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Abstract: Biofloc technology (BFT) is gaining traction globally as a sustainable aquaculture production system that not only lowers
feed costs but improves water quality and boosts fish immunity. However, not all aquaculture species are amenable to
culture in the BFT production systems. Tilapias are some of the few species that can be cultured in a BFT system, yet no
meta-analysis reviews have been carried out to determine the impact of the research outputs, constraints, and prospects
of tilapia culture in a BFT system. This review highlights the nutritional composition of biofloc, growth performance, and
economic viability of tilapias in a BFT system. Meta-analysis was used to determine the overall treatment effect of BFT on
specific growth rate (SGR), feed conversion ratio (FCR), survival rate, dissolved oxygen (DO), nitrite and total ammonia
nitrogen (TAN). A subgroup metanalysis was also done on carbon-to-nitrogen (C:N) ratio. Meta-analysis showed that SGR,
FCR, and survival rate of tilapias were all positively affected in the BFT system. This is attributed to tilapias’ ability to
utilize bioflocs. However, meta-analysis did not show improved water quality since DO levels decreased and nitrite and
TAN levels went up. This is attributed to the C:N ratio. The C:N ratio is a critical factor in the BFT system. Both tilapia
growth performance and water quality were affected by the C:N ratio. This review also identified current research gaps.
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Tilapias are among the most widely cultured fish species
globally, particularly in developing countries, due to their
adaptability, resistance to disease, and rapid growth rates
(Food and Agriculture Organization of the United Nations
2022; El-Sayed, 2020). Despite these advantages, traditional
intensive tilapia culture methods often face challenges
related to water quality deterioration, high operational
costs associated with extensive water exchange, and the
use of expensive commercial feeds (Avnimelech, 2012;
Boyd & Tucker, 1998). Biofloc technology (BFT) has
emerged as a promising production system to address
these challenges.

BFT operates by establishing a microbial ecosystem
within the water, facilitating the conversion of organic
waste and nitrogenous compounds into microbial biomass
(“biofloc”). The biofloc then serves as a supplemental nat-
ural food source, reducing reliance on commercial feeds
and significantly decreasing water exchange requirements

* E-mail: mmaditshaba.rapatsa@ul.ac.za

(Avnimelech, 2012; Ekasari et al., 2014). Tilapia species,
such as Oreochromis mossambicus and Oreochromis nilo-
ticus, being effective filter feeders, readily consume these
microbial aggregates, thereby benefiting from improved
nutrition and water quality through natural biofiltration
(Emerenciano et al., 2017; Crab et al.,, 2012). This makes
tilapias particularly suitable candidates for BFT systems.
However, despite these potential benefits, inconsistent
results have been reported across various studies,
regarding growth performance, feed conversion ratios
(FCR), and overall water quality management (Khanjani
et al., 2020; Garcia-Rios et al., 2019). Factors contributing
to these inconsistencies have been linked to variations in
carbon-to-nitrogen (C:N) ratios, carbon sources, microbial
communities, stocking densities, and aeration strategies
(Garcia-Rios et al,, 2019; El-Hawarry et al., 2021; Kumar
et al,, 2024). These inconsistencies highlight the complexity
of the application of BFT and emphasize the importance of
critically evaluating existing literature to better under-
stand the factors influencing its impact on tilapia culture.
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Globally, BFT has been predominantly adopted in
countries including China, Brazil, India, Indonesia,
Thailand, and Mexico, where intensive aquaculture prac-
tices are prevalent and water resource management is
critical (Emerenciano et al, 2017; Food and Agriculture
Organization of the United Nations, 2022). These countries
have demonstrated successful integration of BFT, contri-
buting significantly to advances in sustainable aquacul-
ture practices. In contrast, the adoption of BFT in Africa
remains comparatively low. Chambo Fisheries, in Malawi,
established one of the largest tilapia BFT farms, achieving
favourable FCRs and consistent production of Oreo-
chromis mossambicus and O. shiranus (Kourie, 2017). In
Egypt, research has examined BFT in Nile tilapia hatch-
eries (Abdel-Rahim et al., 2024), as well as its role in
improving growth, feed efficiency, and immunity of red
tilapia under varying salinity levels (Khanjani & Shari-
finia, 2020). Limited work has also been reported in
Nigeria, Kenya, South Africa, and Tanzania (Day et al.,
2016; Zablon et al., 2022). Despite limited uptake, Africa
holds significant potential for BFT application, particularly
as tilapias are native to the region. Broader integration of
BFT could significantly contribute to improving aquacul-
ture productivity, food security, and ecological
sustainability.

Given the global emphasis on sustainable aquaculture
development, there is a need to systematically evaluate
BFT’s effectiveness and applicability. Thus, the aim of
this study is to conduct a comprehensive review and
meta-analysis of existing literature on BFT in tilapia cul-
ture, quantifying its impact on essential performance indi-
cators, such as growth rate, feed efficiency, and survival.
In addition, the effects of BFT on water quality and eco-
nomic viability are explored. Although previous reviews
and meta-analyses have addressed BFT in broader aqua-
culture systems, none has focused exclusively on tilapia
species. This study is therefore the first to systematically
synthesize and analyse data specific to tilapia culture
under BFT conditions. Thus, providing targeted insights
that can better inform species-specific management and
optimization of BFT systems.

1. BFT in tilapia culture

1.1 Principles and mechanisms of BFT

BFT operates on the principle of manipulating microbial
pathways to convert dissolved nitrogenous waste into
microbial biomass. This is achieved by adjusting the C:N

ratio in the water. The ratio is typically kept between 10:1
and 20:1 for proliferation of heterotrophic bacteria that
assimilate inorganic nitrogen, particularly ammonia and
nitrite, into cell biomass (Avnimelech & Kochba, 2009;
Emerenciano et al., 2017). The resultant floc, a matrix of
microorganisms including bacteria, microalgae, and pro-
tozoa, is maintained in suspension through continuous
aeration. The key to system stability is sufficient and con-
tinuous aeration, which ensures the suspension of flocs,
prevents anaerobic zones, and supports oxygen-
demanding microbial respiration. Aeration requirements
in BFT systems are significantly higher than in conven-
tional systems and can represent up to 60% of the total
energy consumption (David et al, 2021; Cala-Delgado
et al., 2024).

Carbon inputs such as molasses, rice bran, or jaggery
are administered to maintain the C:N ratio and promote
bacterial growth. The source and consistency of carbon
application are critical, as fluctuations can destabilize
the microbial community and impair water quality control
(de Lima et al., 2018; Ekasari et al., 2014). Farmers must
monitor key parameters, including ammonia, nitrite, dis-
solved oxygen (DO), pH, alkalinity, and total suspended
solids, to maintain system equilibrium.

Biofloc volume and density should be regulated to
avoid overaccumulation, which can reduce water clarity
and negatively affect fish respiration. Management tools
such as sedimentation cones and foam fractionators are
used to selectively remove excess solids, though overly
aggressive removal may disrupt microbial balance
(Emerenciano et al., 2012; Khanjani et al., 2021).

While considerable attention has been placed on
managing C:N ratios and aeration in BFT systems, several
other environmental and chemical parameters critical to
biofloc development have often been overlooked.
Temperature, for example, significantly influences micro-
bial metabolism, oxygen demand, and floc stability. Crab
et al. (2012), Sallam et al. (2024) and Ekasari et al. (2014)
reported that optimal biofloc formation generally occurs
between 28 and 32°C in tropical regions. Light availability
can also affect microbial succession within bioflocs, espe-
cially the balance between phototrophic organisms
(microalgae) and heterotrophic bacteria, which in turn
impacts floc composition and nutritional value (De
Schryver et al, 2008; Xu & Pan, 2012; Jiang et al., 2020).
Additionally, the availability of inorganic nutrients like
phosphate is essential for supporting microbial growth;
low phosphate levels can limit bacterial biomass produc-
tion even when carbon and nitrogen are adequately sup-
plied (Ebeling et al., 2006; Ekasari et al., 2014). The quality
and type of organic matter used as a carbon source can
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affect floc volume, sedimentation rates, and microbial
diversity (Rai et al., 2025; De Schryver et al., 2008; Kumar
et al., 2024). Finally, the presence of trace minerals such as
calcium, magnesium, and iron support enzymatic activity
and microbial aggregation (Hargreaves, 1998; Abakari
et al., 2021), yet their role in BFT dynamics remains poorly
characterized in most tilapia-focused studies. A more hol-
istic understanding of these interacting variables is
needed to optimize BFT systems for consistent perfor-
mance across diverse environmental settings.

1.2 Nutritional composition of biofloc

The nutritional composition of biofloc is highly variable
and depends on several factors, including the carbon
source used, microbial community structure, water
quality, and floc management practices. Even so, pub-
lished studies provide a broad picture of its proximate
composition. Crude protein levels in biofloc commonly
range from approximately 24 to 38% on a dry matter basis.
For example, Ibarra Mayorga et al. (2019) reported a pro-
tein content of 36.5% in freshwater biofloc, while Ekasari
et al. (2014) observed protein levels of 27.8% in biofloc
particles larger than 100 um. These values suggest that
under well-managed conditions, biofloc can serve as a
meaningful supplementary protein source in tilapia cul-
ture. However, not all systems yield equally high protein
levels, and some reports show values closer to 20-25%,
reflecting the influence of environmental and operational
variability (Crab et al., 2012).

The protein requirements of tilapia vary significantly
with developmental stage. Tilapia fry (<1g) generally
require high-protein diets ranging from 40 to 45% crude
protein (El-Sayed & Teshima, 1992), while fingerlings
(1-10 g) require 35-40% protein. As fish grow, their dietary
protein demand decreases; juveniles (10-25g) typically
require 30-35% protein, and grow-out fish (>50-100 g)
require 28-32% protein, depending on energy availability
and feed quality (Ng & Romano, 2013; Novodworski et al.,
2024). Given that BFT can provide crude protein levels
approaching 30-36%, it may partially fulfil the dietary
protein requirements of juveniles and grow-out tilapia,
especially when used to complement formulated diets.
However, for early stages such as fry and fingerlings,
BFT alone is unlikely to meet the high protein demands,
and supplementation with high-quality feeds remains
essential.

Lipid content in biofloc also varies considerably across
systems. Ekasari et al. (2014) found that larger flocs
(>100 pm) contained around 7.5% lipid, whereas Ibarra

Mayorga et al. (2019) reported only 0.97% in their sample.
This variation likely reflects the differing proportions of
bacteria, microalgae, and detrital material present in the
biofloc aggregates. In general, the dietary lipid require-
ment for tilapia ranges between 5 and 10%, depending
on life stage, dietary energy balance, and environmental
conditions (Ng & Romano, 2013). For fry and juveniles,
diets containing 8-10% lipids are often recommended to
support rapid growth and efficient feed utilization
(El-Sayed & Teshima, 1992). Moreover, while tilapia can
biosynthesize long-chain polyunsaturated fatty acids
(PUFASs) from linoleic (n-6) and linolenic (n-3) acids, their
capacity for this conversion is limited. Hence, dietary
inclusion of essential fatty acids, particularly highly unsa-
turated fatty acids, such as arachidonic acid (ARA, 20:4n-6),
eicosapentaenoic acid (20:5n-3), and docosahexaenoic acid
(22:6n-3), can improve growth, reproductive performance,
and immune function (Glencross, 2009; Brum et al., 2025).
Some studies report that tilapia require approximately
0.5-1.0% of total dietary lipids as n—-3/n—-6 PUFA to optimize
physiological function (Santiago and Reyes, 1993). Given
that biofloc lipid content is often low and highly variable,
and that few studies provide detailed fatty acid profiles, it is
currently uncertain whether biofloc alone can meet the
lipid requirements of tilapia.

