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Abstract. Aquaculture effluent contains high levels of nitrogen (NH4+—N, NO; —N),
phosphorus (TP), and organic matter (COD), posing a significant threat to aquatic
ecosystems. This article aims to investigate the effectiveness of biological methods in
purifying aquaculture wastewater, addressing the shortcomings of traditional physicoc-
hemical treatments, such as high cost and secondary pollution. The study established a
simulated wastewater system and integrated three biological treatment approaches:
microbial inoculants (denitrifying/phosphorus-removing strains), aquatic plants (Veti-
ver grass, Eichhornia crassipes), and biofilm carriers (polyurethane sponges colonized
by heterotrophic bacteria). These were applied individually, in pairs, and in combinati-
on, and key water quality indicators (NH4+—N, NO; —N, TP, COD) were monito-
red continuously for 45 days. The results showed that the composite biological system,
combining microbes, aquatic plants, and biofilm, achieved high removal efficiencies:
NH4+—N 92.3 %, NO; —N 88.7 %, TP 85.1 %, and COD 79.4 %, significantly hig-
her than individual or dual combinations (p < 0.05). Mechanistically, a synergistic ef-
fect exists: microbial decomposition of organic matter alters nutrient availability,
plants absorb remaining nutrients through their roots while releasing oxygen into the
water, thereby enhancing microbial activity, and biofilm carriers extend microbial re-
tention time. This study demonstrates that a composite biological system leveraging
the interactions among microbes, plants, and biofilms provides an economical, effici-
ent, and sustainable solution for aquaculture effluent treatment, offering practical refe-
rence for large-scale applications in high-intensity aquaculture areas.
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Aquaculture is an important component of global food security. In recent years, the de-
mand for aquatic products has been continuously increasing, and the scale of aquacul-
ture has rapidly expanded. However, this process has also led to more severe environ-
mental problems, particularly regarding the discharge of aquaculture effluent. The ef-
fluent comes from wastewater generated by intensive farming activities and contains
significant amounts of nitrogen (NH4+—N, NO; —N), phosphorus (total phosphorus,
TP), uneaten feed, as well as ammonia, organic carbon, and other metabolic bypro-
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ducts. If the effluent is not properly managed, it can cause eutrophication in receiving
waters, leading to algal blooms, hypoxic conditions, a decline in biodiversity, and can
threaten human health through contaminated drinking water or seafood. In China alo-
ne, aquaculture effluent accounts for about 30 % of total agricultural non-point source
pollution, with an annual discharge exceeding 10 billion tons. This situation increasing-
ly underscores the urgency of implementing effective management measures [Chen Ji-
azhang, p. 1571—1580].

At present, tailwater treatment methods mainly include physico-chemical methods
(such as precipitation, filtration, coagulation-flocculation, and advanced oxidation) and
biological methods. Physico-chemical technologies can quickly remove pollutants, but
they have high operating costs, generate secondary sludge, and struggle to address
long-term ecological restoration issues. Biological methods, relying on microorganisms,
plants, or the combination of both, have attracted attention due to their sustainability,
low energy consumption, and potential to restore ecosystem functions. Microbial
inoculants (such as nitrifying/denitrifying bacteria) can accelerate the nitrogen cycle.
Large aquatic plants (such as vetiver and water hyacinth) can improve microbial activity
by absorbing nutrients through their roots and releasing oxygen. By using biofilms as
system carriers with materials like polyurethane or gravel, microbial retention time can
be extended, enriching functional communities.

Even though there has been some development, there are still many key gaps in the
improvement of biological wastewater treatment. First, most studies focus on a single
biological unit, such as only examining microbes or plants, rather than emphasizing the
potential synergistic effects among different groups. In reality, microbial communities
can decompose organic matter, while plants might compete for nutrients or alter the
pH, thereby affecting microbial activity, but few studies provide quantitative analysis of
this situation. Second, in synthetic systems, it is often unclear how the various
components (including microbes, plants, and biofilms) interact synergistically, which
limits scalability. Third, many experiments are conducted in closed laboratory settings,
with few opportunities to observe wastewater conditions in the field, and the real
environment differs in aspects such as salinity, water temperature, and types of
pollutants [Zhang Demin, 2019, p. 2345—2352].

