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INTRODUCTION

Intensive white shrimp (Litopenaeus vanna-
mei) aquaculture has undergone rapid intensifica-
tion to meet increasing global demand, particu-
larly in tropical regions  (Jing et al., 2025). How-
ever, this intensification has been accompanied 
by recurrent bacterial disease outbreaks, includ-
ing vibriosis and acute hepatopancreatic necrosis 
disease (AHPND), which are strongly associ-
ated with unstable water quality and microbial 

imbalance (Nazarudin, et al., 2025). At the same 
time, growing regulatory and market pressure to 
reduce antibiotic use has intensified the need for 
production systems capable of maintaining micro-
bial stability under high stocking densities. These 
challenges highlight the scientific urgency of un-
derstanding water quality–microbial interactions 
in intensive shrimp culture systems  (Thompson 
et al., 2022; Kurniawan et al., 2021).

Improvements in technology, especially for 
water quality and microbial balance, were adopted 
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to reduce the impact caused by such problems 
(Rizky et al., 2022). One of these was the aero-
floc system, which combined principles of biofloc 
with enhanced aeration using a venturi pump. The 
aerofloc system represents a modification of the 
conventional biofloc technology, where the inte-
gration of venturi-based aeration enhances wa-
ter circulation and oxygenation beyond what is 
typically achieved in standard biofloc systems. 
Aerofloc-based culture systems have emerged as 
a modification of biofloc approaches by integrat-
ing continuous aeration, enhanced water circu-
lation, and controlled organic matter dynamics 
within confined production units. Beyond techni-
cal differences, aerofloc systems represent a dis-
tinct microbial engineering environment, where 
intensified oxygen transfer and mixing influence 
organic matter mineralization, microbial compe-
tition, and plankton development. These mecha-
nistic features distinguish aerofloc systems from 
conventional biofloc, recirculating aquaculture 
systems, and traditional ponds, particularly in 
their potential to stabilize microbial communities 
under intensive tropical culture conditions. The 
way it works allows for the water to stay in mo-
tion and oxygenated, aiding in the formation of 
microbial flocs that help break down organics and 
recycle nutrients (Ramesh et al., 2024). This di-
rectional water flow creates a more homogeneous 
distribution of dissolved oxygen and suspended 
particles, while also minimizing the accumula-
tion of organic waste in blind spots. In this study, 
the aerofloc system was applied in round ponds, 
which are increasingly favored in intensive aqua-
culture due to their hydrodynamic advantages. 
The circular design promotes even water move-
ment, reduces dead zones, and facilitates efficient 
sludge removal through a centrally located drain.

In intensive shrimp culture, a limited number 
of water quality parameters play a disproportion-
ate role in shaping microbial dynamics and dis-
ease risk. The success of aerofloc system heavily 
relies on water chemistry interactions with mi-
crobial populations. Organic matter accumulation 
governs heterotrophic bacterial growth, while 
alkalinity and pH regulate nitrification processes 
that influence ammonia toxicity and microbial 
competition (Kurniawan et al., 2021). Optimal 
plankton and bacteria behaviors depend on pH, 
ammonia (NH₃), ammonium (NH₄⁺), salinity, ni-
trite (NO₂⁻), phosphate (PO₄³⁻), total hardness, 
calcium and magnesium levels, bicarbonate, al-
kalinity, and total organic matter. These processes 

are closely linked to the proliferation of opportu-
nistic bacteria such as Vibrio spp., which respond 
rapidly to shifts in organic loading and water 
quality instability. Understanding the interaction 
among organic matter, key water quality param-
eters, and microbial populations is therefore es-
sential for evaluating system performance under 
intensive conditions (Li et al., 2022).

Despite growing adoption of aerofloc sys-
tems, most previous studies have focused on 
production performance or isolated water quality 
indicators, with limited attention to the integrated 
dynamics among microbial populations, organic 
matter, and plankton communities under varying 
stocking intensities. In particular, empirical field-
based evidence linking microbial balance – rather 
than single-parameter thresholds – to water qual-
ity dynamics in aerofloc systems remains scarce. 
This gap limits the mechanistic understanding re-
quired to design environmentally robust intensive 
shrimp production systems.

This study aimed to analyze the correlations 
between water quality parameters, microbial pop-
ulations, and plankton communities in an aero-
floc-based intensive white shrimp culture system 
operated in round tanks under tropical conditions. 
East Java was selected as a representative tropical 
intensive farming context characterized by high 
stocking densities and elevated disease pressure, 
rather than as a site-specific case study. By adopt-
ing a correlation-based analytical approach across 
multiple stocking densities, this study seeks to 
generate transferable insights into microbial–wa-
ter quality coupling that are relevant to intensive 
shrimp culture systems beyond local monitoring 
applications. The findings are expected to help re-
fine aerofloc technology and support more sustain-
able aquaculture practices, in line with global goals 
such as the sustainable development goals (SDGs).

MATERIALS AND METHODS

Round pond and aerofloc

The whiteleg shrimp culture pond was circu-
lar, with a diameter of 10 meters and a wall height 
of 1.2 meters. The pond frame was constructed 
using wire mesh and lined with a high-density 
polyethylene (HDPE) membrane to ensure water 
retention and durability (Kurniawan et al., 2025). 
It was equipped with a central drain and a drain-
age system located at the middle of the pond, 
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featuring a bottom slope of 2–3% toward the 
center to facilitate sludge collectionThe stocking 
density in this study was 350 individuals m⁻³, with 
the culture period running from DOC 0 to 44. The 
observation window for water quality, plankton, 
and microbial variables was conducted at DOC 
11, 19, 25, 30, 37, and 44. This observation range 
was selected to represent the early to mid-culture 
phase of biofloc/aerofloc-based farming, during 
which heterotrophic microbial communities and 
initial nitrification processes typically begin to 
develop, and fluctuations in oxygen and inorganic 
nitrogen are commonly observed.

The seedstock consisted of PL8 shrimp with 
an initial mean body weight of approximately 
0.001 g per individual. Circular pond circulation 
was maintained using venturi units that combined 
air injection and induced shear flow to promote 
floc suspension and direct settleable solids to-
ward the central drain. The performance of this 
aeration–hydrodynamic regime was evaluated 
through scheduled observations at the selected 
DOCs to examine its association with temporal 
trends in pH, alkalinity, inorganic nitrogen forms 
(NH₃/NH₄⁺), and the ratio of presumptive Vibrio 
to total heterotrophic bacteria, rather than to es-
tablish causal control or system optimization.