In terms of amino acid composition, data remain lim-
ited, but existing studies suggest that biofloc contains key
essential amino acids such as lysine, leucine, valine, and
threonine, which are crucial for tilapia growth (Ibarra
Mayorga et al, 2019; Akange et al., 2025). Ekasari et al.
(2014) also found that smaller bioflocs (<48 pym) had a
more favourable essential amino acid (EAA) index, despite
lower overall protein content, while larger flocs contained
more crude protein and lipid. This indicates that not only
the quantity but also the particle size of biofloc can influ-
ence its nutritional quality. Santiago & Lovell (1988)
reported dietary requirements of approximately
5.0-5.5 g/kg for methionine, 12.0-13.0 g/kg for lysine, and
8.5-9.0 g/kg for isoleucine for juvenile tilapias. Given these
requirements, it remains uncertain whether biofloc alone
can provide sufficient essential amino acids to meet the
full nutritional needs of tilapias. While bioflocs may
supply useful amounts of some EAAs, there is insufficient
evidence to conclude that its amino-acid profile consis-
tently meets tilapia requirements.

Despite its potential, the nutritional profile of biofloc
cannot be considered consistent across systems. As Raza
et al. (2024) and Crab et al. (2012) emphasize, the proximate
and amino acid composition of biofloc biomass is highly
system-dependent. Consequently, while biofloc represents
a valuable supplementary source of protein and energy, it
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may not consistently meet the complete nutritional
requirements of tilapia, particularly with regard to lim-
iting amino acids like methionine. Regular system-specific
nutritional profiling is therefore essential, especially in
operations that aim to partially replace conventional feeds
with biofloc-derived nutrients.

1.3 Performance of tilapias under BFT

Multiple studies have confirmed the efficacy of BFT in
improving growth performance, feed utilization, and sur-
vival rates in tilapia culture. Ekasari et al. (2015), Khanjani
et al. (2020), and Abdel-Rahim et al. (2024) observed that
tilapia reared in BFT systems achieved comparable or
improved growth with diets reduced in protein content.
This is attributed to the microbial protein and nutrient
contribution from biofloc aggregates. Tilapia species
benefit from the dual role of biofloc as a water purifying
consortium and as a supplementary feed source. The
microbial biomass contributes significantly to nutrient
cycling and provides protein-rich aggregates that can be
consumed by the fish, thereby improving feed conversion
and reducing dependence on commercial feed inputs
(Crab et al., 2012; Ekasari et al., 2015). This internal recy-
cling of nitrogenous waste also reduces the environmental
impact of effluent discharge from aquaculture systems.
BFT systems have also demonstrated notable effects on
the immune response of tilapia. Several studies report
that the microbial-rich environment of biofloc enhances
both innate and adaptive immune responses in fish
(Emerenciano et al, 2017; Elayaraja et al, 2020). For
instance, Azim and Little (2008) observed increased lyso-
zyme activity and leukocyte counts in tilapia reared under
BFT conditions, both indicative of heightened immune
responsiveness. Similarly, Vargas-Albores et al. (2019)
reported elevated levels of immunoglobulin M (IgM) and
complement activity in tilapia fed biofloc-based diets.
These immunostimulatory effects are attributed to a range
of bioactive constituents present in the biofloc matrix.
Microbial components such as B-glucans, peptidoglycans,
and lipopolysaccharides stimulate innate immune
mechanisms in fish (El-Hawarry et al., 2021).
Additionally, the presence of probiotic bacteria (e.g.
Bacillus, Lactobacillus, and Pseudomonas spp.) modulates
gut microbiota, promotes intestinal health, and enhances
mucosal immunity. Nucleotides derived from microbial
biomass support immune cell proliferation and antibody
production, particularly during periods of stress or infec-
tion. Furthermore, poly-B-hydroxybutyrate (PHB), a micro-
bial storage polymer commonly found in biofloc, has been

shown to improve disease resistance and intestinal func-
tion. Biofloc also contains antioxidant enzymes such as
superoxide dismutase and catalase, which help mitigate
oxidative stress and maintain immune stability. Finally,
reduced pathogen loads due to competitive exclusion
and improved water quality in BFT systems further lower
stress levels and susceptibility to disease (Crab et al., 2012).
Together, these factors make BFT a promising approach
not only for sustainable production but also for immuno-
logical enhancement in tilapia aquaculture.

1.4 Economic viability and cost
implications of biofloc in tilapia
culture

The economic performance of BFT in tilapia culture hinges
on a balance between high initial investment and long-
term operational savings. One of the major capital costs
in BFT systems is the infrastructure for intensive aeration,
which may account for up to 30-60% of total energy costs
depending on system size and management (Cala-Delgado
etal., 2024). This is due to the constant aeration required to
maintain microbial floc in suspension and ensure high
water quality. In addition, carbon sources such as
molasses, sugarcane bagasse, or wheat bran must be con-
sistently added to maintain an optimal C:N ratio, repre-
senting an ongoing input cost of approximately
$0.05-$0.10 per kg of fish produced (Emerenciano et al.,
2017; Ekasari et al., 2015).

Despite these inputs, the cost of feed is often reduced
by 20-30% due to the nutritional contribution of the floc
biomass. Commercial feed typically comprises 50-70% of
operational costs in conventional tilapia farming; thus,
even modest feed savings significantly improve profit
margins (Crab et al., 2012; Kuhn et al.,, 2008). A study by
de Lima et al., (2018) estimated that BFT operations could
achieve an FCR improvement of 0.2-0.3 units, translating
into a feed savings of $120-$150 per ton of fish produced
under typical conditions.

Water use is significantly minimized in BFT systems
(near-zero exchange), which can reduce water costs by up
to 90% in regions where freshwater is expensive or scarce
(Wasielesky et al., 2006). Additionally, the stable microbial
environment reduces the incidence of disease outbreaks,
cutting down on veterinary expenses and antibiotic use.
For example, Serafini et al. (2025) reported a 30% decrease
in disease treatment costs in BFT tilapia farms compared
to conventional systems.

However, BFT may not be economically feasible for all
producers. Small-scale farmers may face barriers due to
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the upfront costs of installing aeration systems, biofloc
tanks, and real-time monitoring tools. The payback period
for capital investments typically ranges from 1 to 2 produc-
tion cycles (6-12 months), assuming efficient operation
and proper training (Hargreaves, 2013). A common factor
contributing to the failure of BFT systems is the lack of
detailed feasibility assessments and value chain analyses
prior to implementation. In many cases, systems have
been deployed without adequate consideration of recur-
ring costs such as electricity, labour, and skilled oversight,
or without alignment to local market conditions (Kuhn
et al., 2008; Wasielesky et al., 2006).

Several studies have highlighted that BFT is not uni-
versally profitable. For example, Piedrahita (2003) and
Avnimelech (2012) observed that in settings with high
energy costs or limited technical expertise, the complexity
of managing aeration, water quality, and solids

accumulation can outweigh the benefits derived from
feed or water savings. These findings highlight the impor-
tance of conducting site-specific economic evaluations and
ensuring adequate support systems are in place before
broadly promoting BFT, particularly among resource-lim-
ited producers.

Although BFT demands higher initial capital and tech-
nical expertise, it offers long-term economic benefits
through feed cost reduction, enhanced productivity, and
improved resource efficiency. When designed and oper-
ated efficiently, BFT can be a cost-effective and sustainable
strategy for intensifying tilapia aquaculture. Therefore,
BFT should be promoted as a potentially cost-effective
and sustainable strategy for intensifying tilapia aquacul-
ture, but only where feasibility assessments support its
implementation and producers are equipped to manage
its operational complexity.

Identification of studies for Meta-Analysis via databases

Figure 1. PRISMA flow chart for article selection for meta-analysis.
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2. Material and methods

2.1 Literature search and selection

A systematic literature search was conducted following

the Preferred Reporting Items for Systematic Reviews

and Meta-Analyses (PRISMA) guidelines using databases

including Google Scholar, Scopus, Web of Science, and

ScienceDirect. This comprehensive search aimed to iden-

tify relevant peer-reviewed studies on BFT in tilapia aqua-

culture published between 2004 and 2024. The detailed

search strategy utilized combinations of the following

keywords:

* “Biofloc technology” OR “BFT”

» “Tilapia culture” OR “Oreochromis niloticus” OR
“Oreochromis mossambicus”

» “Growth performance” OR “Feed conversion ratio (FCR)”
OR “Water quality”

Additionally, reference lists from selected studies
were manually reviewed to identify further relevant
publications potentially missed in the initial database
searches. All identified articles underwent an initial
screening based on their title and abstract to ensure their
relevance to the research objectives. The detailed process
of literature search, screening, and selection is illustrated
in Figure 1.

Table 1. Meta-analysis data sources

2.2 Eligibility criteria

Studies were included if they met the following criteria:

+ Evaluated the effects of BFT specifically on key perfor-

mance indicators including SGR, FCR, and survival rate

of tilapia species.

Clearly reported critical water quality parameters, particu-

larly nitrite (NO,), DO, and total ammonia nitrogen (TAN),

maintaining the C:N ratio within a range of 10:1-20:1.

Included both a control group and treatment group,

ensuring each group had replicates to guarantee statis-

tical reliability and experimental validity.

* Reported experimental outcomes quantitatively,

including mean values + standard deviation (SD).

Studies were excluded based on the following

criteria:

Insufficient methodological or statistical detail.

* Did not specifically employ a biofloc system.

Focused on species other than tilapia.

» Were review articles, conference proceedings, abstracts,
editorials, letters, or unpublished theses and dissertations.