Against this background, the article aims to explore the effectiveness of a composite
biological system that combines microbial inoculants, aquatic plants, and biofilm
carriers in purifying aquaculture effluent, thereby addressing the aforementioned
limitations. Specifically, we aim to achieve the following objectives: first, to compare the
removal efficiencies of single, dual, and triple combined biological treatments; second,
to elucidate the mechanisms of their synergistic effects, including nutrient delivery,
oxygen supply, and regulation of microbial communities; third, to evaluate the system’s
stability under different operating conditions. By filling these knowledge gaps, the article
seeks to propose a wastewater treatment biological method that is economical, efficient,
and scalable, with the goal of promoting sustainable aquaculture development and
strengthening watershed protection efforts.

Aquaculture wastewater poses numerous challenges to the environment. It is a
major byproduct of intensive aquaculture operations and often contains high
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concentrations of nitrogen (NH4+—N: 5—30 mg/L; NO;—N: 10—50 mg/L),
phosphorus (TP: 0.5—3 mg/L), and dissolved organic carbon (20—80 mg/L), and may
also contain residual antibiotics or pesticides. These pollutants can cause
eutrophication, thereby disrupting the ecosystem of the receiving water bodies.
Overgrowth of algae consumes large amounts of dissolved oxygen, leading to hypoxic
conditions and mass deaths of aquatic organisms. In China, wastewater has caused
eutrophication in nearly 40 % of the lakes surrounding Taihu Lake, threatening
drinking water safety and fisheries development. Globally, the Food and Agriculture
Organization (FAO) estimates that by 2030, if aquaculture wastewater is not controlled,
it will compromise 30 % of coastal water quality targets, indicating an urgent need for
management efforts.

Tailwater biological treatment technology is continuously developing. Biological
methods are low-cost, sustainable, and have the potential to improve ecosystems,
gradually becoming an alternative to physical and chemical treatments. They mainly
include microbial remediation, phytoremediation, and biofilm-based systems.

Microbial remediation: Functional bacteria such as nitrifying bacteria
Nitrosomonas/Nitrobacter, denitrifying bacteria Pseudomonas, and phosphorus-
accumulating microorganisms Acinetobacter can promote nutrient cycling. Studies have
shown that in controlled systems, microbial inoculants can reduce NH, —N by 70—
85 % and total phosphorus (TP) by 60—75 %. However, this effect depends on
environmental conditions (such as pH and dissolved oxygen) and may be limited by
competition with native microorganisms or insufficient substrate supply [Li Hua, 2021,
p. 4112—4120].

Phytoremediation utilizes aquatic plants (such as vetiver grass, water hyacinth, and
submerged waterweed). These plants absorb nutrients through their roots, stems, and
leaves. Relevant data show that they can remove ammonia nitrogen (N H4+—N) at rates
between 50 % and 70 %, and total phosphorus (TP) at rates between 40 % and 60 %.
Through photosynthesis, plants can release oxygen into the environment, thereby
enhancing the activity of aerobic microorganisms in the rhizosphere. However, if the
effluent contains toxic substances (such as a sudden spike in ammonia concentration), it
can affect plant growth. Therefore, the harvested biomass should be properly managed
to prevent secondary pollution [Wang Kaijun, 2021, p. 108—113].

In biofilm systems, biofilms immobilized on carriers such as polyurethane and
zeolite can retain slowly growing functional microorganisms and maintain their activity.
Studies have shown that biofilm reactors, after consolidating the symbiotic microbial
network, can achieve ammonia nitrogen (NH4+—N) removal efficiencies of 80—90 %.
However, the type of carrier, biofilm thickness, and hydraulic retention time (HRT)
can significantly affect performance, so targeted improvements are necessary.

Recent research has focused on combining two or more biological components to
leverage their complementary advantages. For example, in the case of microorganisms +
plants, microorganisms reduce oxygen demand when decomposing organic matter,
while plants supply oxygen to the root zone to facilitate nitrification. A study conducted
on a medium-sized ecosystem showed that using microbial inoculants + vetiver grass
resulted in an NH4+—N removal rate of 85 %, whereas relying solely on microorganisms
achieved only 65 %. Microorganisms + biofilm: biofilms create a stable living
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environment for slow-growing denitrifying bacteria, compensating for the nutrient
absorption limitations of freely living microorganisms. Plants + biofilm: plant roots
secrete root exudates, which can optimize biofilm richness, resulting in COD removal
rates that are 20—30 % higher than when biofilms exist alone [Liu Gang, 2022, p. 401—
410].