A venturi pump was installed along the pond 
wall with clockwise rotation on both sides to en-
hance aeration and water circulation. The venturi 
system works by creating a pressure differential 
that draws atmospheric air into the water stream, 
generating fine air bubbles that increase dissolved 
oxygen and promote continuous mixing (Ramesh 
et al., 2024). This mechanism also supports the 
formation and suspension of bioflocs, which con-
sist of aggregated microorganisms, organic mat-
ter, and detritus that function as a natural water 
treatment and supplemental feed source (Khan-
jani et al. 2022). The pump design and flow pat-
tern were optimized to ensure even distribution 
of oxygen and minimize dead zones within the 
pond. This study utilized five separate ponds as 
replicates, and all measurements were performed 
independently in triplicate to ensure data reliabil-
ity and producibility.

Measurement water quality parameters

Water quality parameters, including pH, am-
monium (NH₄⁺), unionized ammonia (NH₃), phos-
phate (PO₄³⁻), alkalinity, calcium hardness, total 
hardness, bicarbonate (HCO₃⁻), and total organic 

matter (TOM). Total organic matter in this study 
represents oxidizable organic matter quantified 
using the potassium dichromate oxidation meth-
od, analogous to a COD-based approach, and ex-
pressed as mg L⁻¹. While this method does not 
distinguish specific organic carbon fractions (e.g., 
TOC), it provides a practical proxy for organic 
load in biofloc-based aquaculture systems. (Yuan 
et al., 2025; Zhou et al., 2021)

NH₄⁺ and PO₄³⁻ were quantified using modi-
fied titrimetric procedures adapted from Standard 
Methods, as commonly applied in routine pond 
water assessments.The measurements were con-
ducted immediately after sampling to ensure ac-
curacy, with pH determined using a calibrated 
digital pH meter, while alkalinity, hardness, and 
bicarbonate were quantified by acid-base and 
EDTA complexometric titrations. Ammonium 
and phosphate concentrations were analyzed us-
ing acid-base titration after appropriate sample 
preparation, and TOM was determined by potas-
sium dichromate oxidation followed by titration 
with ferrous ammonium sulfate (Habibie, 2022). 
All analyses were performed in triplicate using 
analytical grade reagents, and results were ex-
pressed in parts per million (ppm). 

Microbial analysis

Plankton samples (250 mL) were collected 
from each pond on the sampling dates and im-
mediately fixed with 1% Lugol’s iodine (Pi-
mentel et al., 2025). Plankton identification and 
enumeration were performed under a compound 
microscope (Olympus CX21, Tokyo, Japan) us-
ing a Sedgewick-Rafter counting chamber (De 
Paiva-Maia et al., 2013). The number of plank-
ton organisms was counted in multiple random 
fields of view and averaged to calculate the den-
sity All counts were performed in triplicate and 
expressed as (cell/L). 

Water samples for bacteria analysis (250 
mL) were aseptically collected from each pond 
and serially diluted (10⁻¹–10⁻⁶) in sterile 0.85% 
saline solution (Imazumi et al., 2025). To de-
termine total heterotrophic bacterial abundance, 
0.1 mL of each dilution was spread onto Marine 
Agar (Difco), whereas Vibrio spp. was enumer-
ated using Thiosulfate Citrate Bile Salts Su-
crose (TCBS; Oxoid) agar (Yeoh et al., 2021). 
Colonies identified on TCBS agar represent 
presumptive Vibrio spp. and do not confirm 
pathogenic species or virulence. All plates were 
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incubated at 28–30 °C for 24–72 h, depending 
on the medium. After incubation, plates show-
ing 30–300 colonies were selected for counting. 
Yellow and green colonies on TCBS agar were 
recorded as presumptive Vibrio species, while 
colonies on Marine Agar represented total het-
erotrophic bacteria (Fu et al., 2023). The results 
were expressed as colony-forming units per 
milliliter (CFU/mL).

Data processing and analysis

The data were tabulated and analyzed us-
ing Microsoft Excel. Descriptive statistics were 
applied to summarize the mean and standard 
deviation (SD) of each parameter. Correlation 
analyses were conducted to evaluate the re-
lationships among water quality parameters, 
plankton abundance, and bacterial counts using 
Pearson and Spearman correlation coefficients. 
Temporal trends are presented descriptively. 
(Kim et al., 2022). Multivariate analyses, in-
cluding principal component analysis (PCA) 
(Imaizumi et al, 2022), were performed to vi-
sualize patterns and interactions among abiotic 
and biotic parameters throughout the culture 
period. Graphical visualizations were generated 
using OriginPro 2023 to support data interpre-
tation and ensure reproducibility of analytical 
outcomes. Correlation and PCA analyses were 
applied as exploratory tools to describe tempo-
ral patterns and co-variation among parameters, 
rather than for formal hypothesis testing. Given 
the limited number of sampling points and the 
repeated-measures structure, correlation coef-
ficients are interpreted cautiously and without 
strong causal inference.

RESULTS AND DISCUSSION

Water quality parameters

The average values of water quality param-
eters were compared to the optimum ranges com-
monly recommended for whiteleg shrimp aqua-
culture. Based on the analysis described in Table 
1, most parameters were found to be within the ac-
ceptable limits, while one parameter exceeded the 
optimum range. The pH value was 7.88, which is 
within the recommended range of 7.5 to 8.5. This 
indicates that the water condition was stable and 
suitable for shrimp culture. NH₄⁺ was measured at 

0.57 ppm, and NH₃ at 0.03 ppm. Both values are 
within safe limits, suggesting that Based on NH₄⁺ 
and NH₃ measurements, nitrogenous compounds 
remained within observed safety ranges; howev-
er, the absence of nitrite and nitrate measurements 
limits full nitrogen pathway assessment..

PO₄³⁻ was found at 0.37 ppm, which is also 
within the optimum range. This shows that nutri-
ent accumulation was not excessive. Alkalinity 
averaged 178.68 ppm, and bicarbonate (HCO₃⁻) 
was 176.63 ppm, both of which are within the 
ideal range for buffering capacity and pH sta-
bility. Calcium hardness was 1118.97 ppm, 
which is considered good for supporting shrimp 
molting and shell formation. Total organic mat-
ter (TOM) was 85.3 ppm, still below the upper 
limit of 100 ppm, indicating that organic waste 
was not yet critical.

However, total hardness was recorded at 
6127.2 ppm, which is significantly above the op-
timum range of 500 to 1500 ppm. This suggests 
that the water contained a high concentration of 
dissolved minerals, possibly from calcium, mag-
nesium, or other ions (Boyd and Tucker, 1998). 
Although high hardness may not be directly 
harmful, it can affect osmoregulation and may 
require further monitoring. In conclusion, most 
water quality parameters were within the recom-
mended levels, showing that the aerofloc system 
was able to maintain a stable environment (Tong 
et al., 2025). Only total hardness exceeded the op-
timum range, which should be observed carefully 
in future management to avoid possible negative 
effects on shrimp health.