2.3 Data extraction

Based on the criteria above, 12 articles were
selected. Relevant data extracted included authors,

Study Fish species Biofloc source C:N ratio Data extracted
Mirzakhani et al., (2019) Oreochromis niloticus Molasses; wheat flour 15:1; 20:1 SGR, FCR, survival rate, DO,
TAN, NO,~
Hisano et al., (2021) Oreochromis niloticus Sugar cane molasses 12:1 SGR, FCR, survival rate, DO
Long et al., (2015) Oreochromis niloticus Glucose 12:1 SGR, FCR, survival rate, DO,
TAN, NO,~
Hwihy et al., (2021) Oreochromis niloticus Molasses + rice bran 15:1 SGR, FCR, DO, TAN
Ekasari et al., (2015) Oreochromis niloticus Molasses 10:1 SGR, survival rate, DO, TAN, NO,~
Elayaraja et al., (2020) Oreochromis niloticus Jaggery powder 12:1; 15:1; 20:1 SGR, FCR, survival rate
Gurung et al., (2024) Oreochromis niloticus ~ Sugar; corn flour; rice bran; molasses 10:1 SGR*, FCR, survival rate, DO
Haraz et al., (2023) Oreochromis niloticus Molasses 10:1; 20:1 SGR, FCR, DO, TAN
Garcia-Rios et al., (2019) Oreochromis niloticus Corn flour; sugar; wheat flour 12:1 SGR, FCR, survival rate, DO, TAN, NO,~
de Lima et al., (2018) Oreochromis niloticus Sugar; liquid molasses; molasses 15:1 SGR, FCR, survival rate, DO,
powder TAN, NO,~
Pérez-Fuentes et al., (2018) Oreochromis niloticus Liquid molasses 10:1 SGR*, FCR, survival rate, DO, NO,~
Rind et al., (2023) Oreochromis niloticus Sugarcane molasses; tapioca powder 15:1 SGR*, FCR, Survival rate, DO, NO,~

*SGR calculated from daily average gain or weight gain %.
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Std. Mean Difference Std. Mean Difference

Study SMD SE Weight IV, Random, 95% CI IV, Random, 95% CI
Mirzakhani et al. (1) 7.8961 0.7657 2.6% 7.90[6.40; 9.40] Iﬂ
Mirzakhani et al.(2) 13.8182 1.2876 2.3% 13.82[11.29;16.34]  + |
Mirzakhani et al.(3) 13.8182 1.2876 2.3% 13.82[11.29;16.34] [+ |
Mirzakhani et al.(4) 1657922 1.4646 2.1% 15.79[12.92;18.66]
Mirzakhani et al. (5) 256623 2.3568 1.6% 25.66[21.04;30.28] -
Mirzakhani et al. (6) 138182 1.2876 2.3% 13.82[11.29;16.34] [+ ]
Mirzakhani et al. (7) 11.8442 11116 2.4% 11.84[9.67;14.02 [+
Mirzakhani et al. (8) 59221 05991 27% 5.92[4.75; 7.10] ]
Mirzakhani et al. (9) 11.8442 1.1116 2.4% 11.84[9.67;14.02]
Mirzakhani et al. (10) 19.7403 1.8204 19% 19.74[16.17,23.31] i
Hisano et al 24401 0.3302 27% 244[1.79; 3.09]

Hwihy et al 06878 0.2101 2.8% 0.69[0.28; 1.10]

Long et al 75574 04253 27% 7.56[6.72; 8.39]

Ekasari et al 1.0795 0.1954 28% 1.08[0.70; 1.46]

Elayaraja et al (1) 7.2269 0.5010 2.7% 7.23[6.25; 8.21]

Elayaraja et al (2) 8.1795 0.5587 2.7% 8.18[7.08; 9.27]

Elayaraja et al (3) 9.5554 0.6433 2.6% 9.56[8.29;10.82]

Gurung et al (1) 73.8136 3.0156 1.2% 73.81[67.90;79.72]

Gurung et al (2) 40.8967 1.6736 2.0% 40.90[37.62; 44.18]

Gurung et al(3) 60.8463 2.4867 1.5% 60.85[55.97;65.72]

Gurung et al (4) 84.7859 3.4633 1.0% 84.79[78.00;91.57]

Haraz et al(1) 48181 0.2550 2.8% 4.82[4.32; 5.32)

Haraz et al(2) 7.7615 03771 27% 7.76[7.02; 8.50]

Haraz et al(3) 37128 02130 2.8% 3.71[3.30; 4.13]

Haraz et al(4) 1.8133 0.1534 28% 1.81[1.51; 2.11]

Haraz et al(5) 27524 01801 2.8% 2.75[2.40; 3.11]

Haraz et al(6) 27370 01796 2.8% 2.74[2.38; 3.09]

Garcia-Rios et al (1) -3.1932 0.0711 2.8% -3.19[-3.33; -3.05]

Garcia-Rios et al (2) 2.0318 0.0580 2.8% 2.03[1.92; 2.15]

Garcia-Rios et al (3) 1.0080 0.0500 28% 1.01[0.91; 1.11]

Rodrigues de Lima et al(1) -2.2214 0.1608 28% -2.22[-2.54;-1.91]
Rodrigues de Lima et al (2) -4.2057 0.2262 2.8% -4.21[-4.65, -3.76]
Rodrigues de Lima et al (3) -1.2763 0.1389 2.8% -1.28[-1.55; -1.00]
Perez-Fuentes et al (1) 0.6661 0.0669 2.8% 0.67[0.53; 0.80]
Perez-Fuentes et al (2) 0.5652 0.0665 2.8% 0.57[0.43; 0.70]
Perez-Fuentes et al (3) 0.0000 0.0652 2.8% 0.00[-0.13; 0.13]
Perez-Fuentes et al(4) -4.1198 01151 2.8% -4.12[-4.35; -3.89]
Perez-Fuentes et al (5) -6.7674 01690 2.8% -6.77[-7.10; -6.44]

Rind et al (1) 12902 01795 2.8% 1.29[0.94; 1.64]
Rind et al (2) 0.6497 0.1676 2.8% 0.65[0.32; 0.98]
Total (95% CI) 100.0% 7.70 [ 6.83; 8.58]

Heterogeneity: Tau® = 7.1295; Chi’ = 13421.50, df = 39 (P = 0); I’ = 99.7%
-50 0 50
Figure 2. Forest plot showing the SMD for SGR of tilapia cultured under BFT compared to control systems.

publication year, species of tilapia, water quality 2.4 Data analysis

parameters, growth performance metrics (SGR, FCR,

survival rate), carbon sources used, and C:N ratios A meta-analysis was performed using R software version
(Table 1). 4.3.0 with meta and metafor packages to evaluate the
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Figure 3. Baujat plot identifying influential studies contributing to heterogeneity in the SGR meta-analysis.

overall impact of BFT on tilapia growth performance para-
meters and water quality parameters. Standardized mean
differences (SMD) and 95% confidence intervals (CIs) were
computed to quantify the differences between biofloc
treatment groups and control groups. The I statistic was
calculated to assess heterogeneity among studies. Baujat
plots were also generated to identify specific studies
exerting significant influence on the overall effect size
and heterogeneity. Publication bias was visually assessed
through funnel plots, and Egger’s regression test was per-
formed statistically to detect asymmetry indicative of
potential bias. A subgroup analysis was also conducted
to evaluate the effect of C:N ratio on BFT performance.
Studies were categorized into three groups: low (10:1),
medium (12:1-15:1), and high (20:1) based on the range of
C:N ratio reported in the included studies. Subgroup ana-
lyses were performed for FCR, SGR, nitrite (NO,"), and

TAN. Significant differences in subgroups were evaluated
using chi-square () test.

3. Results and discussion

3.1 Growth performance
3.11 SGR

The meta-analysis showed significant positive effects of
BFT on growth performance in tilapia culture. The overall
SMD for SGR was 7.70 (95% CI: 6.83-8.58; Figure 2). This
indicates that tilapia reared under BFT exhibited higher
growth rates compared to the control. This result is con-
sistent with Garcia-Rios et al. (2019) and Azim and Little




Review and meta-analysis of biofloc technology in
tilapia culture

170

SGR

0.0
1

1.0

Standard Error

20
1

3.0

35
|

Egger's Test:
Intercept = 11.3239

t=3.07
P value = 0.0039

T T T
40 60 80

Effect size (SMD)
Figure 4. Funnel plot assessing potential publication bias in studies reporting SGR under BFT.

(2008) who reported enhanced growth of O. niloticus in
BFT systems and attributed it to improved feed utilization,
water quality, and microbial protein supplementation.
The level of heterogeneity was > = 99.7% (P < 0.00001).
High heterogeneity is often attributed to differences in
system design, microbial community composition, feeding
strategies, stocking densities, and carbon source manage-
ment of the selected studies (Ekasari et al., 2014; Khanjani
et al., 2020).

Furthermore, the Baujat plot identified the study by
Garcia-Rios et al. (3) as a highly influential study con-
tributing to overall heterogeneity (Figure 3). The posi-
tion of Garcia-Rios et al. (3) in the top-right quadrant of
the Baujat plot indicates that this study not only had
large, standardized residuals but also exerted a strong
influence on the meta-analysis summary effect. This
may stem from several factors, including large sample
sizes, extreme effect sizes, or methodological

differences relative to other included studies (Baujat
et al,, 2002). In the current study, Garcia-Rios et al.
(2019) had the highest sample size followed by Pérez-
Fuentes et al. (2018).

The Egger’s test detected significant publication bias
(intercept = 11.32, p = 0.0039) as shown in the funnel plots
(Figure 4). The bias shows that studies with neutral or
negative SGR results may be underreported, potentially
exaggerating the perceived effect of BFT on growth.
Dwan et al. (2013) reported that publication bias is often
driven by editorial preferences to publish statistically sig-
nificant outcomes. Therefore, researchers may be less
inclined to report studies where there is no improvement
under BFT.

The positive growth performance of tilapias in BFT can
be attributed to the euryphagous feeding habits of tilapias,
tilapias are both particulate feeders and filter feeders and
thus they can use the particulate feed items in the biofloc
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Mirzakhani et al.(3) -31.5844 2.8948 1.6%
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Mirzakhani et al.(7) -26.6494 2.4464 1.9%
Mirzakhani et al.(8) -31.5844 2.8948 1.6%
Mirzakhani et al. (9) -27.6364 2.5360 1.8%
Mirzakhani et al.(10) -38.4935 3.5234 1.3%
Hisano et al -2.2473 0.3193 2.8%
Hwihy et al -1.4880 0.2306 2.8%
Long et al -6.2346 0.3608 2.8%
Rind et al (1) -0.7705 0.1693 2.9%
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Rodrigues de Lima etal (1) 1.8655 0.1516 2.9%
Rodrigues de Lima etal (2) 1.8355 0.1509 2.9%
Rodrigues de Lima etal (3) 1.0149 0.1346 2.9%
Elayaraja et al (1) -8.7908 0.5961 2.8%
Elayaraja et al (2) -8.7620 0.5943 2.8%
Elayaraja et al (3) -15.6071 1.0238 2.6%
Perez-Fuentes et ai (1) -1.1171 0.0701 2.9%
Perez-Fuentes et al (2) -9.4924 0.2282 2.8%
Perez-Fuentes et al (3) -5.0579 01335 2.9%
Perez-Fuentes et al (4) -15.2849 0.3581 2.8%

Perez-Fuentes et al (5) -15.9872 0.3740 2.8%

Total (95% Cl) 100.0%

-2.63[-2.97; -2.28]
0.34[ 0.25; 0.43]
-1.32[-1.43; -1.22]
6.40[ 6.17; 6.63]
1.87[ 1.57, 2.16]
1.84[ 1.54; 2.13]
1.01[ 0.75; 1.28]
-8.79[-9.96; -7.62]
-8.76 [ -9.93; -7.60]
15.61 [-17.61; -13.60]
-1.12[-1.25; -0.98]
-9.49 [ -9.94; -9.05]
-5.06 [ -5.32; -4.80]
-15.28 [-15.99; -14.58] ;
-15.99 [-16.72; -15.25]
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Figure 5. Forest plot showing the SMD for FCR in tilapia under BFT compared to conventional culture systems.

and also filter feed on the plankton and microorganisms
on the biofloc (Bowen, 1982; Long et al., 2015). Further-
more, tilapias can feed from the surface, middle water
column, and the bottom. These feeding habits strategy
makes it easy for tilapias to access biofloc, which may be
found at any depth in the BFT production system. Unlike
tilapias, fastidious eaters (e.g. rainbow trout) cannot be

cultured in BFT because they are stenophagous and have
a very restricted diet. In addition, these species tend to be
more sensitive to the elevated turbidity and dynamic
microbial communities characteristic of BFT systems,
conditions that often compromise performance and sur-
vival in such highly intensive and variable culture
environments.
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Figure 6. Baujat plot indicating studies with disproportionate influence on heterogeneity in the FCR meta-analysis.