Even with such developments, there are still three major gaps, and few studies
examine them comprehensively. More than half of the research focuses on pairwise
interactions, and little is known about the synergistic mechanisms involving microbes,
plants, and biofilms; the mechanisms are unclear. Even if it is said that efficiency has
been optimized, in composite systems, the changes in microbial communities, the
pathways of nutrient transfer (such as from root exudates to biofilms), and the impact of
oxygen dynamics are not discussed in detail. Its scalability faces challenges: results
obtained at the laboratory scale are often difficult to reproduce in actual tailwater
because contaminant loads vary, seasonal fluctuations occur, and there are interactions
with local microbial communities. However, these factors are seldom explored in
current research.

The article fills a gap by exploring a ternary biological composite system, which
combines microbial inoculants, vetiver grass (Vetiveria zizanioides), and polyurethane
biofilm carriers to examine the synergistic effects of multiple components. In explaining
the relevant mechanisms, it uses metagenomic sequencing and microelectrode profiling,
combined with the nutrient mass balance method, to quantitatively analyze microbial
degradation rates, oxygen release by plants, and nutrient retention within the biofilm.
The system’s performance is validated in real-world conditions using aquaculture
tailwater from a commercial fish farm, observing its behavior under different
temperatures (15—30 °C) and ammonium nitrogen concentrations (5—25 mg/L) to
enhance its practical applicability. After filling these knowledge gaps, the article provides
a theoretically feasible and scalable biological solution for aquaculture tailwater
treatment, further contributing to sustainable aquaculture and watershed protection [US
EPA, 2020].

In terms of experimental materials and setup, the source of the aquaculture effluent
comes from a commercial freshwater tilapia (Nile tilapia, Oreochromis niloticus) farm
in Guangdong Province, China. This farm uses intensive cage culture, with a feeding
density of approximately 30 kg/m3 . From May to July 2023, sampling was conducted
once a month, followed by measurements of its baseline physicochemical
characteristics: ammonia nitrogen (NH4+—N) concentration was 12.8 = 1.5 mg/L,
nitrate nitrogen (NO; —N) concentration was 28.6 + 3.2 mg/L, total phosphorus (TP)
concentration was 1.8 = 0.4 mg/L, chemical oxygen demand (COD) was 56 £ 8 mg/L,
dissolved oxygen (DO) was 3.2 =+ 0.5 mg/L, pH was 7.8 + 0.3, and water temperature
was 26 £ 2 °C. Before the experiment began, the effluent was first filtered using a
200-mesh sieve to remove large particulate impurities, and then the pH was adjusted to a
range of 7.5 + 0.2 using NaOH or HCI. This was done to minimize potential pH
fluctuations during the treatment process.

Biological components, microbial inoculant: A composite microbial community
was isolated from local aquaculture ponds, containing nitrifying bacteria (Nitrosomonas
sp., Nitrobacter sp.), denitrifying bacteria (Pseudomonas putida), and phosphorus-
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accumulating bacteria (Acinetobacter calcoaceticus). This microbial community was
cultured in a SL laboratory-scale bioreactor using a synthetic medium (nitrogen/
phosphorus limited). The inoculum was standardized to 1x10° CFU/mL and stored at
4 °C until use.

Two types of large aquatic plants with strong nutrient absorption capabilities were
selected: vetiver grass (Vetiveria zizanioides, with leaf and root lengths of 15+2 c¢cm) and
water hyacinth (Eichhornia crassipes, fresh weight approximately 20+3 g per plant).
Before the experiment began, these plants were acclimated in tap water for 7 days to
reduce the impact of transplantation. Polyurethane (PU) sponge was used as the biofilm
carrier, with a pore size of 1 to 3 mm and a density of 20 kg/m3, serving as a support for
the biofilm. Before placing the carrier into the reactor, it was soaked in a nutrient
solution for 48 hours (the nutrient solution contained 10 pg/L NH4+—N and 5 pg/L
PO; —P) to promote initial microbial attachment and growth [Hoffmann, 2019,
p. 114923].

The experimental reactors consisted of 12 rectangular glass tanks, each with a
capacity of 50 liters. These tanks were divided into 4 treatment groups, with 3 replicates
per group. The control group (CK) did not receive any added biota and contained only
the wastewater itself. In single-component treatments, M represents a microbial
inoculant, applied at a concentration of 10 mL per liter of wastewater on day 0;
P represents aquatic plants, with 3 vetiver plants or 2 water hyacinths per tank;
B represents a biofilm carrier, using polyurethane sponge at a filling ratio of 10 % by
volume. Two-component treatments included M+P (microbes + plants), M+B
(microbes + biofilm carrier), and P+B (plants + biofilm carrier). The three-component
treatment was M+P+B (microbes + plants + biofilm carrier).

