phosphorus and nitrogen, and also
take up these substances, which help to keep harmful sub-
stances like ammonia under control [17]. Temperature, salin-
ity, pH, alkalinity, hardness, dissolved oxygen (DO), total
ammonia nitrogen (TAN), and orthophosphate are important
parameters that should be continuously monitored in BFT

[18]. To ensure the successful development and maintenance
of the BFT production cycle, it is essential to understand the
parameters of water quality and their interactions. For exam-
ple, aquaculture species need a recommended range of DO,
pH, total suspended solids (TSS), TAN, and alkalinity to thrive
and prevent death [18].

A lot of studies are available about the influence of BFT on
water quality parameters in aquaculture. When compared to
the control system, BFT effectively removed inorganic nitrogen
from the aquaculture systems and significantly increased the
growth parameters of rohu (Labeo rohita), catla (Catla catla),
and mrigal (Cirrihinus mrigala) in polyculture mode [19].
Healthy postlarval shrimp of Litopenaeus vannamei can be
achieved by maintaining water quality and utilizing the micro-
bial population of the system as a food source, which can
facilitate the appropriate development of the hepatopancreas
and enhance their nutritional status [20]. The microbial bio-
mass thriving in the biofloc consumes toxic inorganic nitrogen
and converts it into beneficial protein, which is subsequently
accessible to the cultivated Penaeus vannamei shrimp produc-
tion [21]. The benefits of BFT technology are supported by the
noticeably lower TAN and nitrite concentrations as well as the
improved growth, biomass output, and food and protein con-
version efficiency of shrimp [22]. Overall, the use of BFT in
aquaculture has demonstrated several advantages in terms of
water quality, sustainability, and productivity [23, 24].

While there are some studies available, none have yet
compiled the results of how BFT improves water parameters.
These results can be gathered through various methods such
as reviews, systematic reviews, synthetic analysis, and meta-
analysis. Consequently, this study aims to systematically com-
pile previous findings using meta-analysis to investigate how
water quality parameters affect the implementation of BFT in
aquaculture. Meta-analysis is a statistical technique that
merges the results of multiple independent studies that are
deemed to be “combinable.” It is best to think ofmeta-analysis
as an empirical observational research. Well-reported meta-
analyses offer a more impartial evaluation of the data, deliver
a more precise estimation of treatment effects, and may help
to clarify variations in findings across various studies, as
opposed to traditional narrative reviews [25]. A good meta-
analysis should cover all pertinent studies in complete detail.
It also examines the heterogeneity of the key findings and uses
sensitivity analysis to investigate their robustness [26].

2. Materials and Methods

2.1. Systematic Literature Search.Following PRISMA guidelines,
a systematic and thorough literature search was performed to
examine the impact of BFT on water quality parameters in
aquaculture [27]. The search results for each step of the
PRISMA workflow are shown in Figure 1. Comprehensive
details concerning individual studies are also presented in
Table S1.

Seven distinct keyword strings (as shown in Figure 1)
were utilized to locate the appropriate database via the
Web of Science. The results of each string were saved as
CSV files, which were subsequently combined into a
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Microsoft Excel file to ensure uniform formatting (i.e., contain-
ing identical information for all studies). Following this, dupli-
cate entries were removed from the consolidated data file.

Initially, all articles were screened based on their titles
and abstracts. Subsequently, only those studies that experi-
mentally evaluated the impact of BFT on eight water quality
parameters in aquaculture, including alkalinity, DO, ammo-
nium (NH3–N), nitrite (NO2–N), nitrate (NO3–N), pH,
TAN, and TSS, were selected for further analysis. For this
study, only those studies (or individual experiments within
studies) that directly assessed the water quality parameters
linked to the impact of BFT on aquaculture water were con-
sidered eligible. Some selected studies were excluded if the
analyzed water quality parameters were deemed irrelevant to
BFT or if no standard deviation (SD) or standard error (SE)
was reported. After applying these criteria, a total of 33 stud-
ies were identified as eligible for inclusion in this meta-
analysis (Figure 1).

2.2. Data Collection. For each of the 33 selected studies,
various qualitative and quantitative attributes were gathered,
including general bibliographic information (e.g., authors,
year of publication), species tested, fish species group, life
stage of the species, treatment name, treatment level, control
variables, response of water quality parameter, and unit of
response. For each eligible experiment, the mean and SD or
SE values of the treatment and control groups, as well as the
sample size (n), were obtained directly from the text or tables
and graphs within the article. In some cases, ImageJ software
was used to extract data from the graphs presented in the
article. In addition to collecting the relevant data for each
experiment, the data source was also recorded, specifying
exactly from where the data were collected. Any missing
information was noted in the comment section. Further-
more, to ensure consistency, all SE values were converted
to SD values before conducting the analysis.

2.3. Meta-Analysis. To compute the effect size and variances,
the standardized mean difference (SMD) was utilized as the

outcome measure in the analysis. The below equations were
employed for this purpose [28]:

SMDa ¼ M2 −M1ð Þ
SDp

J; ð1Þ

where

Sampling variance¼ N1þ N2
N1N2

þ SMD2
2 N1þ N2ð Þ ; ð2Þ

where M1 is the mean of control group, M2 is the mean of
treatment group, SDp is the pooled standard deviation, J is a
small sample correction, N1 is the sample size of control
group, and N2 is the sample size of treatment group.

aJ ¼ 1 −
3

4 N1þ N2 − 2ð Þ − 1
; ð3Þ

SDp¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N1 − 1ð ÞSD12þ N2 − 1ð ÞSD22

N1þ N2 − 2ð Þ

s
; ð4Þ

where SD1 is the sample standard deviation of control group
and SD2 is the sample standard deviation of treatment group.