Although most water quality parameters re-
mained within the recommended range, total 
hardness consistently exceeded the optimum 
threshold, reaching values above 6000 ppm. This 
elevated level of hardness may be attributed to 
several factors, including the mineral composi-
tion of the water source, the use of mineral-rich 
commercial feeds, or the accumulation of calci-
um and magnesium ions through the continuous 
breakdown of organic matter in the biofloc matrix. 
While high total hardness is not immediately tox-
ic, it can influence the osmoregulatory processes 
of shrimp, potentially leading to physiological 
stress, impaired molting, or reduced growth per-
formance if not properly managed. Therefore, 
monitoring and managing mineral concentrations 
(Ca and Mg) should be prioritized in future ap-
plications of aerofloc systems to ensure optimal 
shrimp health and system stability.
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Correlation analysis between water quality 
parameters

Correlation analysis was conducted to evalu-
ate the relationships between water quality pa-
rameters observed during the culture period of 
whiteleg shrimp in aerofloc systems. Two statisti-
cal approaches were applied: Pearson correlation, 
which measures linear relationships between 
variables, and Spearman correlation, which as-
sesses the consistency of ranking or order among 
values. The results whows in the Figure 1.

The Pearson correlation analysis showed 
strong relationships between several parameters. 
The concentration of ammonium (NH₄⁺) had a 
perfect correlation with free ammonia (NH₃), 
indicating that changes in NH₄⁺ levels directly 
affect NH₃ levels. This result is consistent with 
the chemical equilibrium between these two ni-
trogen forms. Ammonium also showed high 
positive correlations with phosphate (PO₄³⁻) and 
bicarbonate (HCO₃⁻), with values of 0.87 and 
1.00, respectively. These findings suggest that 
the accumulation of dissolved compounds tends 
to occur simultaneously, possibly due to chemi-
cal processes in the water such as ion interactions 
or solubilization. The correlation between pH and 
NH₄⁺ (r = 0.87) indicates that higher pH levels are 
associated with increased ammonium concentra-
tions, which is important because pH influences 
the chemical form of nitrogen in water.

On the other hand, a moderate negative corre-
lation was found between calcium (Ca) hardness 
and total hardness, with a value of -0.61. This 
result is unexpected because calcium is usually 
a major contributor to total hardness. The nega-
tive value may suggest that total hardness is more 
influenced by other ions, such as magnesium, 
or that there are variations in ionic composition 

among ponds. A similar negative correlation was 
observed between Ca hardness and HCO₃⁻ (r = 
-0.39), indicating that increases in calcium do not 
always correspond with increases in bicarbonate, 
possibly due to precipitation or interactions with 
alkalinity.

The Spearman correlation analysis revealed 
similar patterns, but focused more on the consis-
tency of value rankings over time. Ammonium 
again showed perfect correlations with NH₃, 
PO₄³⁻, alkalinity, HCO₃⁻, and total organic matter 
(Pramudia et al, 2022a), all with values of 1.00. 
This means that although the absolute values may 
differ, the order of increase or decrease among 
these parameters remained consistent through-
out the culture period. A strong negative correla-
tion was found between pH and Ca hardness (r = 
-0.62), suggesting that higher pH levels are as-
sociated with lower calcium hardness. This may 
be related to the possibility of calcium precipita-
tion at higher pH. Moderate negative correlations 
were also observed between Ca hardness and both 
total hardness and HCO₃⁻, indicating that fluctua-
tions in calcium levels do not always align with 
changes in total hardness or bicarbonate content 
(Pramudia et al., 2022b).

Overall, both correlation methods show that 
water quality parameters in aerofloc systems inter-
act in complex ways. Positive correlations among 
dissolved compounds such as NH₄⁺, NH₃, PO₄³⁻, 
and HCO₃⁻ suggest that these substances tend to 
accumulate together (Moehammad et al., 2025). 
Meanwhile, negative correlations involving Ca 
hardness highlight the need for further monitoring 
of ionic composition in the system. Understanding 
these relationships is important for decision-mak-
ing in water quality management, including pH 
control, monitoring of dissolved compounds, and 
hardness regulation. With a data-based approach, 

Table 1. Periodic average values of water quality parameters from day of culture (DOC) 11 to 44

Day of 
culture pH NH₄⁺ 

(ppm)
NH₃ 

(ppm)
PO₄³⁻ 
(ppm)

Alkalinity 
(ppm)

Ca 
hardness 

(ppm)

Total 
hardness 

(ppm)

HCO₃ 
(ppm)

TOM 
(ppm)

Optimum 
value 7.5–8.3 ≤ 0.25 ≤ 0.060 0.5–1 120–200 ≥ 900 > 4000 - < 90

11 8.20 0.25 0.020 0.00 187 1125 6039 187 77

19 7.88 0.65 0.030 0.36 184 1105 6204 184 88

25 7.78 0.40 0.014 0.32 173 1155 6019 173 71

30 7.88 0.45 0.019 0.40 175 1138 5989 175 82

37 7.76 0.40 0.022 0.60 174 1068 6253 174 98

44 7.80 1.30 0.048 0.52 166 1123 6258 166 95
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environmental stability in shrimp culture systems 
can be maintained more effectively, supporting 
sustainable production outcomes.

The Pearson and Spearman correlation anal-
yses not only revealed statistical relationships 
among water quality parameters but also offer 
practical insights for system management. For 
instance, strong positive correlations between 
ammonium, phosphate, bicarbonate, and total or-
ganic matter suggest that these parameters tend to 
accumulate simultaneously, likely due to shared 
sources such as feed input or microbial decom-
position. Recognizing these patterns can help 
farmers anticipate and manage nutrient build-up 
by adjusting feeding regimes, aeration intensity, 
or water exchange rates. Similarly, the observed 
negative correlation between calcium hardness 
and total hardness is noteworthy. While calcium is 
a major contributor to total hardness, the inverse 
relationship observed in this study may indicate 
a higher proportion of other divalent ions (likely 
Mg) dominating the hardness profile. However, 
since magnesium was not directly measured in 
this study, further investigation is needed to con-
firm this hypothesis.

Total plankton density and plankton 
composition

The total plankton density was monitored from 
day 11 to day 44 in five ponds. The results in the 
Figure 2, show that plankton populations changed 
over time, with different patterns in each pond. 
At the beginning of the culture period (day 11), 
the plankton density was relatively low, around or 
below 700,000 cells per liter (Ce/L) in all ponds. 
This level is considered acceptable and within the 
optimum range for early-stage shrimp culture.

From day 19 to day 25, the density remained 
low or slightly decreased. However, starting 
from day 30, there was a noticeable increase in 
plankton density. The highest peak was observed 
between day 30 and day 37, where some ponds 
reached values close to or above 2,000,000 Ce/L. 
This level is considered high and may indicate ex-
cessive plankton growth, which can affect water 
quality and oxygen levels if not managed prop-
erly. After day 37, the plankton density started to 
decrease again in all ponds. By day 44, the values 
dropped to a more moderate level, although still 
higher than the initial stage.