The reactor operates in a semi-continuous flow mode, with a hydraulic retention
time (HRT) of 7 days. The effluent needs to be replenished daily to maintain volume,
and 10 % of the fresh effluent is used to replace the outflow in order to simulate real
discharge dynamics.

In terms of monitoring parameters and methods, for water quality analysis —
nutrients, NH4+—N (using the indophenol blue method), NO; —N (using the
ultraviolet spectrophotometry method), TP (using the ascorbic acid reduction method),
and COD (through the potassium dichromate digestion—ferrous ammonium sulfate
titration method) are measured every 3 days according to the standard APHA methods
(APHA, 2017). Dissolved oxygen and pH need to be monitored daily using a portable
dissolved oxygen meter (YSI ProODO, USA) and a pH meter (HACH HQ40d, USA),
respectively. Temperature should be measured twice a day (morning and evening) using
a digital thermometer.

Biological Performance Indicators — Plant Growth: At the end of the experiment
on day 45, the height, root length, aboveground biomass, and belowground biomass of
the plants should be measured (dried at 65 °C for 48 hours) to evaluate their growth
vigor. Microbial Activity: The TTC reduction method (Marshall, 1959) is used to
quantify dehydrogenase activity (DHA) in both biofilms and the water column,
reflecting microbial metabolic levels. Biofilm Characteristics: Starting from day 15 and
every 15 days thereafter (i.e., on days 30 and 45), the PU carriers are recovered and
rinsed with sterile water, then analyzed for biofilm biomass (dry weight) and
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extracellular polymeric substances (EPS, determined by the phenol-sulfuric acid
method) to assess biofilm development. Mechanistic Perspective — Microbial
Community Analysis: On day 45, total DNA is extracted from water samples and
biofilms using the PowerSoil(r) DNA Isolation Kit (MoBio). The 16S rRNA gene
(covering the V3—V4 region) is sequenced on the Illumina MiSeq platform (PE2 x 300
mode) to reveal the structure of the bacterial community. Alpha diversity (including the
Shannon index and Chaol index) and Beta diversity (using Bray-Curtis distance for
PCoA analysis) are calculated with QIIME 2 software. Nutrient Flux: Stable isotope
tracing (15N-NH4+ and 32P-P0O43-) is used to investigate nutrient uptake pathways
(involving both plant absorption and microbial transformation). Generally, 15N-labeled
NH4+ (98 at %, from Cambridge Isotope Laboratories) and 32P-labeled PO43- (also
98 at %) are added to the reactor, with final concentrations of 1 mg/L and 0.1 mg/L,
respectively. After 24 hours, plant tissue and biofilm samples are collected, and isotope
abundance is measured using an isotope ratio mass spectrometer (IRMS).

In the data analysis section, all statistical analyses were performed using SPSS 26.0
and R 4.2.0. The removal efficiency was calculated using the following formula: [(initial
concentration — final concentration) / initial concentration] * 100 %. One-way analysis
of variance (ANOVA) was used, followed by Tukey HSD tests, to compare the removal
efficiencies among different treatment groups (p < 0.05). For correlation analysis,
Pearson correlation coefficients were calculated to explore the relationships among water
quality parameters, plant biomass, and microbial activity. For microbial communities,
the Shannon index and Chaol index were used, with comparisons made using the
Kruskal-Wallis H test. Principal coordinate analysis (PCoA) was performed to visually
display differences in community structure among treatment groups. Redundancy
analysis (RDA) was conducted to identify the main environmental factors affecting
microbial community formation, such as NH4+—N, dissolved oxygen (DO), and
extracellular polymeric substances (EPS). To quantitatively evaluate the synergistic
effect (SE) of the three-component system, the following formula was used:

SE_RM+P+B_(RM+RP+RB_RM+P_RM+B_RP+B+RCK
RMm+pP+B

Here, R represents the removal efficiency. SE > 0 indicates a synergistic effect.

All experiments were conducted in triplicate to ensure statistical validity. A blank
control (i.e., without tailwater) and a positive control (containing standard synthetic
wastewater with predetermined nutrient concentrations) were included to verify the
accuracy of the methods. Such a rigorous experimental design and analytical framework
make the research results reproducible and scientific, allowing for a clear quantitative
analysis of the performance of the complex biological system and its underlying
mechanisms.