3.1.2 FCR

Similarly, FCR was significantly improved in tilapia cul-
tured under BFT systems, with an overall SMD of -8.39
(95% CI: —9.49 to -7.29) (Figure 5). This negative SMD indi-
cates that tilapia in BFT systems required substantially less
feed per unit of biomass gain compared to those in con-
ventional systems. Such improved feed efficiency is a key
economic and ecological advantage of BFT, aligning with
the microbial contributions to protein recycling and
enhanced digestion (Emerenciano et al, 2013). These
microbial communities, stimulated by added carbon
sources, help convert waste nitrogen into microbial bio-
mass, which in turn becomes a supplementary protein
source for the fish (Crab et al., 2012; Avnimelech, 1999).
However, it must be noted that of all the studies selected

for meta-analysis, only three reported the proximate com-
position of biofloc, and only the study by Elayaraja et al.
(2020) provided a detailed amino acid profile. This high-
lights a major gap in current understanding regarding the
actual nutritional contribution of biofloc to fish
performance.

Heterogeneity across studies was very high (% =
99.8%). The Baujat plot again highlighted Garcia-Rios
et al. (1) and Pérez-Fuentes et al. (5) as dominant outliers
(Figure 6). Again, the influence of these studies to hetero-
geneity is likely due to the large sample sizes.

Egger’s test showed a statistically significant intercept
(-15.76, p = 0.0001), confirming publication bias
(Figure 7). This suggests that studies with no change or
worsened FCR under BFT are likely underrepresented in
the literature.
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Figure 7. Funnel plot examining asymmetry and potential publication bias for FCR studies.

3.1.3 Survival rate

Survival rates were also positively affected by the implemen-
tation of BFT, with a pooled SMD of 3.09 (95% CI: 2.18-3.99)
(Figure 8), indicating that tilapia in BFT systems experienced
significantly higher survivability. This benefit is likely due to
improved water quality, enhanced immune response, and
the prebiotic and probiotic effects of microbial aggregates
in biofloc systems (El-Hawarry et al.,, 2021; Xu & Pan, 2012).
Stable water parameters, particularly lower ammonia and
nitrite levels, contribute to reduced stress and mortality,
while constant ingestion of microbial flocs may enhance
gut health and innate immunity (Crab et al., 2012).
Heterogeneity was again high (I* = 99.7%), with Pérez-
Fuentes et al. (3) and Garcia-Rios et al (2) exerting strong
influence on the overall heterogeneity, and Garcia-Rios
et al. (2) influencing the overall effect size (Figure 9). These

studies may differ in methodology, culture duration, or
fish health status at the start of the trials.

Egger’s test revealed significant publication bias (inter-
cept = 21.26, P = 0.0012) (Figure 10), suggesting that studies
reporting no survival benefit may be underrepresented in
the published literature.

The results of the meta-analysis confirm the consistent
improvement of growth performance parameters under
BFT systems compared to conventional culture methods.
Across the reviewed studies, BFT was associated with sig-
nificantly higher SGR and survival rate, alongside lower
FCR values, indicating enhanced feed efficiency and bio-
mass gain (Khanjani et al.,, 2020; Emerenciano et al., 2017).
These results highlight the biological advantages conferred
by the microbial loop, where heterotrophic bacteria convert
nitrogenous waste into microbial protein, which is subse-
quently consumed by tilapia (Avnimelech, 2015; Ekasari
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Ekasari et al 21128 02279 4.8% 2.11[1.67; 2.56]
Elayaraja et al (1) 3.2432 02778 47% 3.24[2.70; 3.79]
Elayaraja et al (2) 21775 02304 4.8% 2.18[1.73; 2.63]
Elayaraja et al (3) 45865 0.3478 47% 4.59[3.90; 5.27] 1
Gurung et al (1) 9.4715 0.4035 46% 9.47[8.68; 10.26] : B
Gurung et al (2) 47724 02265 4.8% 4.77[4.33; 5.22]
Gurung et al(3) 5.4411 02504 4.7% 5.44[4.95 5.93] :
Gurung et al (4) 7.6949 03347 47% 7.69[7.04; 8.35]
Garcia-Rios et al (1) 0.0000 0.0471 4.8% 0.00 [-0.09; 0.09] :
Garcia-Rios et al (2) -0.4170 0.0477 4.8% -0.42[-0.51;-0.32]

Garcia—-Rios et al (3) 0.7355 0.0487 4.8% 0.74[0.64; 0.83]

Rodrigues de Lima et al(1) -0.2784 0.1274 4.8% -0.28[-0.53; -0.03]

Rodrigues de Lima et al (2) -0.4646 0.1285 4.8% -0.46[-0.72;-0.21] :
Rodrigues de Lima et al (3) -1.3301 0.1399 4.8% -1.33[-1.60; -1.06]
Perez-Fuentes et al (1) 43263 01191 4.8% 4.33[4.09; 4.56]
Perez-Fuentes et al (2) 43779 01201 48% 4.38[4.14; 461] ] -
Perez-Fuentes et al (3) 7.6053 01869 4.8% 7.61[7.24; 7.97] :
Perez-Fuentes et al(4) 3.3507 01010 4.8% 3.35[3.15; 3.55]
Perez-Fuentes et al (5) 3.5664 0.1049 4.8% 3.57[3.36; 3.77]

Rind et al (1) 1.3863 0.1819 48% 1.39[1.03; 1.74] :

Rind et al (2) 2.8447 02316 4.8% 2.84[2.39; 3.30]

Total (95% CI) 100.0%  3.09 [ 2.18; 3.99] -
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Figure 8. Forest plot presenting the effect of BFT on survival rate of tilapia compared to control systems.

et al., 2014). This microbial supplementation reduces reli-
ance on commercial feed, which is often the most signif-
icant cost component in tilapia production, thereby
improving the overall cost-efficiency. However, the mag-
nitude of improvement in each parameter was not uni-
form across studies, suggesting that these gains are
highly sensitive to variations in system management,
stocking density, and environmental control (Raza
et al., 2024; Serafini et al.,, 2025). Overall, while the
meta-analysis confirms the biological potential of BFT
to enhance tilapia growth, achieving consistent outcomes
at scale remains dependent on rigorous operational con-
trol and context-specific adaptation.

3.2 Water quality parameters
3.21 DO

The meta-analysis revealed a significantly reduced con-
centration of DO in BFT systems compared to conventional
culture systems, with a pooled SMD of -9.15 (95% CI: —14.18
to —4.11) (Figure 11). This decrease reflects the inherent
oxygen-intensive nature of heterotrophic microbial

activity central to biofloc formation and maintenance
(Avnimelech, 1999). The oxidation of organic carbon added
to stimulate microbial growth dramatically increases bio-
logical oxygen demand (BOD), especially in systems with
high stocking densities and limited water exchange (Emer-
enciano et al., 2012).

The depletion of DO in BFT systems has significant
implications for fish health and system design. DO levels
below 4 mg/L can induce stress and affect growth and
immunity in tilapia (Martins et al., 2017). Although BFT
systems had low DO concentrations compared to the con-
trol, all concentrations were above 5mg/L except for de
Lima et al., (2018) where the lowest DO was 4.49 mg/L.
These DO concentrations are within the limits for the
growth of tilapias. Consequently, aeration becomes the
most energy-intensive component of BFT, accounting for
over 40-60% of total energy usage in some cases (Li et al.,
2025). Aeration capacity must therefore be scaled appro-
priately to microbial load and feeding rate, particularly
during peak respiration periods (e.g. night).

The heterogeneity for DO was high (2 = 99.4%), influ-
enced by Garcia-Rios et al. (2 and 3) and Haraz et al. (2 and
3) influencing the overall effect size (Figure 12), which may
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Figure 9. Baujat plot identifying studies contributing most to heterogeneity in survival rate outcomes.

have used different aeration schemes or had higher
organic loading.

Egger’s test indicated significant bias (intercept =
13.32, P = 0.0001) (Figure 13), suggesting a possible
publication tendency towards studies reporting sharp
DO declines. Underreported studies with efficient
aeration and minimal DO loss may exist but are not
adequately represented in the meta-analytic dataset. It
is recommended that continuous DO monitoring
and automated aeration control systems be imple-
mented as they are crucial in BFT operations. This can
help maintain DO above critical thresholds (Azim &
Little, 2008). Furthermore, regulating feeding and
carbon input can indirectly modulate microbial oxygen
demand.

3.2.2 Nitrite (NO,)

Nitrite levels were significantly higher in BFT systems
compared to the controls with SMD = 4.72 (95% CI:
0.13-9.32) (Figure 14), reflecting challenges in microbial
nitrification balance. In theory, biofloc systems support
robust nitrifying microbial consortia, but in practice,
early-stage or stressed floc environments often result in
incomplete conversion of ammonia to nitrate, leading to
nitrite accumulation (Ekasari et al., 2014). Nitrite is a
known toxicant in tilapia culture due to its ability to inter-
fere with haemoglobin function leading to “brown blood
disease” (Jensen, 2003). The tilapia’s relative resistance to
nitrite compared to other species such as salmonids may
partly buffer the impact, but sustained exposure can still
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Figure 10. Funnel plot evaluating potential publication bias in survival rate studies.

cause sub-lethal stress and impaired immunity (El-
Hawarry et al., 2021). Recommended or nitrite limits in
tilapia culture are 0.05mg/L (Timmons & Ebeling, 2010).
The highest nitrite recorded was in the study by Garcia-
Rios et al. (2019) at 5.05 mg/L.

The heterogeneity for nitrite was also high (% = 97.4%)
and largely influenced by De Lima et al. (2) and Long et al.
(2015), while Mirzakhani et al. (7 and 8) influenced the
overall effect size (Figure 15).