In general, the plankton density was within 
the optimum range during the early and late stag-
es of culture. The peak between day 30 and 37 
was above the recommended level and should be 
monitored carefully. High plankton density can 
lead to problems such as oxygen depletion, espe-
cially during the night, and may also increase or-
ganic matter in the water (Pimentel et al., 2025). 
Therefore, it is important to control plankton 
growth through proper aeration, water exchange, 
and feeding management. Keeping plankton den-
sity within the optimum range helps maintain wa-
ter stability and supports healthy shrimp growth.

Plankton composition was analyzed from day 
11 to day 44 of the culture period (Table 2). The 
percentage of each plankton group was compared 
to the optimum values commonly recommended 
for shrimp aquaculture (Chen et al., 2019; Ma et 
al., 2024). Based on the results, most plankton 
groups were within the recommended range, ex-
cept for one group. Chlorophyta showed a high 
average percentage of 88.74%, which is well 
above the minimum optimum value of 50%. This 
result is considered good because Chlorophyta is 
known to support water quality and is beneficial 

Figure 1. Analysis of the Pearson correlation and Spearman correlation between water quality parameters
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in shrimp ponds. Cyanophyta had an average of 
3.9%, which is below the maximum limit of 5%. 
This means that the presence of Cyanophyta was 
still under control and did not reach harmful levels.

Cryptophyta, Eugienophyta, Pyrrophyta, and 
Protozoa all showed very low average percent-
ages, ranging from 0.04% to 1.04%. These val-
ues are all within the optimum limits, indicating 
that these groups were present in small amounts 
and did not dominate the plankton community. 
However, Chrysophyta (Diatoms) had an aver-
age percentage of 5.69%, which is far below the 
optimum value of more than 50%. This result 
suggests that diatoms were not dominant in the 
system, even though they are usually considered 
beneficial for shrimp culture due to their nutri-
tional value and role in stabilizing water quality. 
In summary, the plankton community was mostly 
dominated by Chlorophyta, which is favorable. 
Most other groups were present in low and ac-
ceptable amounts. The only group that did not 
meet the optimum condition was Chrysophyta, 

which may indicate a need to improve conditions 
that support diatom growth, such as light avail-
ability or nutrient balance.

The dominance of Chlorophyta throughout 
the culture period is a positive indicator of wa-
ter quality stability and ecological balance in the 
aerofloc system. Chlorophyta are known to con-
tribute to oxygen production, nutrient uptake, 
and serve as a natural food source for shrimp, 
especially in early life stages. Their prevalence 
suggests that the system supported favorable 
conditions for beneficial phytoplankton growth. 
In contrast, the consistently low proportion of 
Chrysophyta (diatoms), which are also consid-
ered beneficial due to their high nutritional value 
and role in stabilizing water quality, may indicate 
suboptimal conditions for their proliferation. This 
could be related to limited light penetration, in-
sufficient silicate availability, or competition with 
other phytoplankton groups.

The sharp increase in total plankton den-
sity observed between DOC 30 and 37 is likely 

Figure 2. Graphics total plankton density

Table 2. Plankton composition from day 11 to day 44 of the culture period

Day of culture % 
Chlorophyta

% 
Cyanophyta

% 
Cryptophyta

% 
Chrysophyta 

(diatom)

% 
Eugienophyta % Pryrrophyta % Protozoa

Optimum 
value > 50% < 5% < 10% > 50% < 5% < 5% < 5%

11 92.188 0.294 0 6.656 0.000 0.862 0

19 93.304 2.978 0 1.416 0.000 0.500 0

25 85.782 0.884 0 10.054 0.000 2.606 0.674

30 88.002 1.39 0 8.498 0.000 1.482 0.632

37 79.426 16.572 0.406 3.444 0.105 0.280 0.186

44 93.716 1.312 0.286 4.068 0.153 0.496 0
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associated with increased feed input and subse-
quent nutrient accumulation in the system. As or-
ganic matter and dissolved nutrients build up, they 
can stimulate phytoplankton blooms, particularly 
in systems with high microbial activity like aero-
floc. While moderate plankton growth is benefi-
cial, excessive blooms may lead to oxygen fluc-
tuations and increased organic loading, highlight-
ing the need for careful monitoring and adaptive 
management during mid to late culture phases.

Relationship between abiotic parameters and 
plankton abundance

The correlation analysis (Figure 3) shows that 
several water quality parameters have significant 
relationships with total plankton abundance in 
the aerofloc system. Among them, TOM has the 
strongest positive correlation (r = 0.80), followed 
by Total Hardness (r = 0.75), Calcium Hardness 
(r = 0.60), and Alkalinity (r = 0.55). These results 
suggest that the availability of organic matter and 
minerals plays an important role in supporting 
plankton growth, both as nutrient sources and as 
stabilizers of the water environment. Higher levels 
of TOM may provide essential carbon and nutri-
ents for heterotrophic and mixotrophic plankton, 
thereby stimulating microbial decomposition and 
nutrient regeneration processes (De Morais et al., 
2020). Similarly, hardness and alkalinity reflect 
the buffering capacity and mineral content of the 
water, which are crucial for maintaining stable pH 
and ionic balance that favor plankton proliferation 
(Farid et al., 2022). Adequate calcium and carbon-
ate availability can also enhance algal cell wall 
formation and photosynthetic efficiency, contrib-
uting to a more productive plankton community

In contrast, nitrogen-related parameters such 
as NH₄⁺ and NH₃ show moderate negative corre-
lations (r = -0.45 and r = -0.40). This may indicate 
that high concentrations of nitrogen compounds 
can have toxic effects on plankton. A negative 
correlation with pH (r = -0.25) also suggests that 
higher acidity levels may not be favorable for 
plankton development.

The strong positive correlation between TOM 
and plankton density indicates that the aerofloc 
system effectively functions as a nutrient source 
for phytoplankton. In this system, bioflocs formed 
from the accumulation of organic matter and mi-
crobial activity can release nutrients such as ni-
trogen and phosphorus, which are readily avail-
able for plankton growth. This reinforces the role 
of biofloc not only as a waste treatment agent but 
also as a secondary nutrient source that supports 
primary productivity in the pond.

Conversely, the negative correlation be-
tween plankton density and the concentrations 
of NH₄⁺ and unionized NH₃ suggests the poten-
tial toxic effects of nitrogen compounds on phy-
toplankton. High levels of inorganic nitrogen, 
particularly in the form of toxic NH₃, can inhibit 
photosynthesis, damage cell structures, and re-
duce the abundance and diversity of plankton 
communities. Therefore, controlling nitrogen 
accumulation is essential to maintain microbial 
ecosystem balance and support the sustainability 
of the aerofloc system.