The data was fitted to a random-effects model. To esti-
mate the amount of heterogeneity (i.e., τ2), the restricted
maximum-likelihood estimator was used [29]. The analysis
also reported the Q-test for heterogeneity and the I2 statistic
[30], in addition to the estimate of τ2 [31]. If any amount
of heterogeneity was detected (i.e., τ2> 0), regardless of the
Q-test results), the analysis provided a prediction interval for
the true outcomes. The analysis was conducted using R (ver-
sion 4.0.5) [32] and the metafor package (version 3.4.0) [33].
A subset of qualitative and quantitative factors collected
from each experiment were explored as potential factors
that could explain the variation in effect size. These factors
included the study, year of publication, study species, life

Studies identified in database searches
WoS: 1389

Studies after duplicates removed
624

Studies screened for relevance
624

Keyword strings:

• Biofloc-fish
          nutrition

• Biofloc-fish growth
• Biofloc-fish
• Biofloc-aquaculture
• Biofloc-fish disease
• Biofloc-fish production
• Biofloc-shrimps

Studies excluded (ineligible)
40

Studies excluded (not relevant)
470

Additional studies included
(cited reference search + Google

Scholar notification)
0

Studies screened for eligibility
73

Total studies included in meta-analysis
33

FIGURE 1: The PRISMA flow diagram showing steps for the systematic literature search during this study.
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stage of study species, aquaculture system, experimental bio-
floc compounds, and control compounds, among others. Stu-
dentized residuals and Cook’s distances were used to identify
potential outliers and influential studies in the meta-analysis
[34]. Studies with a studentized residual above the 100×
(1−0.05/(2× k))th percentile of a standard normal distribution
(using a Bonferroni correction with two-sided α= 0.05 for k
studies) were considered as potential outliers. Studies with a
Cook’s distance larger than the median plus six times the
interquartile range of the Cook’s distances were considered
as influential. The asymmetry of the funnel plot was examined
using the rank correlation test [35] and the regression test
[36], with the SE of the observed outcomes as the predictor.

3. Results

3.1. Overview of Included Studies. A total of 33 studies pub-
lished between 2012 and 2020 that examined the effects of
BFT on different water quality parameters in aquaculture
systemswere eligible for themeta-analysis database (Figure 2).
The studies were started searching on November 8, 2020 and
finished on December 10, 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 publica-
tions (1 study) was found in 2014 (Figure 2).

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) (Figure 3(a)). The
highest number of studies were conducted in China (8 pub-
lications), followed by Brazil (5 publications), and other
countries (Figure 3(b)).

The studies included 16 different fish culture systems
(monoculture and mixed culture of various species) in which
monoculture of L. vannamei was received the most interest
(in 15 studies), followed by the monoculture of Oreochromis
niloticus (3 studies per species), and carps mixed culture
(2 studies) (Figure 4).

The review revealed that the highest number of studies
(n= 8) used only molasses as a biofloc compound (n= 10)
(Figure 5).

3.2. Effects on Water Alkalinity. In this analysis, two different
analyses were conducted—one with individual experiments
and another with aggregated outcomes. In the analysis with
individual experiments, 11 multilevel experiments from eight
studies were included, while in the analysis with aggregated
outcomes, 8 studies were included. The observed SMDs ran-
ged from −6.01 to 12.16, and aggregated outcomes ranged
from −6.01 to 7.47, with the majority of estimates being
negative. The random-effects model was used to estimate
the average SMD, which was found to be 0.53 with a 95%
confidence interval (CI) of −1.78 to 2.84. This finding shows
that the average outcome did not differ significantly from
zero (z= 0.45, p¼ 0:65). The estimated average outcome
based on the random-effects model was found to be 0.19
with a 95% CI of −2.14 to 2.51. This means that the average
outcome did not differ significantly from zero (z= 0.16, p¼
0:87). Since the estimated average outcome did not differ
significantly from zero in both analyses, indicating that there
was no overall effect of BFT on the water quality parameters
in aquaculture.

3.3. Effects on DO. There were two different analyses that
were conducted one with individual experiments and another
with aggregated outcomes. In the analysis with individual
experiments, 33 multilevel experiments from 27 studies
were included, while in the analysis with aggregated outcomes,
27 studies were included. The observed SMDs ranged from
−76.35 to 3.57, and the aggregated outcomes ranged from
−76.35 to 3.57, with the majority of estimates being negative.
The random-effects model was used to estimate the average
SMD, which was found to be −0.32 with a 95% CI of −0.72 to
0.07. This finding shows that the average outcome did not differ
significantly from zero (z=−1.59, p¼ 0:11). The estimated
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average outcome based on the random-effects model was μ=
−0.51 (95% CI: −1.09 to 0.07). Therefore, the average out-
come did not differ significantly from zero (z=− 1.71, p¼
0:09). Since the estimated average outcome did not differ
significantly from zero in both analyses, indicating that there
was no overall effect of BFT on the growth performance of
aquaculture species.