Unlike DO, Egger’s test showed no significant bias
(intercept = 1.56, P = 0.3450) as illustrated in the funnel
plot (Figure 16), suggesting more balanced representation
of nitrite outcomes across studies. To prevent nitrite
spikes, BFT systems should incorporate mature inoculant
rich in nitrite-oxidizing bacteria (NOB) or use commercial
bioaugmentation products. Maintaining optimal C:N ratios

(typically 15:1-20:1 for heterotrophic dominance) and
system alkalinity (>100 mg/L CaCOs) also support complete
nitrification pathways (Avnimelech & Kochba, 2009; Crab
et al.,, 2007).

3.2.3 TAN

The pooled estimate for TAN showed a significant increase
under BFT (SMD = 6.67; 95% CIL: —-3.60 to 16.94) (Figure 17),
with wide CIs indicating uncertainty and variability. In
well-managed systems, ammonia is rapidly assimilated
by heterotrophic microbes and converted into microbial
protein. However, fluctuations in feeding, carbon input, or
microbial community structure can lead to temporary
ammonia accumulation (Ekasari et al., 2015). Elevated
TAN is a critical concern in intensive aquaculture due to
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Mirzakhani et al. (1) 2019 -11.1111 1.0466 2.7%
Mirzakhani et al.(2) 2019 -11.1111 1.0466 2.7%
Mirzakhani et al.(3) 2019 -4.4444 0.4808 2.7%
Mirzakhani et al.(4) 2019 -6.6667 0.6611 2.7%
Mirzakhani et al. (5) 2019 -4.4444 04808 2.7%
Mirzakhani et al. (6) 2019 -4.4444 0.4808 2.7%
Mirzakhani et al. (7) 2019 -11.1111 1.0466 2.7%
Mirzakhani et al. (8) 2019 -8.8889 0.8515 2.7%
Mirzakhani et al. (9) 2019 -6.6667 0.6611 2.7%
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Hisano et al 2021 -1.4649 0.2815 2.7%
Hwihy et al 2021 -0.1674 0.2045 2.7%
Long et al 2015 -11.3137 0.6146 2.7%
Ekasari et al 2015 -0.3430 0.1838 2.7%
Gurung et al (1) 2024 0.0000 0.0861 2.7%
Gurung et al (2) 2024 0.0000 0.0861 2.7%
Gurung et al(3) 2024 84432 0.2710 2.7%
Gurung et al (4) 2024 -1.4072 0.0961 2.7%
Haraz et al(1) 2023 -45.0000 2.0580 2.7%
Haraz et al(2) 2023 -60.0833 2.7455 2.6%
Haraz et al(3) 2023 -59.4508 2.7166 2.6%
Haraz et al(4) 2023 -19.2216 0.8868 2.7%
Haraz et al(5) 2023 -33.9945 1.5570 2.7%
Haraz et al(6) 2023 -18.3106 0.8457 2.7%
Garcia—Rios et al (1) 2019 0.0087 0.0471 2.7%
Garcia—Rios et al (2) 2019 0.0172 0.0471 27%
Garcia-Rios et al (3) 2019 0.0260 0.0471 27%
Rodrigues de Lima etal(1) 2018 -0.7008 0.1306 2.7%
Rodrigues de Lima etal (2) 2018 -0.8220 0.1320 2.7%
Rodrigues de Lima etal (3) 2018 -0.4741 0.1285 2.7%
Perez-Fuentes et al (1) 2018 0.1191 0.0652 2.7%
Perez-Fuentes et al (2) 2018 03012 0.0655 2.7%
Perez-Fuentes et al (3) 2018 0.3045 0.0655 2.7%
Perez-Fuentes et al(4) 2018 0.4873 0.0661 2.7%
Perez-Fuentes et al (5) 2018 0.8212 0.0678 2.7%
Rind et al (1) 2023 -17.7840 1.0397 2.7%
Rind et al (2) 2023 -0.0411 0.5468 2.7%
Total (95% ClI) 100.0%
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Figure 11. Forest plot showing the effect of BFT on DO levels in tilapia culture systems.

its role in gill irritation, osmoregulatory dysfunction, and
reduced oxygen-carrying capacity (Martins et al.,, 2017). In
BFT systems, temporary increases in TAN often occur
during start-up phases, overfeeding, or when microbial
communities are destabilized by water quality stressors
(e.g. low alkalinity or sudden temperature drops).

The heterogeneity for TAN was also high (I* = 97.9%).
The heterogeneity was mostly influenced by the study by
De Lima et al. (3) while the overall effect size was influ-
enced by the studies by Mirzakhani et al. (1-6) and Haraz

et al. (1-5) (Figure 18). The study by de Lima et al., (2018)
had the highest TAN values, which probably explains the
study’s influence on heterogeneity.

Despite the variability, Egger’s test indicated no pub-
lication bias (intercept = 0.61, P = 0.7293) (Figure 19),
suggesting a realistic portrayal of TAN dynamics across
studies. Stabilizing TAN in BFT systems requires consistent
carbon dosing, preferably using slow-release sources (e.g.
molasses, rice bran), and maintaining strong microbial
assimilation. System maturation over time (4-6 weeks)
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Figure 12. Baujat plot highlighting studies with the greatest influence on heterogeneity in DO outcomes.

typically reduces TAN variability. Farmers should also
monitor pH and alkalinity, which are essential for both
microbial health and nitrogen cycling.

The water quality outcomes of the present meta-ana-
lysis highlight both the potential and operational chal-
lenges of BFT in tilapia culture. BFT systems increased
TAN concentrations and nitrite levels suggesting that
nitrogen assimilation is highly sensitive to system
maturity and management consistency (Alkhamis et al.,
2023). DO concentrations were consistently lower in BFT
treatments, reflecting the high oxygen demand associated
with heterotrophic microbial activity (Khanjani et al,
2024; Emerenciano et al,, 2017). These findings reinforce
that, while BFT improves nutrient recycling, it imposes a
higher dependency on stable aeration infrastructure and
technical oversight.

In Africa, unreliable energy infrastructure and the
high aeration demands of BFT, often exceeding 40% of
total energy use, pose a major barrier to its adoption
(Ogello et al., 2021; Li et al, 2025). While TAN control
remains a theoretical advantage of BFT through microbial
assimilation, the present meta-analysis indicates that TAN
increased significantly in BFT systems across studies, and
nitrite accumulation in some cases further reflects poor
floc stability during the initial 4-6 weeks, a period critical
for system maturation (Xu et al., 2025). The success of BFT
in tilapia farming thus depends on consistent C:N ratio
balancing, alkalinity management, and technical compe-
tence (Avnimelech, 2015; Crab et al., 2012). Furthermore,
the meta-analysis confirms that BFT is not a “one-size-fits-
all” solution, but a biological ecosystem whose success
depends on microbial succession, energy stability, and



Mmaditshaba M. Rapatsa-Malatji and Ngonidzashe A. G. Moyo

DO
o |
o
Egger's Test:
Intercept = 13.3230 °
t=-6.42
P value = 0.0001
o |
o
o
©
e
- °
g
I}
4
o
2
s v _|
b - °
o _|
o~
o
0
N
°O
T T T T T T T T
-60 -50 -40 -30 -20 -10 0 10

Standardised Mean Difference
Figure 13. Funnel plot assessing asymmetry and potential publication bias for DO studies.

farmer competence. Thus, examination of varying C:N
ratios is warranted to clarify how carbon input levels
affect tilapia performance.

3.3 Subgroup analysis on C:N ratio
3.3.1 SGR

Subgroup analysis revealed that SGR was significantly
improved across all C:N ratio categories when compared
to controls (Figure 20). The high C:N ratio group exhibited
the greatest improvement (SMD = 8.73; 95% CI: 4.84-12.62),
followed by the medium group (SMD = 5.24; 95% CL:
1.72-8.75). The low C:N ratio group recorded the highest
effect size (SMD = 20.50), but this result was associated
with wide CIs (95% CI: 2.93-38.08), reflecting variability
and limited study representation in this category. Although

differences in magnitude were observed, the test for sub-
group differences was not statistically significant (y* = 3.99,
df = 2, P = 0.136), suggesting that while BFT consistently
improves growth across all C:N ratio levels, the degree of
improvement may be context specific. These findings reaf-
firm that carbon supplementation enhances microbial pro-
tein availability, supporting improved growth in tilapia
(Avnimelech & Kochba, 2009; Emerenciano et al., 2017).

3.3.2 FCR

FCR outcomes demonstrated a strong dependence on C:N
ratio (Figure 21). All groups reported significant improve-
ments over the control, with the most pronounced reduc-
tion in the high C:N ratio group (SMD = -18.25; 95% CL:
—27.08 to —9.41). This was followed by the medium group
(SMD = -9.02; 95% CI: —15.24 to -2.79), and the low group
(SMD = -6.56; 95% CI: —9.27 to —3.86). The test for subgroup
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Std. Mean Difference Std. Mean Difference

Study SMD SE Weight
Mirzakhani et al. (1) 2019 23.2558 3.3814 3.0%
Mirzakhani et al.(2) 2019 18.6047 2.7162 3.1%
Mirzakhani et al.(3) 2019 23.2558 3.3814 3.0%
Mirzakhani et al.(4) 2019 18.6047 2.7162 3.1%
Mirzakhani et al. (5) 2019 46512 0.7857 3.2%
Mirzakhani et al. (6) 2019 41.8605 6.0558 2.6%
Mirzakhani et al. (7) 2019 37.2093 5.3862 2.7%
Mirzakhani et al. (8) 2019 41.8605 6.0558 2.6%
Mirzakhani et al. (9) 2019 13.9535 2.0550 3.1%
Mirzakhani et al. (10) 2019 9.3023 1.4034 3.2%
Hwihy et al 2021 -0.8381 0.2607 3.2%
Long et al 2015 -3.0590 0.2196 3.2%
Ekasari et al 2015 5.0008 0.5001 3.2%
Haraz et al(1) 2023 -5.0000 0.7676 3.2%
Haraz et al(2) 2023 -8.0000 1.1339 3.2%
Haraz et al(3) 2023 -6.0000 0.8864 3.2%
Haraz et al(4) 2023 -7.0711 1.0177 3.2%
Haraz et al(5) 2023 -8.4853 1.1952 3.2%
Haraz et al(6) 2023 -4.0000 0.6547 3.2%
Garcia—-Rios et al (1) 2019 -1.7844 0.4827 3.2%
Garcia-Rios et al (2) 2019 -1.2615 0.4470 3.2%
Garcia-Rios et al (3) 2019 0.1484 0.4088 3.2%
Rodrigues de Lima et al(1) 2018 -0.3316 0.1390 3.2%
Rodrigues de Lima et al (2) 2018 -0.3813 0.1393 3.2%
Rodrigues de Lima etal (3) 2018 0.2568 0.1386 3.2%
Perez-Fuentes et al (1) 2018 -0.8398 0.2066 3.2%
Perez-Fuentes et al (2) 2018 -0.9293 0.2084 3.2%
Perez-Fuentes et al (3) 2018 -0.9784 0.2095 3.2%
Perez-Fuentes et al(4) 2018 -0.9427 0.2087 3.2%
Perez-Fuentes et al (5) 2018 -0.9778 0.2095 3.2%
Rind et al (1) 2023 -9.4216 0.8980 3.2%
Rind et al (2) 2023 -5.4489 0.5604 3.2%
Total (95% CI) 100.0%
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Figure 14. Forest plot presenting the effect of BFT on nitrite (NO,) concentrations in tilapia culture systems.

differences was statistically significant (y* = 6.25, df =2, P =
0.044), confirming that increased carbon availability
enhances the efficiency of microbial assimilation and
feed utilization. This aligns with previous findings that
heterotrophic microbial communities formed under high
C:N ratio conditions contribute significantly to feed recy-
cling and reduced reliance on commercial feed inputs
(Crab et al., 2012; Ekasari et al., 2014).