Multivariate patterns of plankton dynamics 
based on abiotic parameters

The PCA (Figure 4) provides a more com-
plete view of how abiotic parameters influence 

Figure 3. Heatmap of the correlation between abiotic water quality parameters and total plankton abundance in 
the aerofloc system for whiteleg shrimp aquaculture. This visualization uses the RdBu (Red-Blue)

color scale, where red indicates a positive correlation and blue indicates a negative correlation.
Pearson correlation coefficients are displayed within each cell, with the color scale ranging from -1

(perfect negative correlation) to +1 (perfect positive correlation)
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plankton abundance during the culture period 
(DOC 11–44). Two main components (PC1 and 
PC2) explain 62% of the total data variation. The 
distribution of DOC points shows how environ-
mental conditions change over time.

The direction and length of vectors such as 
TOM, Total Hardness, and PO₄³⁻ on PC1 indi-
cate that these parameters contribute strongly to 
early system variability, likely related to the ini-
tial phase of plankton growth. During this phase, 
the system experiences rapid microbial activity 
and nutrient mineralization, where organic mat-
ter decomposition and phosphorus availability 
play key roles in supporting the initial bloom of 
phytoplankton and heterotrophic microorgan-
isms (Borges et al., 2024). High concentrations of 
TOM provide an abundant carbon source, while 
adequate calcium and hardness levels stabilize 
floc formation and facilitate nutrient adsorption, 
enhancing the growth environment for plankton. 
PO₄³⁻ described by Lemonnier et al., (2016), as a 
limiting nutrient in aquatic systems, is critical for 
energy transfer and nucleic acid synthesis, which 
supports cell division and biomass accumulation 
during the early exponential phase of plankton 
growth (Wetzel, 2001).

Meanwhile, parameters such as NH₄⁺, NH₃, 
and pH are more dominant on PC2, reflecting 
their influence during the later phase of culture, 
when nitrogen waste tends to accumulate. As 

feeding rates and organic loading increase, mi-
crobial decomposition and ammonification pro-
cesses lead to elevated concentrations of ammo-
nia and ammonium (Moehammad et al., 2025). 
Excessive nitrogen compounds, particularly un-
ionized NH₃, can become toxic to plankton and 
disrupt photosynthetic processes, leading to shifts 
in species composition and reduced primary pro-
ductivity (Häder et al., 2020). The higher loading 
of pH on PC2 may also indicate that nitrogen ac-
cumulation and CO₂ fluctuations from microbial 
respiration influence water acid base balance in 
the later phase of the system.

This pattern shows that plankton abundance 
in the aerofloc system is highly influenced by or-
ganic and mineral dynamics in the early phase, 
and by nitrogen accumulation in the later phase. 
Therefore, adaptive water quality management 
based on the culture stage is essential to maintain 
optimal plankton productivity and ecological sta-
bility. In practice, this may involve regulating or-
ganic inputs and aeration intensity during the ear-
ly phase to promote beneficial biofloc formation, 
and enhancing nitrification or water exchange 
during the later phase to mitigate nitrogen toxic-
ity (Liu et al., 2025). A stage-based management 
approach can thus sustain balanced microbial-
plankton interactions, which are crucial for main-
taining water quality and supporting in intensive 
aquaculture systems.

Figure 4. Principal component analysis (PCA) biplot of water quality parameters in aerofloc systems
for whiteleg shrimp culture. PC1 (37.2%) and PC2 (25.0%) explain 62.2% of total variance.

Arrows represent variable loadings; numbers correspond to variables listed in the legend panel.
Colors indicate day of culture (DOC)



186

Journal of Ecological Engineering 2026, 27(6), 177–190

The findings from the PCA provide valuable 
practical insights for phase-based management 
in aerofloc shrimp culture systems. During the 
early culture phase, when parameters such as 
TOM, PO₄³⁻, and water hardness contribute most 
to system variability, management efforts should 
focus on optimizing organic inputs and aeration 
intensity to promote stable biofloc formation 
and plankton development. In contrast, during 
the later culture phase management strategies 
should shift toward controlling nitrogenous 
waste through enhanced nitrification, reduced 
feeding rates, or increased water exchange. This 
phase-specific management approach can help 
maintain microbial-plankton balance, prevent 
water quality deterioration, and support shrimp 
health and growth.

Dynamics of vibrio and total bacteria in the 
aerofloc system

Table 3 shows the results of bacterial density 
measurements in the aerofloc system. The TVC 
was found to be higher than the recommended 
optimum level (<1.1 × 10³ CFU/mL) at all obser-
vation points, ranging from 1.274 to 2.178 CFU/
mL. However, the ratio of TVC to total bacterial 
count (TBC) remained below the critical thresh-
old of 10%, with values between 4.73% and 
8.70%. This means that Vibrio did not dominate 
the bacterial community.

Specifically, yellow Vibrio showed fluctua-
tions, reaching its highest level at DOC 25 (2.140 
CFU/mL), then decreasing to 468 CFU/mL at 
DOC 44. In contrast, green Vibrio increased 
sharply at DOC 44 (1.668 CFU/mL), replacing 
the previous dominant group. Black Vibrio was 
almost undetectable throughout the cycle, appear-
ing only slightly at DOC 19.

The linear regression analysis between total 
Vibrio and total bacteria (Figure 5) shows a very 
strong relationship, with the equation y = 13.45x 
and R² = 0.9285. This means that when Vibrio 
increases, the total bacterial population also in-
creases. For every 1 CFU/mL increase in Vibrio, 
there is an estimated increase of 13.45 CFU/mL 
in total bacteria.

It should be noted that Vibrio counts reported 
in this study are based on presumptive identifi-
cation using TCBS agar and do not distinguish 
pathogenic from non-pathogenic strains.

Although the total Vibrio count exceeded the 
optimum level, the TVC/TBC ratio stayed below 
the danger limit. This suggests that the heterotro-
phic microbial community in the biofloc system 
was able to suppress Vibrio growth through nutri-
ent competition, antibacterial compound produc-
tion, and complex microbial interactions. Accord-
ing to (Samsuri et al., 2025), high bacterial density 
in biofloc systems acts as a biological buffer, pre-
venting opportunistic pathogens from dominating.