3.4. Effects on NH3–N. Two different analyses were con-
ducted in this analysis—one with individual experiments
and another with aggregated outcomes. In the analysis
with individual experiments, nine multilevel experiments
from seven studies were included, while in the analysis
with the aggregated outcomes, seven studies were included.
The observed SMDs ranged from −32.87 to 2.65, and aggre-
gated outcomes ranged from −32.87 to 2.64, with the major-
ity of estimates being negative. The random-effects model
was used to estimate the average SMD, which was found to
be 0.46 with a 95% CI of −0.49 to 1.42. This finding shows
that the average outcome did not differ significantly from
zero (z= 0.95, p¼ 0:34). The estimated average outcome
based on the random-effects model was μ= 0.21 (95% CI:
−0.48 to 0.91). Therefore, the average outcome did not differ
significantly from zero (z= 0.61, p¼ 0:54). Since the esti-
mated average outcome did not differ significantly from zero
in both analyses, indicating that there was no overall effect of
BFT on the growth performance of fish.

3.5. Effects on NO2–N. The analysis included 33 multilevel
experiments from 24 studies, with observed SMDs ranging
from −117.06 to 5.99, and the majority of estimates being
negative. The random-effects model was used to estimate the

average SMD, which was found to be μ=−1.12 with a 95% CI
of −2.06 to −0.19. This result indicates that the average out-
come differed significantly from zero (z=−2.35, p¼ 0:02). A
forest plot showing the observed outcomes and the estimate
based on the random-effects model is shown in Figure 6.

The Q-test results suggest that the true outcomes are het-
erogeneous (Q (32)= 172.99, p<0:001, τ2= 5.99, I2= 88.83%).
A 95% prediction interval for the true outcomes is −6.01 to
3.76. Therefore, while the average outcome is estimated to be
negative, the true outcome may be positive in some studies.

An examination of the studentized residuals revealed
that one study [37] had a value larger than Æ3.00 and may
be a potential outlier in the context of this model. According
to Cook’s distance, it is apparent that this study [37] might
have had an overly influential impact. 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<0:001 and p<0:01, respectively).

The Baujat plot also showed the study of Soto-Alcalá
et al. [37] has higher values on the x-axis that may be con-
sidered an overly influential case on the overall results
(Figure 8). The studies of Kaya et al. [38], Luis-Villaseñor
et al. [22], Du et al. [39], and so forth have higher values on
the y-axis that may also be considered an overly influential
case on the overall results (Figure 8).

The sensitivity analysis was done by removing the out-
liers which showed almost the same significant negative
overall effect size μ=−1.10 (95% CI: −2.03 to −0.16), (z=
−2.30, p¼ 0:02).

The aggregated analysis included 24 studies, with
observed aggregated outcomes ranging from −117.06 to
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5.99, and the majority of estimates were negative. The
random-effects model was used to estimate the average out-
come, which was found to be μ=−1.15 with a 95% CI of
−2.23 to −0.07. This result indicates that the aggregated
analysis still shows a significant negative effect size (z=
−2.09, p¼ 0:04). Figure 9 displays a forest plot depicting the

observed outcomes and the estimates derived from the
random-effects model.

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 μ=−1.12
(95% CI: −2.19 to −0.05), (z=−2.04, p¼ 0:04).
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FIGURE 6: Forest plot reporting the effect size (standardized mean differences) for NO2–N 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”
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3.6. Effects on NO3–N. The findings show that both the indi-
vidual experiment analysis and the aggregated analysis did not
find a significant difference in the outcomes. In the analysis of
individual experiments (32 multilevel experiments), the esti-
mated average SMDs ranged from −56.33 to 19.83, and these

differences did not exhibit significant deviations from zero
(z= 0.62, p¼ 0:54). Similarly, in the aggregated analysis
involving 23 studies, the estimated average outcome also did
not significantly differ from zero (z= 0.77, p¼ 0:44). However,
it should be noted that there is still considerable heterogeneity

Standardized mean difference

St
an

da
rd

 er
ro

r

33.803

25.353

16.902

8.451

0

−100 −50 0 50

FIGURE 7: Funnel plot depicting the effect size of each study (x-axis) for NO2–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.
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in the data, as indicated by the wide range of observed out-
comes and the fact that the majority of estimates were negative.

3.7. Effects on pH. The analysis included data from 33 multi-
level experiments across 26 studies. The observed SMDs
ranged from −15.95 to 31.92, with most estimates being
negative (64%). Using the random-effects model, the esti-
mated average SMD was μ=−0.75 (95% CI: −1.82 to
0.33), indicating that the average outcome was not signifi-
cantly different from zero (z=−1.36, p¼ 0:17).

In the aggregated analysis of multiple experiments, a total
of 26 studies were included, and the observed outcomes ran-
ged from −15.95 to 31.92, with the majority of estimates
being negative (65%). Based on the random-effects model,
the estimated average outcome was μ=−0.97 (95% CI: −2.15

to 0.21), indicating that the average outcome was not signifi-
cantly different from zero (z=−1.61, p¼ 0:11).

3.8. Effects on TAN. The analysis included data from 32
multilevel experiments across 24 studies. The observed
SMDs ranged from −19.86 to 38.62, with most estimates
being negative (56%). Using the random-effects model, the
estimated average SMD was μ=−0.70 (95% CI: −2.08 to
0.67), indicating that the average outcome was not signifi-
cantly different from zero (z=−0.99, p¼ 0:32).

In the aggregated analysis of multiple experiments, a total
of 24 studies were included, and the observed outcomes ran-
ged from −19.86 to 38.61, with the majority of estimates
being negative (50%). Based on the random-effects model,
the estimated average outcome was μ=−0.19 (95% CI:−2.28
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FIGURE 9: Forest plot reporting the aggregated effect size (standardized mean differences) for NO2–N 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 (cyan
diamond shape).
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to 1.89), indicating that the average outcome was not signifi-
cantly different from zero (z=−0.19, p¼ 0:85).