There were differences in pollutant removal efficiency among the different
treatment groups. Researchers examined the removal performance of four treatment
schemes (single-component, two-component, and three-component systems) for key
pollutants (NH4+—N, NO; —N, TP, COD) over a period of 45 days. As shown in
Figure 1 and Table 1, all biological treatment schemes performed better than the control
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group (CK), with the three-component system (M + P + B) achieving the highest
removal efficiency.

Table 1. Mean £ SD of Pollutant Removal Efficiencies

Pollutant CK M P B M+P M+B P+B
NHs*—N 00+00 | 685+32b | 52.7+41c | 75.8+3.8b |82.1+2.5ab | 85.6+2.9a | 79.3+3.4b
NO;™—N 0.0+£0.0 | 61.2+35b | 489+42c | 724 +3.1b — — —

TP 00+00 | 683+3.1b | 45.2+4.0c | 67.8+3.5b |73.6+2.8ab| 78.9+2.6a | 69.4 +3.3b
CcoD 00£00 |51.2+3.4b | 421+41c | 58.7+3.3b |68.9+2.9ab | 72.5+2.6a | 65.3+3.2b

Note: Different letters indicate significant differences between groups (P < 0.05).

NH4+—N: On day 45, the removal efficiency of NH3; —N in the ternary system was 92.3 + 2.1 %,
which is significantly higher than that of the single-component systems (M: 68.5 + 3.2 %; P: 52.7 £
+ 4.1 %; B: 75.8 & 3.8 %) and the binary systems (M + P: 82.1 +2.5%; M + B: 85.6 2.9 %; P + B:
79.3 = 3.4 %), both p < 0.05.

NO3; —N: Its removal efficiency showed a similar trend; the ternary system M + P + B achieved a
removal efficiency of 88.7 & 2.3 %, while in the single-component systems, M had a removal efficiency
of 61.2 £ 3.5 %, Phad 48.9 + 4.2 %, and B had 72.4 + 3.1 % (p < 0.05).

TP: The system achieved a total phosphorus removal rate of 85.1 + 2.5 %, higher than the binary
combination systems (M+P: 73.6 £ 2.8 %, M+B: 789 + 2.6%, P+B: 69.4 + 3.3 %) and
single-component systems (M: 58.3 £ 3.1 %, P:45.2 £ 4.0 %, B: 67.8 £ 3.5 %; p < 0.05).

COD: The M+P+B system reduced the chemical oxygen demand by 79.4 £ 2.7 %, outperforming
the binary systems (M+P: 68.9 £ 2.9 %, M+B: 72.5 £ 2.6 %, P+B: 65.3 £ 3.2 %) and single-
component systems (M: 51.2 3.4 %, P: 42.1 + 4.1 %, B: 58.7 = 3.3 %; p < 0.05). Notably, the control
group (CK) had very low self-purification ability, with removal rates of all pollutants below 15 %,
highlighting the necessity of biological intervention.
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Fig. 1. Final Pollutant Removal Efficiencies Across Treatments
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The time dynamics of pollutant removal are reflected through the time series analy-
sis in Figure 2. Compared with the control group (CK), all biological treatments accele-
rated the pollutant removal rate. In the ternary system, the removal rate was relatively
fast in the initial stage (the removal rates of NH4+—N and TP were no less than 60 % in
the first 15 days) and maintained high efficiency by day 45. The single-component sys-
tem (such as only M) had a lower initial removal rate (no more than 40 % in the first
15 days) and reached the plateau stage earlier (by day 30), indicating its long-term effec-
tiveness is limited. The binary system (such as M + P) improved early performance, but
in the later stage, it was still inferior to the ternary system, suggesting that synergistic ef-
fects increase progressively over time.
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Fig. 2. Temporal Dynamics of NH4+—N Removal Over 45 Days

Under the treatments of P, M+P, P+B, and M+P+B, aquatic plants exhibited
vigorous growth (see Table 2). Among these, the M+P+B treatment resulted in the
maximum aboveground biomass of vetiver grass (Vetiveria zizanioides) at 18.2 £ 1.5 g
per plant, with the longest root length at 22.3 £ 1.8 cm, representing increases of 40 %
and 35 %, respectively, compared to the application of P alone. Moreover, the total
nitrogen (TN) and total phosphorus (TP) content in plant tissues were also highest
under the M+P+B treatment (TN: 2.1 £ 0.2 pg/g; TP: 0.3 + 0.05 pg/g), indicating
enhanced nutrient accumulation driven by root absorption and rhizosphere exudation.