3.3.3 Nitrite (NO,)

Nitrite concentrations were strongly influenced by C:N
ratio (Figure 22). The high C:N ratio group recorded a

substantial increase in nitrite levels (SMD = 21.72; 95%
CI: 6.57-36.88), indicating potential suppression of NOB
due to oxygen competition in heavily carbon-loaded sys-
tems. In contrast, the medium group showed a moderate
elevation (SMD = 3.82; 95% CI: —1.24 to 8.80), while the low
group exhibited a slight decrease in nitrite (SMD = -1.93;
95% CI: —-4.29 to 0.44). These findings reflect challenges
in maintaining microbial nitrification balance under
fluctuating C:N ratio conditions. The test for subgroup dif-
ferences was significant (Xz = 1245, df = 2, P = 0.002),
emphasizing the need for aeration management and
microbial stability when operating BFT systems under
high carbon input regimes. Nitrite accumulation under
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Figure 15. Baujat plot highlighting influential studies contributing to heterogeneity in NO, outcomes.

high C:N ratio conditions has been widely reported and
may lead to sublethal stress in tilapia if not properly miti-
gated (Ekasari et al,, 2014; El-Hawarry et al., 2021).

3.3.4 TAN

TAN concentrations displayed a bimodal pattern across
subgroups (Figure 23). The low C:N ratio group exhibited
the greatest reduction in TAN (SMD = -23.24; 95% CL:
—-37.60 to —-8.89). However, the high group experienced
a significant increase in TAN (SMD = 13.04; 95% CI:
-10.03 to 36.11) followed by the medium group (SMD =
11.17; 95% CI: 2.71-19.63). These trends suggest that both
heterotrophic assimilation and autotrophic nitrification
(under low C:N) can effectively regulate TAN levels,
whereas high-range ratios may result in transitional
microbial states with less efficient nitrogen processing.

The test for subgroup differences was highly significant
(> = 17.14, df = 2, P = 0.0002), reinforcing that effective
TAN management in BFT requires C:N ratio alignment
with system objectives and microbial composition. These
findings are consistent with previous observations that
stable nitrogen cycling is achieved through either strong
heterotrophic dominance or complete autotrophic path-
ways, both of which are sensitive to carbon input consis-
tency and system maturity (Kumar et al., 2024; Crab
et al., 2012).

The results of the subgroup analysis affirm that C:N
ratio is a critical determinant of performance in BFT
systems. While higher C:N ratios were associated with
improved FCR and SGR, they also resulted in elevated
nitrite and TAN levels, likely due to oxygen limitation
and delayed nitrification. Conversely, lower C:N ratios
provided better TAN and nitrite control but yielded lower
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Figure 16. Funnel plot evaluating asymmetry and potential publication bias in NO, studies.

growth and high feed efficiency outcomes. These findings

suggest that BFT performance can be optimized through

context-specific C:N ratio variation, balancing microbial

protein production with stable water quality. Therefore,

an effective BFT system design should consider the

following:

* Continuous aeration scaled to microbial load and
carbon input,

* Real-time monitoring of nitrite, TAN, DO, and pH, and

* Strategic adjustment of C:N ratio to match growth phase,
stocking density, and feeding rate.

Overall, these results reinforce that C:N ratio is not
only a key operational parameter but also a powerful
lever for customizing BFT systems to diverse farming con-
ditions, particularly in regions with variable infrastruc-
ture and environmental constraints.

4. Limitations of the study

The SDs in all the studies were very small, and this led to
large SMDs. The problem was further compounded by the
small sample size that we worked with. The selection cri-
teria used to identify the different studies were quite rig-
orous and it follows the criteria that are normally used to
identify meta-analysis studies. Thus, it was not possible to
increase the sample size through adjustment of the selec-
tion criteria.

One of the advantages of BFT is the enhanced fish
immunity. Many studies have shown that biofloc has
many bioactive compounds. It was not possible in this
study to carry out meta-analysis on any of the bioactive
compounds as only two studies (based on the selection
criteria) looked at tilapia immunity in BFT.
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Std. Mean Difference
IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

Study SMD SE Weight
Mirzakhani et al. (1) 2019 34.6875 5.0233 3.9%
Mirzakhani et al.(2) 2019 37.8125 5.4730 3.9%
Mirzakhani et al.(3) 2019 34.6875 5.0233 3.9%
Mirzakhani et al.(4) 2019 28.4375 41249 4.0%
Mirzakhani et al. (5) 2019 25.3125 3.6763 4.0%
Mirzakhani et al. (6) 2019 50.3125 7.2735 3.8%
Mirzakhani et al. (7) 2019 47.1875 6.8232 3.8%
Mirzakhani et al. (8) 2019 36.7708 5.3231 3.9%
Mirzakhani et al. (9) 2019 25.3125 3.6763 4.0%
Mirzakhani et al. (10) 2019 28.4375 41249 4.0%
Hwihy et al 2021 -1.6796 0.2908 4.1%
Long et al 2015 0.6448 0.1529 4.1%
Ekasari et al 2015 -4.3975 0.4551 4.1%
Haraz et al(1) 2023 -22.7684 3.0659 4.0%
Haraz et al(2) 2023 -37.0000 4.9588 3.9%
Haraz et al(3) 2023 -34.0000 4.5591 4.0%
Haraz et al(4) 2023 -10.9759 1.5146 4.1%
Haraz et al(5) 2023 -36.0000 4.8255 3.9%
Haraz et al(6) 2023 -30.0000 4.0267 4.0%
Garcia-Rios et al (1) 2019 -0.4286 0.4129 4.1%
Garcia—-Rios et al (2) 2019 -3.6000 0.6608 4.1%
Garcia—-Rios et al (3) 2019 2.0700 0.5059 4.1%
Rodrigues de Lima et al(1) 2018 1.9815 0.1685 41%
Rodrigues de Lima etal (2) 2018  0.8497 0.1441 4.1%
Rodrigues de Lima et al (3) 2018 -0.2005 0.1384 4.1%
Total (95% ClI) 100.0%
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Figure 17. Forest plot showing the effect of BFT on TAN in tilapia culture systems.

5. Future prospects of BFT in

tilapia culture

The future of BFT in tilapia aquaculture lies in addressing
the current technical, economic, and institutional limita-
tions while capitalizing on the system’s potential for climate
resilience, nutrient recycling, and low-input intensification.
Realizing this potential will require advances in research,
innovation, policy, and capacity development.

One promising research direction involves the diversi-
fication and localization of carbon inputs. Commonly used
carbon sources such as molasses or wheat flour are not
always cost-effective or sustainably available, particularly
in rural or low-income contexts. Studies have shown that
the type of carbon source not only affects microbial
growth but also alters the nutritional and probiotic com-
position of biofloc aggregates (Crab et al., 2012; Dauda
et al., 2018). Exploring alternative, locally available carbon
sources such as cassava peel, banana residues, brewery
waste, and sugarcane bagasse could reduce input costs

and improve system sustainability. Moreover, blending
multiple carbon sources may enhance microbial diversity
and stability under fluctuating environmental conditions.
However, these alternatives must be rigorously evaluated
for C:N ratio balancing efficiency, bioavailability, and
potential contaminants (Ogello et al., 2021).

Another critical frontier is the development of smart
monitoring and automation systems. The technical com-
plexity of BFT, particularly regarding microbial dynamics,
DO control, and nutrient balance often exceeds the capa-
city of small and medium-scale farmers. Real-time sensor
technologies for pH, DO, TAN, and turbidity, when inte-
grated with automated aeration and carbon dosing sys-
tems, could dramatically reduce the operational burden
and error margin (Flores-Iwasaki et al., 2025). Recent
advances in machine learning also offer the possibility
of predictive analytics to forecast system instability,
allowing for pre-emptive interventions and reducing the
likelihood of catastrophic system failure (Zuhaer
et al., 2026).
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Figure 18. Baujat plot highlighting influential studies contributing to heterogeneity in TAN outcomes.

In parallel, strategic investment in human capital and
knowledge dissemination is essential. The unique biolo-
gical and operational characteristics of BFT require spe-
cialized training not typically included in conventional
aquaculture extension curricula. Incorporating BFT mod-
ules into university and vocational training programs,
along with field-based demonstration projects, can bridge
this knowledge gap. Strengthening public-private partner-
ships and enhancing extension services would also support
widespread adoption, particularly in smallholder-domi-
nated regions (Food and Agriculture Organization of the
United Nations, 2016; Ogello et al., 2021).

Policy support will also be instrumental in scaling BFT.
Governments can play a catalytic role by subsidizing
energy-efficient equipment (e.g. solar-powered aerators),
supporting local carbon source production, and facili-
tating access to credit or insurance products tailored to

biofloc systems. Additionally, the establishment of quality
standards and certification schemes for biofloc-grown fish
could enhance consumer trust and market access (Serafini
et al., 2025).

Finally, future research should move beyond tradi-
tional performance metrics to encompass environmental
and economic evaluations. Life cycle assessments are
necessary to quantify water use efficiency, nitrogen reten-
tion, and carbon emissions in BFT compared to conven-
tional systems. Economic modelling across production
scales could help identify where BFT offers the best return
on investment, including under scenarios of climate varia-
bility or resource constraints. Furthermore, the potential
for BFT integration with other systems such as recircu-
lating aquaculture systems or integrated multi-trophic
aquaculture offers promising avenues for maximizing
resource use efficiency and system resilience.
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Figure 19. Funnel plot evaluating asymmetry and potential publication bias in TAN studies.

Given its closed-loop design and low water require-
ment, BFT holds significant promise as a climate-smart
aquaculture strategy. As water scarcity and temperature
variability intensify under climate change, adaptable and
energy-efficient models such as solar-integrated BFT sys-
tems may represent a viable path forward for resilient
tilapia farming.