3.9. Effects on TSS. The analysis comprised data from 24 multi-
level experiments across 16 studies. The observed SMDs ranged
from −6.32 to 16.66, with most estimates being positive (92%).
Using the random-effects model, the estimated average SMD
was μ= 4.81 (95% CI: 3.05–6.56), indicating that the average

outcome differed significantly from zero (z= 5.37, p<0:0001).
Figure 10 displays a forest plot illustrating the observed out-
comes and the estimate based on the random-effects model.

TheQ-test indicated that the true outcomes exhibit hetero-
geneity (Q (23)= 130.13, p<0:0001, τ2= 14.99, I2= 87.82%). A
95% prediction interval for the true outcomes is−2.98 to 12.59.
Thus, while the average outcome is estimated to be positive, the
true outcome may be negative in some studies.
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after the publication year.
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Upon analyzing the studentized residuals, it was
observed that none of the studies had a value greater than
Æ3.08. Hence, there was no evidence of outliers in the con-
text of this model. As per Cook’s distances, none of the

studies could be classified as overly influential. A funnel
plot of the estimates is depicted in Figure 11. The rank cor-
relation and regression test both indicated potential funnel
plot asymmetry (p<0:0001 and p<0:0001, respectively).
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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 the x-axis, while the y-axis shows the influence of each effect size on the pooled result.
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The Baujat plot analysis highlighted that the study con-
ducted by de Souza et al. [40] has higher values on the x-axis,
which could be considered an overly influential case on the
overall results (Figure 12). In addition, the studies of Deb
et al. [19], Kumar et al. [41], and others have higher values on
the y-axis, which may also be considered overly influential
cases on the overall results (Figure 12).

The sensitivity analysis was done by removing the outliers
which showed almost the same significant positive overall
effect size μ= 5.08 (95% CI: 3.54–6.63, z= 6.46, p<0:0001).

The results of the aggregated analysis on multiple treat-
ments showed that 16 studies were considered. The observed
outcomes ranged from −6.32 to 16.66, with most of the
estimates being positive (94%). The estimated average out-
come using the random-effects model was μ= 5.25 (95% CI:
2.97–7.53). This indicates that the average outcome signifi-
cantly differed from zero (z= 4.51, p<0:0001). A forest plot
that displays the observed outcomes and the estimate based
on the random-effects model can be seen in Figure 13.

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 μ= 5.68 (95% CI: 3.87–7.49, z= 6.15, p<0:0001).

4. Discussion

Maintaining and monitoring water quality in aquaculture is
crucial for the performance of the production cycle in BFT.
In aquaculture, organic matter and nitrogen waste is a major
issue for a good and sustainable production [18]. High car-
bon-to-nitrogen (C : N) ratios are used to maintain water
quality parameters because heterotrophic bacteria can read-
ily absorb nitrogenous byproducts for both maintenance
(respiration, feeding, motility, digestion, and so forth) as
well as for growth and to form new bacterial cells [18]. In
BFT, the stability of zero or minimal water exchange is main-
tained by the complex interactions among various microor-
ganisms, including bacteria, microalgae, fungi, protozoans,
nematodes, rotifers, and others. These microorganisms form
a complex ecosystem that helps to maintain water quality by
breaking down organic waste materials and converting them
into a form that can be used as food for fish. This not only
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helps to reduce the need for water exchange but also
increases the efficiency of the system and produces high-
value fish food. The stability of this system depends on the
careful management of the microbial communities to main-
tain a balance between the various species and their interac-
tions [18].

The rise in the number of publications in recent years
(Figure 2) revealed the attention of researchers about the influ-
ence of BFT on water quality parameters in aquaculture. Based
on the analysis, Asian countries take the lead in research on this
particular topic (Figure 3(a)), which is not surprising because
theseAsian countries offer favorable opportunities and advanced
research facilities, and they allocate substantial funding toward
conducting research in these areas. Among various countries,
China ranked the highest in publications (eight studies) on this
topic, followed by Brazil (five studies), Mexico (four studies),
and other countries (Figure 3(b)). Unfortunately, no African
country was found to conduct any research on this topic that
has been eligible for this meta-analysis. It would be beneficial
for impoverished countries, particularly those in Africa with
abundant fisheries resources, to partner with affluent coun-
tries that are interested in exploring the effects of BFT on the
water quality parameters of various cultured fish species.
Although 16 species were investigated during these studies
(Figure 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, and so forth. According to
the analysis, the majority of studies employed molasses as the
biofloc compound (as shown in Figure 5). However, it is
recommended that future research be conducted using locally
available, cost-effective, and environmentally friendly BFT
compounds to promote sustainable aquaculture.