The shift in Vibrio dominance from yellow 
to green Vibrio at the end of the culture period 
(DOC 44) is an important ecological event. This 
change may be caused by water quality changes, 
organic matter accumulation, and microbial strain 
interactions. explained that changes in carbon and 
nitrogen availability in biofloc systems can alter 
microbial balance, giving competitive advan-
tage to certain strains. Green Vibrio dominance 
should be monitored carefully, as this group is 
often linked to latent pathogens that may cause 
subclinical disease when shrimp are under stress 
(Zhang et al., 2024).The strong positive correla-
tion between total Vibrio and total bacteria (R² = 
0.9285) shows that Vibrio growth is not indepen-
dent, but influenced by the overall microbial dy-
namics. This supports the idea that Vibrio grows 
along with total bacteria when organic substrates 

Table 3. Bacterial density measurements in the aerofloc system

Day of culture Yellow Vibrio Green Vibrio Black Vibrio Total Vibrio 
(TVC)

Total bacteria 
(TBC)

Ratio 
TVC/TBC

Optimum value < 1 × 10³ CFU/
ml

< 1 × 10² CFU/
ml - < 1.1 × 10³ 

CFU/ml > 10 × TVC ≤10%

11 1476 70 0 1546 24820 6.48%

19 858 414 2 1274 31740 4.73%

25 2140 38 0 2178 27620 7.97%

30 1638 168 0 1806 20780 8.03%

37 1652 136 0 1788 19320 8.70%

44 468 1668 0 2140 25800 8.10%
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increase (Soto-Marfelino et al., 2024). However, 
this also brings a risk: if non-pathogenic bacte-
ria suddenly decrease (for example, due to aera-
tion failure or water quality changes), Vibrio may 
dominate and increase disease risk.

From a management perspective, these find-
ings highlight the importance of microbial com-
munity control strategies. These include adjust-
ing the C:N ratio to support non-pathogenic 
heterotrophic bacteria, applying probiotics (such 
as Bacillus spp. and Actinobacteria) to compete 
with Vibrio, and maintaining dissolved oxygen to 
keep flocs suspended and active (Kurniawan et 
al., 2018). Regular monitoring of the TVC/TBC 
ratio can also serve as an early warning indica-
tor to detect potential disease risks before clinical 
symptoms appear. Therefore, the aerofloc system 
not only improves nutrient efficiency and natural 
feed production, but also acts as an ecological 
biocontrol mechanism that strengthens shrimp re-
sistance against pathogens.

The finding that the ratio of TVC to total 
bacterial count (TBC) remained below the criti-
cal threshold of 10%, despite elevated TVC lev-
els, is a significant indicator of the biological 
control function provided by the heterotrophic 
microbial community in the aerofloc system. 
This suggests that the microbial consortium 
formed within the biofloc effectively suppresses 
Vibrio proliferation through nutrient competi-
tion, production of antimicrobial compounds, 
and complex microbial interactions.

Moreover, the observed shift in dominance 
from yellow Vibrio during the early culture phase 

to green Vibrio in the later phase reflects micro-
bial community dynamics influenced by changes 
in water quality and shrimp growth stages. The 
late culture phase is typically characterized by 
increased accumulation of organic matter and 
nitrogenous compounds, which may create envi-
ronmental conditions that favor the proliferation 
of certain Vibrio groups, including potentially 
pathogenic strains.

To maintain the dominance of non-pathogen-
ic microbes and prevent Vibrio outbreaks, adap-
tive management strategies are essential. Recom-
mended approaches include adjusting the carbon-
to-nitrogen (C:N) ratio to support the growth of 
competitive heterotrophic bacteria, applying pro-
biotics such as Bacillus spp. or Actinobacteria to 
inhibit pathogenic strains, and enhancing aeration 
to keep bioflocs suspended and maintain optimal 
dissolved oxygen levels. Regular monitoring of 
the TVC/TBC ratio can also serve as an early 
warning indicator for potential disease risks, al-
lowing for timely intervention before clinical 
symptoms appear.

This study did not include several routine 
pond diagnostic parameters such as temperature, 
salinity, dissolved oxygen, nitrite, nitrate, total 
suspended solids, floc volume, or chlorophyll-
a. Therefore, the interpretation of water quality 
is limited to selected chemical indicators and 
their relationships with microbial and plankton 
dynamics. Nevertheless, these parameters are 
sufficient to support the correlative analysis pre-
sented in this study. Future studies integrating 
physical, chemical, and biological parameters 

Figure 5. Linear regression analysis between total Vibrio and total bacteria
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are required to provide a comprehensive evalua-
tion of aerofloc system performance.

CONCLUSIONS

This study confirms that aerofloc systems 
implemented in round ponds under tropical con-
ditions can effectively maintain water quality 
and support beneficial microbial interactions for 
sustainable whiteleg shrimp aquaculture. Most 
water parameters remained within optimal rang-
es, except for total hardness, which exceeded 
recommended levels and may affect shrimp os-
moregulation, highlighting the need for mineral 
monitoring. The dominance of Chlorophyta indi-
cated favorable ecological conditions, while the 
low abundance of diatoms suggested potential 
limitations in light or silicate availability. Cor-
relation and PCA analyses revealed that organic 
matter and mineral content positively influenced 
plankton growth in early culture phases, whereas 
nitrogen accumulation negatively affected plank-
ton in later stages, emphasizing the importance 
of phase-specific water quality management. 
Despite elevated Vibrio counts, the TVC/TBC 
ratio remained below the critical threshold, dem-
onstrating effective microbial control by hetero-
trophic communities. The observed shift from 
yellow to green Vibrio further underscores the 
dynamic nature of microbial succession during 
culture. These findings highlight the need for 
adaptive management strategies, including C:N 
ratio adjustment, probiotic application, and op-
timized aeration, to maintain microbial balance 
and prevent disease outbreaks. 

Acknowledgements

The authors would like to express their grati-
tude to the Study Group of Microbial Resources 
and Technology of Brawijaya University and the 
Coastal and Marine Research Center of the Uni-
versity of Brawijaya for the assistance and facili-
ties provided during this research. This research 
was supported by the Directorate of Research 
and Community Service, Brawijaya Univer-
sity (DRPM, UB) through the Community Fund 
Budget Implementation Document (DPA) of the 
State University of the Legal Agency (PTNBH), 
Brawijaya University under contract no. 01047.1/
UN10.A0501/B/KS/2025 (10 July 2025) Grants 
for Strengthening the Research Ecosystem of Pro-
fessors (Penguatan Ekosistem Riset Guru Besar).