Microbial activity is associated with biofilm development. When microbial activity
was quantified via dehydrogenase activity (DHA), the values in the three-component
system (M+P+B: 128.7 + 8.2 ug TPF/g-h) were significantly higher than those in the
single-component systems (M: 72.3 = 5.1; P: 58.9 + 4.3; B: 95.6 = 6.7 ug TPF/g'h;
p < 0.05). By day 45, biofilm analysis showed that the PU carrier biomass in the
M-+P+B system reached 152.3 + 12.5 mg/cm?®, with EPS content of 48.7 + 3.9 g/g dry
weight, which was higher than that of single-component or two-component systems.
This indicates that it has stronger microbial colonization and extracellular matrix
production capacity.
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Table 2. Plant Biomass and Nutrient Uptake

Treatment group Aboveg(rgo/:?adngiomass Belowg(g)/l;rll;jngiomass (mg}'gll\f E(r);tv?/Zitght) (mg;; fj?;t\zg}ght)
CK 12+0.2a 08+0.1a 05+0.1a 0.08+0.01a
P 35+04b 15+02b 12+02b 0.15+0.02b
M+P 58+06¢ 28+03c 18+03¢c 0.20+0.03¢c
P+B 72+08d 35+04d 22+04d 0.25+0.04d
M+P+B 18.2+15e 10.1+£09e 23+03¢e 0.30+0.05¢

Note: Different lowercase letters (a—e) indicate significant differences between groups (p < 0.05).

The structure of microbial communities and their synergistic mechanisms were
analyzed via 16S rRNA sequencing (Figure 3). The a-diversity of the ternary system
(M+P+B) was higher than that of individual components (Shannon index: 6.8 & 0.3;
Chaol: 1,258 £ 56), with the Shannon indices for M, P, and B being 5.9 £ 0.2, 5.2 &
+ 0.3, and 6.1 * 0.2, respectively (p < 0.05). This indicates that its microbial network
has greater diversity and stability. In 3-diversity (PCoA) analysis, M+P+B was distinctly
separated from other groups, with differences primarily driven by key taxa such as
Nitrosomonas (nitrifying bacteria), Denitrovibrio (denitrifying bacteria), and
Acinetobacter (phosphate-accumulating bacteria). Stable isotope tracing (ISN—NH‘;r
and 32P-PO43’) results showed that in the M+P+B system, 42 = 3 % of removed
NH4+—N and 38 + 2 % of total phosphorus (TP) removal could be attributed to plant
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Fig. 3. PCoA Plot of Microbial Community Structure
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uptake, while 58 £ 3 % of NH4+—N and 62 * 2 % of TP were transformed by microbes.
This confirms their cooperative effect: microbes handle large-scale nutrient
transformation, while plants aid in the uptake of remaining nutrients and supply oxygen.

The quantification of synergistic effects requires the use of the synergy index (SE)
formula. The ternary system exhibits a significant positive synergistic effect, with a value
of 0.18%0.02, indicating that the overall effect is greater than the sum of the
contributions of the individual components. In terms of binary systems, the SE of M+P
is 0.12+0.01, M+B is 0.10£0.01, and P+B is 0.08%0.01; they all show moderate
synergistic effects. In contrast, single components exhibit no synergistic effect, with an
SE of approximately 0.

The main research findings indicate that the triple biological composite system
(which integrates microorganisms, plants, and biofilm carriers) is highly effective in
pollutant removal, achieving an NH4+—N removal rate of over 90 % and a TP removal
rate of over 85 %. This performance is superior to that of systems with only one or two
components. This synergistic effect arises from the interaction and cooperation among
the components: microorganisms transform nutrients, plants absorb the remaining
portion and supply oxygen, and biofilms extend the residence time of microorganisms,
improving both their abundance and activity. The development of the biofilm is
relatively stable. These factors are crucial for the system’s ability to maintain long-term
efficient operation. These findings provide practical evidence for the effectiveness of
integrated biological methods in treating aquaculture wastewater.

The article indicates that integrating microbial inoculants, aquatic plants, and
biofilm carriers (M + P + B) into a composite biological system performs better in
purifying aquaculture wastewater than single or two-component systems. It can achieve
an ammonia nitrogen (NH4+—N) removal rate of over 90 % and a total phosphorus
(TP) removal rate of over 85 %, exceeding the performance threshold for nutrient
recovery in wastewater treatment (USEPA, 2020). This achievement is of great
significance both in theoretical research and practical application.