In the present study, a significant negative effect of
NO2–N on BFT has been revealed. Most of the reviewed
studies showed that NO2–N was significantly lower in BFT
than the control group. For example, Du et al. [39] used
glucose and starch along with heterotrophic bacteria (Bacil-
lus sp.) as the organic carbon sources in BFT treatment and
found that NO2–N was significantly lower in BFT than that
of the control group. It might be the cause of the fact that in
the BFT system, heterotrophic bacteria play an important
role in removing nitrogen from the water. As heterotrophic
bacteria consume organic carbon, they also increase their
demand for nitrogen, which can lead to competition with
phytoplankton for this nutrient. However, heterotrophic
bacteria are generally better at utilizing ammonia than phy-
toplankton, which allows them to outcompete the latter for
nitrogen and remove more dissolved nitrogen from the
water. This process can help to maintain water quality and
promote the growth of high-value fish food in the BFT sys-
tem [59]. In a study, Luis-Villaseñor et al. [22] utilized corn-
meal as a carbon source and observed a decrease in NO2–N
concentration. This is attributed to the fact that adding corn-
meal to the carbon cycle maintains the appropriate C : N

ratio that is necessary for bacteria to convert these harmful
nitrogen molecules into single-cell proteins. Kaya et al. [38]
used sugar beet molasses as a carbon source to stimulate the
growth of heterotrophic bacteria in a BFT system and found
that the concentration of NO2–N was significantly lower in
the BFT system than in the control system. This suggests that
the biofloc formation process can help remove nitrogenous
compounds from the water in BFT systems. Based on the
study by Cang et al. [15], the use of molasses in the BFT
system led to an increase in NO2–N concentration, which
peaked at day 12 and then decreased to undetectable levels as
the bioflocs developed. 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 [42]. In the present study, the study
of Soto-Alcalá et al. [37] was found to be overly influential.
They used molasses as a carbon source for biofloc formation
and found lower NO2–N concentration in BFT than control
group. NO2–N is a crucial element in determining the suc-
cess of aquaculture. High levels of NO2–N can be toxic to
fish. According to Montealegre et al. [60], even at low con-
centrations, NO2–N can harm fish by reducing oxygen
uptake and causing methemoglobinemia, a condition where
the hemoglobin in the blood is unable to bind and transport
oxygen effectively. Boyd and Pillai [61] also reported that
NO2–N levels above 1.0mg/L in pond water can cause fish
mortality. Therefore, it is essential to maintain low levels of
NO2–N in aquaculture systems to ensure the health and
survival of fish. They found overall negative effects of
NO2–N in BFT, however, some reviewed studies showed
positive effects. For example, Ray et al. [43] used a foam
fractionator to manage solids concentration and an external
biofilter for nitrogen control and found that NO2–N contrib-
uted a significantly higher concentration in the biofloc treat-
ment. In systems with a functioning nitrifying bacterial
population, nitrogen concentration did not appear to accu-
mulate 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 [43].
Sgnaulin et al. [44] used corn meal, wheat meal, and molasses
as carbon source and found that NO2–N concentration was
higher than the control group. When fish are exposed to high
levels of nitrite, they may experience an increase in plasma
methemoglobin and nitrite levels, which can lead to hypoxia
(lack of oxygen), stress, reduced feed intake, and reduced
growth, and in severe cases, it can lead to death [62–64].

The analysis of multiple studies indicated that there was a
noteworthy favorable impact of TSS on BFT, with a general
positive outcome exhibited across various studies. For exam-
ple, Kumar et al. [41] used glucose in BFT and found that
TSS recorded significantly higher in biofloc group as com-
pared to the clear water group. Similarly, Luis-Villaseñor
et al. [22] employed glucose in their study and determined
that the TSS value was significantly greater in the biofloc
group when compared to the control group. Long et al. [45]
used glucose as a carbon source and found that the TSS level
in the BFT group increased gradually throughout the experi-
mental period. The average concentration was 24.61mg/L in
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the control group, while 484.48mg/L in BFT treatment [45].
Ray et al. [43] demonstrated that the TSS concentration in
BFT tanks should be well controlled because the anticlogging
of fish gills and water quality are intimately connected.
According to Kim et al. [57], TSS was found to be significantly
higher in all biofloc treatments compared to seawater. This
was attributed to the fact that the water source for the biofloc
treatment was provided daily throughout the trial using an
intensive shrimp production system with zero exchange. In a
study, Cang et al. [15] utilizedmolasses as a carbon source and
observed an increase in TSS with the development of bioflocs
in the BFT system. The TSS levels were found to be much
higher in the biofloc treatment group compared to the control
group, which was attributed to the water exchange in the
control group. TSS is heavily reliant on pond conditions
and management techniques including feed, water quality
parameters, stocking density, and culture period [19]. The
formation of bioflocs in the BFT groupwas found to be related
to the TSS concentration. A TSS concentration range of
400–600mg/L was considered to be suitable for the super-
intensive culture of L. vannamei [65]. According to Schveitzer
et al. [66], maintaining good water quality becomes difficult
when the TSS concentration is lower than 100mg/L. Schveit-
zer et al. [66] also reported that a high TSS concentration
(≥800mg/L) could become a stressor for shrimp respiration
as the suspended solids may clog the gills. In contrast, de
Souza et al. [40] reported a different finding where the TSS
was found to be significantly lower in the biofloc treatment
group compared to the clear water group. This result was
observed after using molasses as a carbon source in the BFT
system. It is unclear why such biofloc production did not
occur in the BFT system.

Although no significant effect of alkalinity on BFT has
been revealed in this study, an overall negative effect was
shown by different studies. For example, de Souza et al.
[40] and Tepaamorndech et al. [46] used molasses, Kumar
et al. [21] used molasses, sugar, and wheat, Suita et al. [20]
used glucose, Vinatea et al. [47] used glucose as a carbon
source in BFT, and resulted in lower alkalinity values in the
BFT system compared to the control. This was most likely
caused by nitrification, which increased the amount of car-
bon dioxide in the water used in the biofloc treatment, and
by the respiration of heterotrophic organisms [67, 68]. The
study conducted by Putra et al. [69] effectively illuminated
the potential of biofloc application within aquaculture sys-
tems to adeptly regulate TAN. Probiotic bacteria present
within biofloc facilitate the conversion of ammonia into non-
toxic compounds, including nitrate, thus fostering an essential
nutrient source for phytoplankton growth. This transforma-
tive process in turn leads to reduced concentrations of ammo-
nia and nitrate in the culture medium. Similarly, Luo et al.
[70] emphasized the pivotal roles played by carbonaceous
biofloc nitrogen (CBN) and the activity of heterotrophic bac-
teria in preserving water quality within biofloc-based aqua-
culture systems, even under circumstances of minimal water
exchange. Of notable significance is the substantial consump-
tion of alkalinity that accompanies the assimilation of CBN.