REFERENCES

1.	 Borges, E. P., Machado, L. P., Louzã, A. C., Ramaglia, 
A. C., Santos, M. R., Augusto, A. (2024). Physio-
logical effects of feeding whiteleg shrimp (Penaeus 
vannamei) with the fresh macroalgae Chaetomorpha 
clavata. Aquaculture Reports, 37, 102222. https://
doi.org/10.1016/j.aqrep.2024.102222

2.	 Boyd, C. E., Tucker, C. S. (1998). Pond Aqua-
culture Water quality management. https://doi.
org/10.1007/978-1-4615-5407-3

3.	 Chen, Z., Chang, Z., Zhang, L., Jiang, Y., Ge, H., Song, 
X., Chen, S., Zhao, F., Li, J. (2019). Effects of water re-
circulation rate on the microbial community and water 
quality in relation to the growth and survival of white 
shrimp (Litopenaeus vannamei). BMC Microbiology, 
19(1), 192. https://doi.org/10.1186/s12866-019-1564-x

4.	 De Morais, A. P. M., Abreu, P. C., Wasielesky, W., 
Krummenauer, D. (2019). Effect of aeration inten-
sity on the biofilm nitrification process during the 
production of the white shrimp Litopenaeus van-
namei (Boone, 1931) in biofloc and clear water 
systems. Aquaculture, 514, 734516. https://doi.
org/10.1016/j.aquaculture.2019.734516

5.	 De Paiva Maia, E., Modesto, G. A., Brito, L. O., Oli-
vera, A., Gesteira, T. C. V. (2013). Effect of a com-
mercial probiotic on bacterial and phytoplankton 
concentration in intensive shrimp farming (Litope-
naeus vannamei) recirculation systems. Latin Amer-
ican Journal of Aquatic Research, 41(1), 126–137. 
https://doi.org/10.3856/vol41-issue1-fulltext-10

6.	 Farid, M., Sajjad, A., Asam, Z. U. Z., Zubair, M., 
Rizwan, M., Abbas, M., Farid, S., Ali, S., Alharby, 
H. F., Alzahrani, Y. M., Alabdallah, N. M. (2022). 
Phytoremediation of contaminated industrial waste-
water by duckweed (Lemna minor L.): Growth 
and physiological response under acetic acid ap-
plication. Chemosphere, 304, 135262. https://doi.
org/10.1016/j.chemosphere.2022.135262

7.	 Fu, S., Wang, R., Zhang, J., Xu, Z., Yang, X., Yang, 
Q. (2023). Temporal variability of microbiome in the 
different plankton hosts revealed distinct environmen-
tal persistence of Vibrio parahaemolyticus in shrimp 
farms. Microbiological Research, 275, 127464. https://
doi.org/10.1016/j.micres.2023.127464

8.	 Habibie S. A. (2022) Analysis of water quality and 
plankton community of Litopenaeus vannamei 
ponds in the coast of Tomini Bay, Mootilango Vil-
lage, Gorontalo, Indonesia. Bioflux.

9.	 Imaizumi, K., Molex, W., Jitnavee, C., Direkbusara-
kom, S., Kondo, H., Hirono, I. (2022). Bacterial and 
eukaryotic communities in pond water of whiteleg 
shrimp Litopenaeus vannamei and the bacterial 
communities of their stomach and midgut. Aqua-
culture, 554, 738139. https://doi.org/10.1016/j.
aquaculture.2022.738139



189

Journal of Ecological Engineering 2026, 27(6), 177–190

10.	Jing, L., Ren, H., Xu, W., Su, H., Hu, X., Wen, G., 
Xu, Y., Tu, L., Cao, Y. (2025). Intensive cultivation 
of whiteleg shrimp (Litopenaeus vannamei) under 
biofloc condition in land-based ponds. Aquacultu-
re Reports, 41, 102690. https://doi.org/10.1016/j.
aqrep.2025.102690

11.	Khanjani, M. H., Mohammadi, A., Emerenciano, M. 
G. C. (2022). Microorganisms in biofloc aquacultu-
re system. Aquaculture Reports, 26, 101300. https://
doi.org/10.1016/j.aqrep.2022.101300

12.	Kim, S., Song, J., Rajeev, M., Kim, S. K., Kang, I., 
Jang, I., Cho, J. (2022). Exploring bacterioplank-
ton communities and their temporal dynamics in 
the rearing water of a biofloc-based shrimp (Litope-
naeus vannamei) aquaculture system. Frontiers in 
Microbiology, 13, 995699. https://doi.org/10.3389/
fmicb.2022.995699

13.	Kurniawan, A. Pramudia, P., Raharjo, Y. T., Julian-
to, H., Amin, A. A. (2021). Kunci Sukses Budidaya 
Udang Vaname: Pengelolaan Akuakultur Berbasis 
Ekologi Mikroba. UB Press.

14.	Kurniawan, A., Dewi, C. S. U. (2018). Studi dina-
mika bakteri dan kualitas air selama proses awal 
bioflok. Journal of Innovation and Applied Tech-
nology, 4(2), 779–783. https://doi.org/10.21776/
ub.jiat.2018.004.02.9

15.	Kurniawan, A., Amin, A. A., Pramudia, Z., Susanti, 
Y. a. D., Zamzami, I. M. A., Moehammad, K. S., 
Prayogo, T. B. (2025). Evaluating water quality in 
white shrimp aquaculture: A case study in round 
ponds with venturi pump systems during the blind 
feeding phase. Aquaculture Studies, 25(2). https://
doi.org/10.4194/aquast1743

16.	Lemonnier, H., Lantoine, F., Courties, C., Guille-
bault, D., Nézan, E., Chomérat, N., Escoubeyrou, 
K., Galinié, C., Blockmans, B., Laugier, T. (2016). 
Dynamics of phytoplankton communities in eutro-
phying tropical shrimp ponds affected by vibriosis. 
Marine Pollution Bulletin, 110(1), 449–459. https://
doi.org/10.1016/j.marpolbul.2016.06.015

17.	Li, X., Wang, T., Fu, B., Mu, X. (2022). Improve-
ment of aquaculture water quality by mixed Bacillus 
and its effects on microbial community structure. 
Environmental Science and Pollution Research, 
29(46), 69731–69742. https://doi.org/10.1007/
s11356-022-20608-0

18.	Liu, N., Zhang, Y., Zhang, Y., Yang, Y., Long, H., 
Huang, A., Zeng, Y., Xie, Z. (2025). Quorum sen-
sing mediates spatiotemporal microbial community 
dynamics and nitrogen metabolism in biofloc-ba-
sed Litopenaeus vannamei aquaculture systems. 
Bioresource Technology, 440, 133459. https://doi.
org/10.1016/j.biortech.2025.133459

19.	Ma, Q., Zhao, G., Liu, J., Chen, I., Wei, Y., Liang, M., Dai, 
P., Nuez-Ortin, W. G., Xu, H. (2024). Effects of a phy-
tobiotic-based additive on the growth, hepatopancreas 

health, intestinal microbiota, and Vibrio parahaemoly-
ticus resistance of Pacific white shrimp, Litopenaeus 
vannamei. Frontiers in Immunology, 15, 1368444. 
https://doi.org/10.3389/fimmu.2024.1368444

20.	Moehammad, K. S. (2025). Aplikasi bakteri pro-
biotik Bacillus Spp. terhadap pembentukan biofilm 
dan kualitas air: Studi eksperimental pada media 
kultur budidaya udang vaname. JFMR-Journal of 
Fisheries and Marine Research, 9(1). https://doi.
org/10.21776/ub.jfmr.2025.009.01.2