6. Conclusion

The meta-analysis showed that water quality parameters
did not improve in the BFT systems. However, there was
improvement in water quality parameters in the sub
meta-analysis at low C:N ratio. The main determinant
factor of water quality in BFT is the C:N ratio. It is
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Experimental Control Standardised Mean
Study n.trt Mean SD n.con Mean sD Difference SMD 95% Cl Weight
CN Group = Medium | i
Rodrigues de Lima etal (2) 2018 140 1.05 0.0200 112 1.23 0.0600 o -421 [-4.65 -3.76] 25%
Garcia-Rios etal (1) 2019 900 5.74 0.2000 900 6.71 0.3800 o: -319 [-3.33;-3.05] 25%
Rodrigues de Lima etal{(1) 2018 140 1.07 0.0800 112 1.23 0.0600 . =222 [-254;-191] 25%
Rodrigues de Lima etal (3) 2018 140 1.13 0.0900 112 1.23 0.0600 o -1.28 [-1.55,-1.00] 25%
Rind et al (2) 2023 75 092 0.3700 75 073 0.1800 K 065 [032 098 25%
Hwihy et al 2021 48 1.40 0.2000 48 1.30 0.0400 - 069 [ 028 1.10] 25%
Garcia-Rios etal (3) 2019 900 7.3 0.4500 900 6.71 0.3800 a: 101 [ 0901, 1.11] 25%
Rind et al (1) 2023 75 0.97 0.1900 75 073 0.1800 - 129 [094; 164 25%
Garcia-Rios et al (2) 2019 900 7.38 0.2700 900 6.71 0.3800 n 203 [1.92 215 25%
Hisano et al 2021 32 3.95 0.1600 32 3.67 0.0100 - 244 [ 178 310] 25%
Elayaraja et al (1) 2020 60 152 0.0200 60 1.29 0.0400 ] 723 [ 623 822 25%
Long etal 2015 90 2.04 0.0100 90 1.92 0.0200 756 [ 672 840] 25%
Mirzakhani et al. (1) 2019 30 2.40 0.0500 30 200 0.0500 790 [6.35 944 25%
Elayaraja et al (2) 2020 60 1.53 0.0100 60 1.29 0.0400 818 [7.07 929 25%
Mirzakhani et al.(2) 2019 30 270 0.0500 30 200 0.0500 13.82 [11.22;16.42] 25%
Mirzakhani et al.(3) 2019 30 2.70 0.0500 30 200 0.0500 13.82 [11.22;16.42]) 25%
Mirzakhani et al.(4) 2019 30 280 0.0500 30 200 0.0500 1579 [12.83;18.75] 25%
Mirzakhani et al. (5) 2019 30 3.30 0.0500 30 200 0.0500 2566 [20.89;30.43] 25%
Random effects model 3710 3626 o 524 [ 1.72; 8.75] 451%
Heterogeneity: /° = 99.7%, ¥ = 57.1872, 3, =5523.17 (p = 0)
CN Group = High
Haraz et al(4) 2023 120 1.20 0.1000 120 1.05 0.0600 o 181 [151; 211] 25%
Haraz et al(6) 2023 120 1.26 0.0900 120 1.05 0.0600 o 274 [ 238 309 25%
Haraz et al(5) 2023 120 1.23 0.0700 120 1.05 0.0600 o 275 [ 240, 311] 25%
Mirzakhani et al. (8) 2019 30 2.30 0.0500 30 200 0.0500 592 [472 713] 25%
Elayaraja et al (3) 2020 60 1.63 0.0300 60 1.29 0.0400 a 956 [ 8.28;10.83] 25%
Mirzakhani et al. (7) 2019 30 260 0.0500 30 200 0.0500 11.84 [ 9.60;1409] 25%
Mirzakhani et al. (9) 2019 30 260 0.0500 30 200 0.0500 11.84 [ 9.60;14.09] 25%
Mirzakhani et al. (6) 2019 30 2.70 0.0500 30 200 0.0500 13.82 [11.22;16.42]) 25%
Mirzakhani et al. (10) 2019 30 3.00 0.0500 30 200 0.0500 19.74 [16.06;23.42] 25%
Random effects model 570 570 . 8.73 [ 4.84;1262] 225%
Heterogeneity: /° = 98.2%, v = 34.5355, 13 = 448.81 (p < 0.0001)
CN Group = Low
Perez-Fuentes et al (5) 2018 471 261 0.1000 471 311 0.0300 [+ | -6.77 [-7.10,-6.44] 25%
Perez-Fuentes et al(4) 2018 471 294 0.0500 471 311 0.0300 n: -4.12 [-4.35,-3.89] 25%
Perez-Fuentes et al (3) 2018 471 311 0.0500 471 311 0.0300 - 000 [-0.13; 0.13] 25%
Perez-Fuentes et al (2) 2018 471 313 0.0400 471 311 0.0300 n: 057 [043 070] 25%
Perez-Fuentes et al (1) 2018 471 313 0.0300 471 311 0.0300 - 067 [ 053 080] 25%
Ekasari et al 2015 60 12.00 1.0000 60 10.80 1.2000 - 1.08 [070; 1.46] 25%
Haraz et al(3) 2023 120 1.38 0.1100 120 1.05 0.0600 - 371 [329 413] 25%
Haraz et al(1) 2023 120 1.34 0.0600 120 1.05 0.0600 I 482 [ 432532 25%
Haraz et al(2) 2023 120 1.48 0.0500 120 1.05 0.0600 [+ ] 776 [ 702 851 25%
Gurung et al (2) 2024 150 211 0.0100 150 1.70 0.0100 4090 [37.60;4420] 25%
Gurung et al(3) 2024 150 231 0.0100 150 1.70 0.0100 -} 60.85 [55.94,6575] 25%
Gurung et al (1) 2024 150 2.44 0.0100 150 1.70 0.0100 i o= 7381 [67.87,79.76) 25%
Gurung et al (4) 2024 150 2,55 0.0100 150 1.70 0.0100 B 3479 (77969162 24%
Random effects model 3375 3375 < 20.50 [ 2.93;38.08] 32.4%
Heterogeneity: /= 99.8%, ©’ = 1042.4054, 1, = 6512.93 (p = 0) i
Random effects model 7655 7571 0 11.01 [ 4.87;17.14] 100.0%
Prediction interval s e [-29.49; 51.50]
Heterogeneity: /* = 99.7%, © = 391.0256, ¥, = 13271.51 (p = 0) 5'0 0 5'0

Test for subgroup differences: x. =3.99,df=2(p=0.1362)
Standardized Mean Difference (SGR)
Figure 20. Forest plot of SGR by C:N ratio subgroup.
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Experimental Control Standardised Mean
Study Total Mean SD Total Mean sD Difference SMD 95%-Cl| Weight
CN.Group = Medium
Mirzakhani et al. (1) 2019 30 1.21 0.0100 30 1.40 0.0100 - -18.75 [-22.26, -16.25] 2.5%
Mirzakhani et al.(2) 2019 30 1.21 0.0100 30 1.40 0.0100 = -18.75 [-22.26; -156.25] 2.5%
Mirzakhani et al.(3) 2019 30 1.08 0.0100 30 1.40 0.0100 5 -31.58 [-37.44; -25.73] 2.4%
Mirzakhani et al.(4) 2019 30 1.08 0.0100 30 1.40 0.0100 - -31.58 [-37.44; -25.73] 2.4%
Mirzakhani et al.(5) 2019 30 0.96 0.0100 30 1.40 0.0100 - -43.43 [-51.47;-35.39] 2.3%
Hisano et al 2021 32 1.02 01500 32 1.31 0.1000 -225 [-2.88; -1.61] 26%
Hwihy et al 2021 48 1.60 0.2000 48 1.90 0.2000 -1.49 [-1.94; -1.03] 26%
Long et al 2015 90 0.83 0.0300 90 0.97 0.0100 | -6.23 [-6.95; -5.52] 2.6%
Rind et al (1) 2023 75 1.79 1.0100 75 2.35 0.1600 -0.77 [-1.10; -0.44] 2.6%
Rind et al (2) 2023 75 1.69 0.0600 75 2.35 0.1600 | -5.43 [-6.13; -4.73] 2.6%
Garcia-Rios et al (1) 2019 800 1.51 0.1700 900 1.46 0.1200 034 [ 025 043] 26%
Garcia-Rios et al (2) 2019 900 1.28 0.1500 900 1.46 0.1200 -1.32 [-1.43; -1.22] 2.6%
Garcia—-Rios et al (3) 2019 900 2.33 0.1500 900 1.46 0.1200 | 640 [ 617, 6.63] 2.6%
Rodrigues de Lima et al (1) 2018 140 1.75 0.0600 112 1.61 0.0900 187 [ 157, 216] 26%
Rodrigues de Lima et al (2) 2018 140 1.74 0.0500 112 1.81 0.0900 184 [ 154; 213] 26%
Rodrigues de Lima et al (3) 2018 140 1.89 0.3600 112 1.81 0.0900 1.01 [ 075; 1.28] 2.6%
Elayaraja et al (1) 2020 60 1.43 0.1000 60 2.36 0.1100 -879 [-9.98, -761] 26%
Elayaraja et al (2) 2020 60 1.39 0.1100 60 2.36 0.1100 : -876 [-9.94; -7.58] 2.6%
Random effects model 3710 3626 <> -9.02 [-15.24; -2.79] 46.1%
Heterogeneity: /% = 99.7%, 1° = 179.2206, 1%, = 5662.04 (p = 0)
CN.Group = High
Mirzakhani et al.(6) 2019 30 1.21 0.0100 30 1.40 0.0100 = -18.75 [-22.26; -15.25] 2.5%
Mirzakhani et al.(7) 2019 30 1.13 0.0100 30 1.40 0.0100 - -26.65 [-31.60; -21.70] 2.5%
Mirzakhani et al.(8) 2019 30 1.08 0.0100 30 1.40 0.0100 = -31.58 [-37.44; -25.73] 2.4%
Mirzakhani et al. (9) 2019 30 1.12 0.0100 30 1.40 0.0100 == -27.64 [-32.77,-22.50] 2.5%
Mirzakhani et al.(10) 2019 30 1.01 0.0100 30 1.40 0.0100 - -38.49 [-45.62; -31.36] 2.4%
Haraz et al (4) 2023 120 1.62 0.0800 120 1.88 0.0900 -299 [-3.36; -262] 2.6%
Haraz et al (5) 2023 120 1.56 0.1600 120 1.88 0.0900 -253 [-2.88; -2.19] 26%
Haraz et al (6) 2023 120 1.58 0.1400 120 1.88 0.0900 -263 [-297; -2.28] 26%
Elayaraja et al (3) 2020 60 1.06 0.0400 60 2.36 0.1100 -15.61 [-17.64;, -13.57] 2.6%
Random effects model 570 570 <> -18.25 [-27.08; -9.41] 22.7%
Heterogeneity: /° = 98.7%, 1° = 178.5637, 72 = 599.21 (p < 0.0001)
CN.Group = Low
Gurung et al (1) 2024 150 0.91 0.0200 150 1.28 0.1000 -512 [-5.59; -465] 2.6%
Gurung et al (2) 2024 150 1.01 0.0300 150 1.28 0.1000 -365 [-4.02; -3.28] 2.6%
Gurung et al (3) 2024 150 0.96 0.0400 150 1.28 0.1000 -419 [-4.60; -3.78] 2.6%
Gurung et al (4) 2024 150 0.87 0.0300 150 1.28 0.1000 -554 [-6.04; -5.04] 26%
Haraz et al (1) 2023 120 1.54 0.0800 120 1.88 0.0900 -3.88 [-4.31; -3.45] 26%
Haraz et al (2) 2023 120 1.41 0.0600 120 1.88 0.0900 -6.26 [-6.87; -5.64] 26%
Haraz et al (3) 2023 120 1.44 0.1100 120 1.89 0.0900 -446 [-4.94; -399] 26%
Perez-Fuentes et al (1) 2018 471 1.31 0.0600 471 1.36 0.0200 -112 [-1.25; -0.98] 2.6%
Perez-Fuentes et al (2) 2018 471 1.17 0.0200 471 1.36 0.0200 -9.49 [-9.94, -9.04] 2.6%
Perez-Fuentes et al (3) 2018 471 1.03 0.0900 471 1.36 0.0200 -5.06 [-5.32; -480] 2.6%
Perez-Fuentes et al (4) 2018 471 0.97 0.0300 471 1.36 0.0200 -15.28 [-15.99; -14.58] 2.6%
Perez-Fuentes et al (5) 2018 471 1.04 0.0200 471 1.36 0.0200 i -15.99 [-16.72; -15.25] 2.6%
Random effects model 3315 3315 © -6.66 [-9.27; -4.06] 31.2%
Heterogeneity: /2 = 99.7%, 1° = 21.1527, 52, = 4382.07 (p = 0) ;
Random effects model 7595 7511 -10.33 [-14.06; -6.59] 100.0%
Heterogeneity: /% = 99.7%, 1 = 139.5255, 12, = 15182.81 (p = 0) f T T
Test for subgroup differences: xg =6.25, df = 2 (p = 0.0440) -40 -20 O 20