Furthermore, the research conducted by Kumar et al. [21]
corroborates these observations. Their work distinctly indi-
cates a notable reduction in the levels of TAN and nitrite
(NO2–N) within biofloc ponds, contrasting with alternative
systems. This phenomenon can be attributed to the flourish-
ing microbial biomass within the biofloc environment. These
microorganisms proficiently direct their energy toward
assimilating and transforming toxic inorganic nitrogen com-
pounds into valuable proteins, thereby amplifying the acces-
sibility of this nutrient pool for cultured shrimp. In concert,
these studies highlight the intricate interplay of biofloc
dynamics, microbial processes, and nutrient conversions.
These interactions significantly contribute to the regulation
of ammonia levels, concurrently underscoring the active
involvement of nitrifiers in alkalinity consumption, ultimately
influencing water buffering capacity. On the other hand, there
are some studies that showed positive effect sizes. Kaya et al.
[38] used molasses as a carbon source in BFT and found that
the alkalinity parameters were higher in the BFT tanks com-
pared to the control tanks in both trials. Jatoba et al. [71] used
sugar and powdered diet, while Sgnaulin et al. [44] used corn-
meal, wheatmeal, and molasses as carbon source who also
showed higher alkalinity in BFT tanks compared to control
tanks.

While this study did not uncover a noteworthy impact of
DO on BFT, the meta-analysis demonstrated an overall
adverse effect of DO on BFT. For example, in a study, Kaya
et al. [72] demonstrated that DO values were lower in the
biofloc treatment groups compared to the control groups.
This was most likely caused by the higher oxygen require-
ments of heterotrophic bacteria in biofloc tanks [48, 49].
Long et al. [45] utilized glucose as a carbon source and
reported that the DO level was maintained at a level greater
than 6mg/L, which differed significantly between the BFT
and control groups. This was likely due to the higher respira-
tion rates caused by bacteria and other microorganisms in the
BFT group, as reported by Emerenciano et al. [48] and Kim et
al. [58]. However, the DO level in the BFT treatment was still
within an acceptable range for the survival and growth of fish.
Similar results were recorded by da Silva Martins et al. [50],
Kumar et al. [41], de Souza et al. [40], and Chan-Vivas et al.
[73]. But there are some studies that showed positive results.
For example, in a study, Vinatea et al. [47] discovered that the
DO levels in the BFT tanks of Mugil cephalus were markedly
greater compared to those in the RAS. This was due to the
addition of pure oxygen to meet the high oxygen demand
resulting from bacterial respiration of the bioflocs, particu-
larly during the administration of glucose, as proposed by
Avnimelech [9]. However, the researchers noted that pure
oxygen supplementation was necessary for the M. cephalus
BFT tanks. This was perhaps due to the significantly higher
swimming activity of M. cephalus compared to that of Tinca
tinca, and the fact that the fish exhibited more excitement and
approached the surface eagerly for food, while the T. tinca
remained inactive at the bottom of the tank [47]. The study
conducted by Kumar et al. [21] indicated that the biofloc
pond had DO levels that were significantly greater, yet still
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within an appropriate range for the culture of P. vannamei.
This finding implied that aeration in the biofloc pond had a
beneficial effect.

This study did not uncover a statistically significant
impact of NH3–N on BFT; however, other studies have
shown a beneficial effect of NH3–N on BFT. For instance,
Vinatea et al. [47] employed glucose as a carbon source and
observed that the NH3–N concentration was greater in the
BFT group than in the control group. It is worth noting that
in biofloc-based cultures, the utilization of carbohydrates can
aid in regulating ammonia levels, as previously noted by
Avnimelech [9]. Despite spreading out the glucose additions
over the day (at 8 and 12 hr in the morning and at 15 and
18 hr in the afternoon), the high glucose demands in BFT,
combined with the use of limited water and high-protein
feeds, can still result in a reduction in oxygen concentration
[47]. Kaya et al. [38] conducted two trials with different
stocking densities (trial I: 20 shrimp/0.24m2, trial II: 10,
20, 30, 40 shrimp/m2). In trial I, the NH3–N concentration
was lower in the BFT group than the control group. How-
ever, in trial II, the NH3–N concentration was higher in the
BFT group than the control group. This increase in ammonia
level might be related to an increase in organic waste since
the tanks were being stocked at higher densities in trial II.
Some studies showed negative results too. For example, the
studies conducted by Kumar et al. [21] and da Silva Martins
et al. [50] showed a decrease in NH3–N concentration in the
biofloc system when compared to the control, which was
attributed to the consumption of NH3–N by the heterotro-
phic bacteria population in the biofloc. However, it is impor-
tant to note that NH3–N cannot be completely eliminated
from the system due to unaccounted nitrogen losses, such as
denitrification and ammonia volatilization. In addition, cer-
tain studies have proposed that pH and temperature exert
influence over the ammonia conversion within biofloc sys-
tems. Kumar et al. [21] noted a significant reduction in TAN
and nitrite (NO2–N) concentrations within a biofloc pond
compared to control systems, implying that pH could poten-
tially play a role in ammonia conversion during their inves-
tigation. In a parallel study, Luo et al. [70] indicated that
NH3–N concentration within biofloc systems is indeed influ-
enced by pH and temperature. Considering the available
information, it is reasonable to infer that TAN values can
indeed impact NH3–N concentrations within biofloc sys-
tems. However, the precise relationship between TAN values,
pH, and temperature remains to be definitively elucidated.
Furthermore, it is worth highlighting that evidence suggests
the duration of the study in biofloc systems can impact the
abundance and composition of heterotrophic microorgan-
isms, thereby potentially influencing system performance.
For instance, Jamal et al. [74] demonstrated that the compo-
sition of biofloc, encompassing heterotrophic bacteria aggre-
gates, algae, zooplankton, and other organic components,
becomes discernible after a certain precipitation duration.
In another study, Khanjani et al. [75] revealed that the prev-
alence of microorganisms within biofloc systems can change
over the cultivation period, with pathogenic species becom-
ing more prominent in the initial weeks.