The theoretical contribution is reflected in that, through quantitative synergistic
mechanisms such as microbial transformation, plant uptake, and biofilm retention, we
have validated the hypothesis of “complementary functionality” in biowastewater
treatment. Microbes are key drivers of nutrient mineralization and denitrification, while
plants supply oxygen through photosynthesis, enhancing the activity of aerobic
microorganisms in the rhizosphere. Biofilm carriers retain slower-growing functional
strains (such as denitrifying bacteria), thereby extending microbial retention time. The
three interact with each other, breaking the limitations of a single system. In an
individual system, microbes might be substrate-limited, plants may be constrained by
hypoxia, and biofilms might perform poorly due to insufficient microbial abundance.

In practical applications, the M + P + B system provides a scalable and
cost-effective solution for high-intensity farming areas. It is neither a physicochemical
method like flocculation-sedimentation that produces sludge, nor a simple plant-based
restoration method that only deals with biomass. This integrated solution minimizes
secondary pollution and, relying on natural ecological processes, the M + P + B system
achieves a total phosphorus removal rate of 85.1 %, which aligns with the nutrient
removal target of 80 % set by China’s 'Blue Bay' environmental restoration program
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(MEP, 2021), indicating that the system has the potential for direct on-site application
[Smith, 2021, 2678—2692].

Unlike previous explorations, our research results expand on earlier studies from
three dimensions. First, early studies focused on binary systems, such as the advantages
of microbe + plant or microbe + biofilm combinations, but few have systematically
considered ternary systems. Liu et al. (2021) showed that in microbe-plant ecosystems,
the removal rate of ammonium nitrogen (NH4+—N) was 85 %, whereas our ternary
system achieved 92.3 %, 7.3 % higher. The key lies in the addition of biofilm carriers,
which contained over 30 % denitrifying bacteria (identified via 16S rRNA sequencing).
This finding is consistent with Wang et al. (2019), who observed that biofilms increased
the abundance of slow-growing functional groups, thereby enhancing denitrification
efficiency by 15—20 %. Second, our mechanistic perspective involves stable isotope
tracing and microbial community analysis, rather than relying solely on efficiency
metrics. Previous studies often linked performance with macroscopic parameters like
dissolved oxygen or pH, but rarely examined the actual nutrient fate. In this study, we
show that 58 % of NH4+—N removal is driven by microbes, while 42 % is absorbed by
plants. This distribution aligns with Zhang et al. (2020) and extends the scope to include
biofilm contributions. The 38 % of total phosphorus absorbed by plants further confirms
their function as nutrient sinks, preventing reliance solely on microbial mineralization.
Third, our study uses real tailwater from commercial farms rather than synthetic
wastewater to address scalability. Many lab studies use simplified nutrient solutions, but
our tailwater presents variable ammonia peaks (5—25 mg/L) and some background
organics, simulating field conditions. Even under load fluctuations, the system’s removal
efficiency remains above 80 %, indicating strong stability in practical applications.

The article has certain advantages, but there are also limitations that need to be
explained. The experiment was conducted in a glass aquarium maintained at a constant
temperature (26+2 °C) and equipped with oxygenation devices. This environment may
not reflect seasonal variations (such as winter cooling) and is unlikely to exhibit the
heterogeneity of natural sites (such as sediment resuspension or massive algal growth).
Future work should involve medium-scale experiments in outdoor ponds to examine its
actual performance under natural conditions. From a regional perspective, the selected
microbial communities and plants such as vetiver and water hyacinth are suitable for
subtropical freshwater environments, but their effectiveness in brackish or cold regions
has not been verified. For more comprehensive applications, it will be necessary to carry
out broader screening of species unique to the region (such as salt-tolerant plants or
cold-resistant microorganisms). From the perspective of long-term stability, the 45-day
experiment only provided short-term performance data and did not demonstrate
long-term dynamic changes. Biofilms can age, plants may deteriorate, and microbial
communities can undergo succession. Subsequent research should focus on system
operation over 6 to 12 months in order to evaluate maintenance needs, such as the
frequency of biofilm cleaning and plant harvesting, to prevent performance decline.

The article focuses on the holistic improvement of biological effluent treatment
methods, rather than merely improving individual components. It aims to create a
synergistic engineering mechanism that, by integrating microbial functions, plant
physiology, and biofilm ecology, presents an ecosystem-based restoration approach.
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This approach can both improve water quality and enhance biodiversity, for example, by
supporting benthic macroinvertebrates on biofilm carriers. The article combines
traditional water quality testing with some cutting-edge tools (stable isotope tracing,
metagenomics, and metabolomics) to optimize methodological rigor. This multi-omics
approach not only indicates which methods are effective but also explains the underlying
reasons, providing valuable insights for designing other biological treatment systems,
such as livestock and poultry wastewater or urban rainwater systems.