Figure 21. Forest plot of FCR by C:N ratio subgroup.

Standardized Mean Difference (FCR)

suggested that the C:N ratio be closely monitored to avoid
deterioration in water quality in a BFT system. The growth
performance of tilapias improved in the BFT system, and
this is attributed to the feeding tilapias’ ability to feed on

the biofloc. The BFT is a promising technology that is
gaining traction in the culturing of tilapias. However,
there is need to carry out more research on its operational
efficiency and economic viability.
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Experimental Control Standardised Mean

Study n.trt Mean SD n.con Mean SD Difference SMD 95% Cl Weight
C:N Group = Medium

Rind et al (1), 2023 30 0.08 0.0170 30 0.26 0.0210 -9.30 [-11.09; -7.51] 3.4%
Rind et al (2), 2023 30 0.14 0.0230 30 0.26 0.0210 -5.38 [-6.49;-4.26] 3.4%
Long et al, 2015 90 0.26 0.0900 90 0.62 0.1400 -3.05 [-3.48;-261 3.4%
Garcia-Rios et al (1), 2019 12 1.60 0.9500 12 4.67 2.2400 -1.72 [-2.68;,-0.76] 3.4%
Garcia-Rios et al (2), 2019 12 2.05 1.9000 12 4.67 2.2400 -1.22 [-2.10;-0.33] 3.4%
Hwihy et al, 2021 32 0.74 0.3200 32 1.18 0.6700 -0.83 [-1.34;,-0.32] 3.4%

Rodrigues de Lima et al (2), 2018 105 0.74 0.4800 105 1.49 2.7400
Rodrigues de Lima et al(1), 2018 105 0.82 0.8100 105 1.49 2.7400

-0.38 [-0.65 -0.11] 3.4%
-0.33 [-0.60;-0.06] 3.4%

Garcia-Rios et al (3), 2019 12 5.08 3.2000 12 4.67 2.2400 0.14 [-0.66; 0.94 3.4%
Rodrigues de Lima et al (3), 2018 105 2.30 3.5200 105 1.49 2.7400 026 [-0.02; 0.53] 3.4%
Mirzakhani et al. (5), 2019 12 0.40 0.0215 12 0.30 0.0215 449 [ 289 609 3.4%
Mirzakhani et al.(2), 2019 12 0.70 0.0215 12 0.30 0.0215 4 17.96 [12.37;2355] 3.3%
Mirzakhani et al.(4), 2019 12 0.70 0.0215 12 0.30 0.0215 i = 17.96 [12.37;2355] 3.3%
Mirzakhani et al. (1), 2019 12 0.80 0.0215 12 0.30 0.0215 e = 2245 [15.49;29.41 32%
Mirzakhani et al.(3), 2019 12 0.80 0.0215 12 0.30 0.0215 -+ 2245 [15.49;29.41 3.2%
Random effects model 593 593 ‘ 3.82 [-1.24; 8.88] 50.7%

Heterogeneity: 1> = 97.4%, 1° = 97.2386, 2, = 547.98 (p < 0.0001)

C:N Group =High

Haraz et al(6), 2023 14 0.20 0.0100 14 0.24 0.0100 -3.88 [-5.20;-2.56] 3.4%
Mirzakhani et al. (10), 2019 12 0.50 0.0215 12 0.30 0.0215 —+ 898 [6.10;11.86] 3.4%
Mirzakhani et al. (9), 2019 12 0.60 0.0215 12 0.30 0.0215 B 13.47 [ 9251770 3.3%
Mirzakhani et al. (7), 2019 12 1.10 0.0215 12 0.30 0.0215 —l— 3592 [2483,47.011 29%
Mirzakhani et al. (6), 2019 12 1.20 0.0215 12 0.30 0.0215 —— 4041 [27.94,52.88 27%
Mirzakhani et al. (8), 2019 12 1.20 0.0215 12 0.30 0.0215 —l— 4041 [27.94,52.88 27%
Haraz et al(4), 2023 14 0.19 0.0000 14 0.24 0.0100 : 0.0%
Haraz et al(5), 2023 14 0.18 0.0000 14 0.24 0.0100 0.0%
Random effects model 102 102 - 21.72 [ 6.57;36.88] 18.5%

Heterogeneity: /% = 97.8%, 7° = 339.6421, 32 = 229.82 (p < 0.0001)

C:N Group =Low

Haraz et al(2), 2023 14 0.16 0.0100 14 0.24 0.0100 =7.77 [-10.07; -5.46] 3.4%
Haraz et al(3), 2023 14 018 0.0100 14 0.24 0.0100 -5.82 [-7.62;-4.03] 3.4%
Haraz et al(1), 2023 14 0.19 0.0100 14 0.24 0.0100 -4.85 [-6.41;-3.30] 3.4%
Perez-Fuentes et al (3), 2018 51 035 03800 51 0.79 0.5100 + B -0.97 [-1.38,-0.56] 3.4%
Perez-Fuentes et al (5), 2018 51 0.37 0.3300 51 0.79 0.5100 n -0.97 [-1.38; -0.56] 3.4%
Perez-Fuentes et al(4), 2018 51 0.37 0.3700 51 0.79 0.5100 n -0.94 [-1.35;-0.53] 3.4%
Perez-Fuentes et al (2), 2018 51 036 04100 51 0.79 0.5100 o -0.92 [-1.33,-051] 3.4%
Perez-Fuentes et al (1), 2018 51 0.39 0.4400 51 0.79 0.5100 n -0.83 [-1.24;-0.43] 3.4%
Ekasari et al, 2015 33 2.04 0.5500 33 0.09 0.0400 J 494 [ 3.95; 5.94] 3.4%
Random effects model 330 330 -1.93 [-4.29; 0.44] 30.9%
Heterogeneity: 1 = 96.4%, 7 = 12.7485, 32 = 220.92 (p < 0.0001)

Random effects model 1025 1025 ’ 5.24 [ 0.71; 9.77] 100.0%
Prediction interval —_— [-20.71; 31.19]

I T T 1

Heterogeneity: 1 = 97.1%, 7 = 155.6282, 33, = 1009.96 (p < 0.0001)

Test for subgroup differences: x2 = 12.45, df = 2 (p = 0.0020) -40  -20 0 20 40

Standardized Mean Difference (Nitrite)
Figure 22. Forest plot of nitrite (NO, ) concentration by C:N ratio subgroup.
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Experimental Control

Study n.trt Mean SD n.con Mean sSD
C:N Group = Medium
Garcia-Rios et al (2), 2019 12 0.15 0.0100 12 0.33 0.0700
Hwihy et al, 2021 32 0.55 0.2000 32 1.06 0.3800
Garcia—Rios et al (1), 2019 12 030 00700 12 0.33 0.0700
Rodrigues de Lima etal (3), 2018 105 257 12800 105 284 1.4100
Long etal, 2015 90 1.27 01500 90 1.17 0.1600
Rodrigues de Lima etal (2), 2018 105 4.33 2.0400 105 284 1.4100
Rodrigues de Lima et al(1), 2018 105 7.17 2.7500 105 284 1.4100
Garcia—Rios et al (3), 2019 12 0.71 0.2500 12 0.33 0.0700
Mirzakhani et al. (5), 2019 12 430 00960 12 1.87 0.0960
Mirzakhani et al.(4), 2019 12 460 00960 12 1.87 0.0960
Mirzakhani et al. (1), 2019 12 520 00960 12 1.87 0.0960
Mirzakhani et al.(3), 2019 12 520 0.0960 12 1.87 0.0960
Mirzakhani et al.(2), 2019 12 550 0.0960 12 1.87 0.0960
Random effects model 533 533
Heterogeneity: /> = 97%, ©° = 233.4061, x?, = 404.43 (p < 0.0001)
C:N Group =High
Haraz et al(5), 2023 14 028 0.0100 14 064 0.0100
Haraz et al(6), 2023 14 034 00100 14 064 0.0100
Haraz et al(4), 2023 14 0.32 0.0400 14 0.64 0.0100
Mirzakhani et al. (9), 2019 12 4.30 0.0960 12 1.87 0.0960
Mirzakhani et al. (10), 2019 12 460 00960 12 1.87 0.0960
Mirzakhani et al. (8), 2019 12 540 00960 12 1.87 0.0960
Mirzakhani et al. (7), 2019 12 640 0.0960 12 1.87 0.0960
Mirzakhani et al. (6), 2019 12 670 0.0960 12 1.87 0.0960
Random effects model 102 102
Heterogeneity: /° = 97.9%, <° = 1081.3101, x% = 340.69 (p < 0.0001)
C:N Group =Low
Haraz et al(2), 2023 14 027 00100 14 064 0.0100
Haraz et al(3), 2023 14 030 0.0100 14 064 0.0100
Haraz et al(1), 2023 14 028 0.0200 14 064 0.0100
Ekasari et al, 2015 33 0.54 0.1000 33 1.05 0.1300
Random effects model 7% 75
Heterogeneity: /2 = 97%, % = 200.1328, %2 = 100.93 (p < 0.0001)
Random effects model 710 710
Prediction interval
Heterogeneity: /> = 97.6%, 7* = 623.3783, x3, = 1008.20 (p < 0.0001)
Test for subgroup differences: x% =17.14,df =2 (p = 0.0002)

Figure 23. Forest plot of TAN by C:N ratio subgroup.
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