It is important to note that nitrate levels in BFT can be
influenced by various factors such as the carbon source used,
stocking density, and water exchange rate. While some stud-
ies have shown higher nitrate concentrations in BFT, others
have reported lower or similar levels compared to control
groups. It is also worth mentioning that high NO3–N concen-
trations can be harmful to the culture system and can lead to
eutrophication if not properly managed. Therefore, NO3–N
levels should be monitored and controlled to ensure optimal
water quality in BFT. Kim et al. [58] showed that NO3–N
concentration was higher in BFT than control due to the exten-
sive nitrification. Xu et al. [51] showed that the accumulation of
NO3–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 sys-
tem. Similar results were found by Kim et al. [57], de Souza
et al. [40], Ray et al. [43], and Yun et al. [52]. Opposite results
are also reported by several scientists published elsewhere. For
example, in a study of Long et al. [45], NO3–N concentration
was significantly higher in the control group compared to the
BFT treatment, and showed a tendency to accumulate in
the first 5weeks of the culture period to levels of 11.64mg/L.
The highest NO3–N level in the BFT treatment was 5.45mg/L,
observed in week 3, which then gradually decreased over time.
In week 8, the level first dropped and then increased once
again. A possible explanation for the decrease in NO3–N con-
centration observed in the BFT treatment by Long et al. [45]
could be denitrification is a process in which certain bacteria
use nitrate as an electron acceptor in the absence of oxygen,
converting it to nitrogen gas, which is released into the atmo-
sphere. Given that this process is facilitated in anaerobic envir-
onments, such as the biofloc setting, it might contribute to the
temporal reduction in NO3–N concentration. Furthermore, it
is imperative to consider the dynamics of bacterial behavior
across the course of the culture period, influenced by the nuan-
ces of water quality variables. These microorganisms can also
assimilate NO3–N, a phenomenon documented by Allen et al.
[76] and Schneider et al. [77]. Hence, the interplay of these
biological processes within BFT systems is multifaceted and
sensitive to intricate environmental factors. It is important to
note that the results of Kumar et al. [21], Shang et al. [42], and
Soto-Alcalá et al. [37] are in contrast to the findings of da Silva
Martins et al. [50] and Long et al. [45], which showed higher
NO3–N concentration in BFT tanks than in control tanks. The
variation in results could be due to differences in experimental
design, carbon source, and management practices. It is impor-
tant to consider all available research when making decisions
about the use of BFT in aquaculture systems.

While this study did not find any significant effect of
TAN on BFT, this meta-analysis revealed an overall negative
impact of TAN on BFT. For instance, in their research,
Kumar et al. [21] noted a considerable reduction in TAN
concentration in the biofloc pond compared to the control
group when using molasses, sugar, and wheat as carbon
sources. This decrease was attributed to an increase in the
total heterotrophic bacterial population, which can consume
TAN, as well as the autotrophic nitrification process. These
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findings underscore the importance of maintaining a proper
balance between carbon and nitrogen sources for reducing
TAN levels in biofloc systems. de Souza et al. [40] suggested
that BFT systems may offer advantages over other aquacul-
ture systems in terms of reducing TAN levels and promoting
water quality. However, it is important to note that the effec-
tiveness of BFT may depend on a variety of factors, including
stocking density, feeding regime, and management practices.
Luis-Villaseñor et al. [22] showed that the use of additional
carbon sources, such as cornmeal, can be an effective strategy
for maintaining low TAN levels and promoting water quality
in aquaculture systems. However, as with any aquaculture
management practice, it is important to consider the specific
needs and requirements of the species being cultured, as well
as the environmental conditions and management practices
used in the system. Xu et al. [49], Zhao et al. [53], Nguyen
et al. [78], and Deb et al. [19] conducted research on the use
of carbon sources in biofloc systems to reduce TAN levels.
According to their findings, the addition of carbon sources,
such as brown sugar, facilitated the removal of TAN in the
system through the action of nitrifying bacteria and both
heterotrophic and autotrophic TAN removal processes.
The study by Kaya et al. [72] may be considered influential
in that it challenges some of the assumptions and general-
izations that have been made about the effectiveness of bio-
floc systems in reducing TAN levels. While BFT may offer
certain advantages over other aquaculture systems, such as
reduced water exchange and lower feed costs, it is important
to carefully evaluate the potential benefits and limitations of
this approach on a case-by-case basis. Therefore, the study by
Kaya et al. [72] highlights the need for further research to
better understand the complex interactions between diet,
feeding rates, and the biofloc system in order to optimize
the use of this approach in aquaculture. Vinatea et al. [47]
conducted research on TAN concentrations in biofloc and
RAS cultures of gray mullet and tench. According to their
findings, TAN concentrations were consistently higher in
BFT rearing tanks compared to RAS cultures. This suggests
that the effectiveness of biofloc systems in reducing TAN
levels may depend on a range of factors, including the spe-
cific species being cultured and the management practices
employed. By contrast, Long et al. [45] found that TAN
concentrations remained stable over time in the biofloc treat-
ment group, even without water exchange, which suggests
that the addition of a carbon source, such as glucose, can
stimulate the growth of heterotrophic bacteria and facilitate
the removal of TAN through the formation of biofloc
microbes. This is supported by previous studies, such as
Asaduzzaman et al. [79], Avnimelech [9], Ebeling et al.
[80], and Emerenciano et al. [48], which have demonstrated
the role of heterotrophic bacteria in the removal of TAN in
biofloc systems through the formation of biofloc microbes.
Overall, these findings suggest that the effectiveness of bio-
floc systems in reducing TAN levels may depend on a range
of factors, including the specific species being cultured, the
management practices employed, and the addition of carbon
sources to stimulate the growth of heterotrophic bacteria.
Further research is needed to better understand the