21.	Nazarudin, M. F., Zulkiply, M. a. F., Samsuri, M. H., 
Anwar, N. a. S. K., Jamal, N. S. A., Alipiah, N. M., 
Ahmad, M. I., Nor, N. M., Yasin, I. S. M., Ikhsan, N., 
Azmai, M. N. A., Rosli, M. H. (2025). Optimizing 
shrimp culture through environmental monitoring: 
effects of water quality and metal ion profile on whi-
teleg shrimp (Litopenaeus vannamei) performance 
in a semi-intensive culture pond. Water, 17(19), 
2818. https://doi.org/10.3390/w17192818

22.	Pimentel, O. a. L. F., De Oliveira, V. Q., De An-
drade, R. J. V., De Oliveira, C. Y. B., Santos, E. P. 
D., Pereira, A. M. L., Brito, L. O., Gálvez, A. O. 
(2023). Plankton community in Penaeus vannamei 
nurseries with synbiotic system under different fre-
quencies of adjustment on Ca:Mg:K ratio in low 
salinity water. Aquaculture and Fisheries, 10(2), 
289–297. https://doi.org/10.1016/j.aaf.2023.09.003

23.	Pramudia, Z. P. (2023). Growth analysis and identifi-
cation of viral diseases (WSSV, IHHNV, IMNV) and 
AHPND in white shrimp (Litopenaeus vannamei) cul-
tivation using millennial shrimp farming (MSF) Sys-
tem. Jurnal Pembangunan Dan Alam Lestari, 13(2). 
https://doi.org/10.21776/ub.jpal.2022.013.02.04

24.	Pramudia, Z., Amin, A. A., Yanuar, A. T., Susanti, 
Y. a. D., Yanuhar, U., Ulfa, S. M., Huda, A. S., Kur-
niawan, A. (2022a). Application of eDNA method 
to analyze bacterial community structures in the 
recirculation aquaculture systems of Litopenaeus 
vannamei. IOP Conference Series Earth and Envi-
ronmental Science, 1036(1), 012122. https://doi.
org/10.1088/1755-1315/1036/1/012122

25.	Pramudia, Z., Faqih, A. R., Kurniawan, A. (2022b). 
Analysis of growth and water quality dynamics in 
vannamei white shrimp (Litopenaeus vannamei) 
cultivation using the millennial shrimp farming 
system in Indonesia. Ecology Environment and 
Conservation, 664–671. https://doi.org/10.53550/
eec.2022.v28i02.013

26.	Ramesh, P., Jasmin, A., Tanveer, M., U, R. R., Ga-
neshan, P., Rajendran, K., Roy, S. M., Kumar, D., 
Chinnathambi, A., Brindhadevi, K. (2024). Optimi-
zing aeration efficiency and forecasting dissolved 
oxygen in brackish water aquaculture: Insights from 
paddle wheel aerator. Journal of the Taiwan Institu-
te of Chemical Engineers, 156, 105353. https://doi.
org/10.1016/j.jtice.2024.105353



190

Journal of Ecological Engineering 2026, 27(6), 177–190

27.	Rizky, P. N., Ritonga, L. B. R., Primasari, K., 
Nasuki, N. (2022). Use of microbubble gene-
rator on the growth vannamei shrimp cultu-
re. IOP Conference Series Earth and Environ-
mental Science, 1036(1), 012081. https://doi.
org/10.1088/1755-1315/1036/1/012081

28.	Samsuri, E. R., Ganesan, P., Jauhari, I., Tan, G. Y. 
A., Hamad, F. A. (2024). Reusing biofloc-culture 
water and microbubble aeration for culturing the 
white-leg shrimp Litopenaeus vannamei. Aquacul-
ture and Fisheries, 10(4), 687–695. https://doi.or-
g/10.1016/j.aaf.2024.04.010

29.	Soto-Marfileño, K. A., Garza, Z. J. M., Flores, R. 
G., Molina-Garza, V. M., Ibarra-Gámez, J. C., Gil, 
B. G., Galaviz-Silva, L. (2024). Genomic charac-
terization of Bacillus pumilus Sonora, a strain with 
inhibitory activity against vibrio parahaemolyticus-
-AHPND and probiotic candidate for shrimp aqu-
aculture. Microorganisms, 12(8), 1623. https://doi.
org/10.3390/microorganisms12081623

30.	Thompson, J., Weaver, M. A., Lupatsch, I., Shields, 
R. J., Plummer, S., Coates, C. J., Rowley, A. F. 
(2022). Antagonistic activity of lactic acid bacteria 
against pathogenic vibrios and their potential use 
as probiotics in shrimp (Penaeus vannamei) cul-
ture. Frontiers in Marine Science, 9. https://doi.
org/10.3389/fmars.2022.807989

31.	Tong, Y., Zhang, M., Li, Q., Hu, X., Wei, Y., Zhao, 
W., Yu, X., Peng, M., Yang, C., Chen, X., Hu, 
T., Zhao, Y. (2025). Effectiveness evaluation of 

five probiotics on shrimp and water environment. 
Aquaculture Reports, 45, 103110. https://doi.or-
g/10.1016/j.aqrep.2025.103110

32.	Yeoh, H. I., Izzatty, R., Furusawa, G., Amirul, 
A. A., Shu-Chien, A. C., Sung, Y. Y. (2021). The 
Vibrio-predatory filamentous bacteria effectively 
removed acute hepatopancreatic necrosis disease 
(AHPND) causative Vibrio parahaemolyticus in 
vitro. Aquaculture Reports, 21, 100910. https://doi.
org/10.1016/j.aqrep.2021.100910

33.	Yuan, H., Li, J., Wang, H., Nicholaus, R., Ramzan, 
M. N., Yang, W., Zheng, Z., Wang, Y. (2025). The 
compound Bacillus and sea purslane (Sesuvium por-
tulacastrum) enhanced aquaculture wastewater tre-
atment efficiency: Insights from a study on microbial 
community distributions. Aquaculture, 605, 742514. 
https://doi.org/10.1016/j.aquaculture.2025.742514

34.	Zhang, F., Zhang, J., Lin, G., Chen, X., Huang, 
H., Xu, C., Chi, H. (2024). Antibiotic resistance 
and genetic profiles of vibrio parahaemolyticus 
isolated from farmed pacific white shrimp (Lito-
penaeus vannamei) in Ningde Regions. Micro-
organisms, 12(1), 152. https://doi.org/10.3390/
microorganisms12010152

35.	Zhou, X., Lu, Y., Huang, L., Zhang, Q., Wang, X., 
Zhu, J. (2021). Effect of pH on volatile fatty acid 
production and the microbial community during 
anaerobic digestion of Chinese cabbage waste. 
Bioresource Technology, 336, 125338. https://doi.
org/10.1016/j.biortech.2021.125338