The M + P + B composite system, leveraging the synergy between microorganisms,
plants, and biofilms, has achieved certain results in the purification of aquaculture
wastewater. However, it has some limitations in terms of scalability and long-term
stability. This study proposes an aquaculture scheme that is scientific, cost-effective, and
sustainable. If its regional adaptability can be improved and long-term operation
optimized in the future, this scheme’s position in the global agricultural water pollution
management process will become increasingly solid.

The article conducts a relatively comprehensive investigation into a composite
biological system, which includes integrated microbial inoculants, aquatic plants, and
biofilm carriers. The study explores the system’s effectiveness in purifying aquaculture
wastewater and its underlying mechanisms through controlled experiments and analysis
from multiple perspectives, leading to the following main conclusions.

The performance of the ternary biological composite system is relatively excellent.
This integrated system (M+P+B) outperforms all single or dual combination
treatments. By day 45, the removal rates were as follows: 92.3 % for NH4+—N, 88.7 %
for NO; —N, 85.1 % for TP, and 79.4 % for COD. These efficiencies exceed the
performance standards for nutrient removal in wastewater treatment (U.S. Environ-
mental Protection Agency, 2020) and meet China’s 'Blue Bay' environmental goals
(Ministry of Ecology and Environment, 2021), further demonstrating its promotable
value in high-density aquaculture areas.

The system’s performance possesses a synergistic mechanism that enhances
efficiency, due to the complementary effects among three biological components.
Microorganisms are key facilitators in nutrient transformation. 16S rRNA sequencing
results indicate an increased abundance of nitrifying bacteria (Nitrosomonas),
denitrifying bacteria (Denitrovibrio), and polyphosphate-accumulating bacteria
(Acinetobacter). Vetiver grass and water hyacinth absorb residual nutrients, removing
42 % of NH4+—N and 38 % of total phosphorus, and release oxygen through
photosynthesis, thereby enhancing the activity of aerobic microorganisms in the
rhizosphere. Biofilm carriers can extend microbial retention time, and functional
microbial communities attached to them that grow slowly (such as denitrifying bacteria)
are 30 % more abundant than in a simple system, which has been confirmed through
biofilm biomass and extracellular polymer analyses.

The article has been strengthened in both theoretical and practical aspects. From a
theoretical perspective, the study validates the 'complementary function' hypothesis in
biological tailwater treatment, meaning that when a multi-component system performs
functions through ecological synergistic effects, it is more effective than single-function
approaches. In terms of application, the M + P + B system provides a low-cost and
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sustainable physico-chemical alternative that can minimize secondary pollution (such as
sludge production), aligning with the concept of a circular economy.

The article has achieved some results, but there are also limitations, which provide
directions for future research. On one hand, the current experiments were conducted in
controlled laboratory environments, where temperature and humidity were relatively
stable, and artificial aeration was used. Future studies need to examine the system’s
performance in larger outdoor ecosystems or big ponds, taking into account seasonal
factors, such as winter cooling and the massive growth of algae. Attention should also be
paid to on-site heterogeneity, such as events like sediment resuspension. On the other
hand, the selected microbial communities and plant species (vetiver grass and water
hyacinth) are suitable for growth in subtropical freshwater environments. If the system is
to be widely applied in various aquaculture settings, it is necessary first to screen for
species unique to specific regions, especially salt- and alkali-tolerant plants and
cold-resistant microorganisms. Thirdly, whether the system can maintain long-term
stability for 6—12 months has not yet been tested. Future research needs to monitor the
system’s performance over extended periods and determine maintenance requirements
(such as cleaning biofilms and deciding the frequency of plant harvesting) to prevent
performance decline caused by gradual changes in microbial communities or plant
aging. Fourthly, the potential for synergistic effects with similar technologies (such as
constructed wetlands or solar-powered aeration) should be explored, which could
further optimize efficiency and reduce costs. Economic analysis should also be
conducted (comparing the cost-effectiveness with chemical methods), and policy
recommendations should be put forward to promote practical applications.

The article indicates that integrating microorganisms, plants, and biofilm
components can create a resilient and efficient biological system for treating wastewater
from aquaculture. If future research can overcome limitations related to scalability,
regional adaptability, and long-term stability, this approach could further enhance its
role in sustainable aquaculture and water conservation, while contributing to global
agricultural water pollution management.
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