interactions between these factors and to optimize the use
of biofloc systems in aquaculture.

Although this study did not find a significant impact of
pH on BFT, this meta-analysis suggests an overall negative
effect of pH on BFT. For instance, de Souza et al. [40]
reported that the pH value in the BFT system was lower
compared to the control group, likely due to the respiration
of heterotrophic organisms, which increased the concentra-
tion of carbon dioxide in the biofloc-treated water [67, 68].
Kumar et al. [21] found that the pH was lower in the BFT
system due to the dominance of heterotrophic bacteria over
autotrophic bacteria. This is because heterotrophic bacteria
consume organic matter in the water, producing carbon
dioxide as a byproduct. The excess carbon dioxide in the
water can then cause the pH to decrease. In addition, the
process of respiration by microbes also leads to the excretion
of carbon dioxide, which can further contribute to the
decrease in pH. Therefore, the combination of heterotrophic
dominance and microbial respiration can result in a lower
pH in the BFT system. Kim et al. [58] found that the pH in
the biofloc group was lower than that of the control group,
which could be attributed to the substantial nitrification pro-
cess that occurred in the biofloc system. During nitrification,
ammonia is converted to nitrate and nitrite by autotrophic
bacteria. This process releases hydrogen ions into the water,
which can cause the pH to decrease. In addition, the respira-
tion of heterotrophic organisms in the biofloc system can
also contribute to a decrease in pH by producing carbon
dioxide as a byproduct, which can increase the concentration
of carbon dioxide in the water. This increase in carbon diox-
ide concentration can lead to the acidification of the water,
resulting in a lower pH. Tacon et al. [81] andWasielesky et al.
[67] also reported similar findings regarding the influence of
microbial respiration and nitrification on pH in biofloc sys-
tems. While some studies have reported a decrease in pH in
biofloc systems, others have reported no significant difference
or even an increase in pH compared to control systems. For
example, da Silva Martins et al. [50] found that the pH values
in the biofloc system were significantly higher than those in
the control group, but still within acceptable limits for the
survival and growth of L. vannamei. Similarly, Long et al.
[45] reported a higher pH value in the biofloc system com-
pared to the control, but the difference was not significant.
Kaya et al. [72] also observed a higher pH value in the biofloc
system compared to the control, but again, the difference was
not significant. The variation in results across studies could be
due to differences in the composition of the biofloc system,
feeding regime, environmental conditions, or other factors
that influence the microbial activity and pH in the system.
Moreover, the nature of the BFT system may mediate pH
effects. Heterotrophic systems depend on optimal pH for
bacterial function [82]. By contrast, mixotrophic systems
involve complex interactions between autotrophic algae and
heterotrophic bacteria, wherein pH influences both groups
[83]. This interplay can cascade throughout mixotrophic
BFT systems, substantially impacting overall performance.
Further research should elucidate how system configuration
interacts with pH to affect BFT processes and productivity.
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5. Conclusion

Based on the current literature review and meta-analysis, it
can be concluded that the use of BFT has a positive impact
on water quality parameters in aquaculture. BFT promotes
the growth of a microbial community that utilizes the dis-
solved nitrogen from feces and uneaten food, converting it
into microbial protein, and thus improving water quality.
The study highlights that physico-chemical parameters,
such as NO2–N, NO3–N, NH3–N, TAN, TSS, pH, DO, and
alkalinity, are maintained at optimum levels in BFT systems.
Moreover, the study acknowledges the complex nature of the
physical, chemical, and biological interactions that occur
within BFT systems. The findings of this meta-analysis can
provide useful information for researchers and stakeholders
interested in implementing BFT in aquaculture systems. It
can also guide the proper maintenance and management of
different water quality parameters in various aquaculture
systems using BFT. Overall, the study provides compelling
evidence for the effectiveness of BFT in improving water
quality parameters in aquaculture. The findings of this
meta-analysis can help promote the adoption of BFT in
aquaculture systems to enhance water quality, reduce envi-
ronmental impacts, and improve the overall sustainability of
the aquaculture industry.
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