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Abstract

Aquaculture solid waste (ASW) from intensive farming poses significant environmental
challenges, yet its potential as a composting feedstock remains insufficiently evaluated. This
study systematically assessed the feasibility of aerobic composting for ASW valorization
through integrated feedstock characterization, composting process monitoring, microbial
community analysis, and pot experiment validation. ASW collected from intensive aqua-
culture facilities was characterized by high phosphorus (mean TP: 6.80 mg/g), potassium
(TK generally >10 mg/g), and iron (mean Fe: 49,112 mg/kg) content but low organic matter
(17.60%) and total nitrogen (0.72%). Composted with rice straw powder, meat and bone
meal, and mineral amendments, ASW was successfully converted into mature compost,
with the thermophilic phase (>50 °C) lasting only 4 days and the seed germination index
exceeding the 80% safety threshold within 15 days. The composting process exhibited an
organic matter degradation rate of approximately 20.82%, along with low electrical con-
ductivity and stable pH in the final product. Microbial community analysis revealed that
ASW addition significantly altered bacterial and fungal community structure, enriching
functional taxa associated with organic matter decomposition and nutrient transforma-
tion. Pot experiments conducted under equal nutrient input conditions demonstrated
that the ASW-derived compost supported satisfactory crop growth, with the fresh weight
of Fast-growing Cabbage reaching 106.95 g per plant. The compost also improved soil
properties, including reduced electrical conductivity (72.8% lower than urea), increased
soil organic matter (17.8% increase over original soil), and enhanced available phosphorus
(93.0% increase over original soil). These results indicate that aerobic composting is a
technically viable pathway for converting ASW into a qualified organic fertilizer, providing
a preliminary scientific basis for future waste management strategy for the sustainable
development of the aquaculture industry.

Keywords: aquaculture solid waste (ASW); aerobic composting; resource utilization;
microbial community; sustainable aquaculture

1. Introduction

Aquatic products, a vital source of high-quality animal protein for humans, account
for nearly one-sixth of global meat consumption [1]. According to the FAO, the annual
growth rate of aquatic product consumption has remained above 3% since the 1960s,
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significantly outpacing that of other animal proteins [2]. However, while meeting global
protein demands, the aquaculture industry’s reliance on high-density farming models
has resulted in significant negative impacts on aquatic environments, raising widespread
concern [3-5]. According to a report from the U.S. Department of Agriculture [6], China,
as the world’s largest aquaculture producer, reported an output of 60.8 million metric
tons in 2024, with continued growth projected. Among various production modes, pond-
based high-density culture predominates, which involves the direct discharge of fish
metabolites and uneaten feed into water bodies. The discharge of this effluent not only
compromises the quality and yield of the farmed species but also poses significant threats
to the surrounding aquatic ecosystem. Specifically, the continuous discharge of nutrient-
rich effluents—primarily excess nitrogen and phosphorus—triggers severe eutrophication
and harmful algal blooms in receiving waters [7]. As these blooms decompose, they
cause oxygen depletion and subsequent hypoxic conditions, leading to a drastic loss of
aquatic biodiversity and the degradation of sensitive habitats [8]. According to national
statistics [9], emissions of chemical oxygen demand (COD), total nitrogen (TN), and total
phosphorus (TP) from China’s aquaculture sector in 2017 reached 66.6 million, 9.91 million,
and 1.61 million metric tons, respectively. As the largest producer, China’s aquaculture
industry and its associated environmental challenges are emblematic of those faced by the
global industry at large.

Pollutants generated during aquaculture production primarily comprise soluble
metabolites, insoluble solid feces, and uneaten feed. Aquaculture Solid Waste (ASW)
is typically rich in phosphorus and essential minerals; however, compared to traditional
livestock manure, it is generally characterized by lower total organic matter (OM) and
total nitrogen (TN) contents. Despite these lower absolute nutrient levels, the organic
fractions within ASW—primarily comprising unconsumed feed and fresh feces—exhibit
exceptionally high biodegradability [10-12]. Studies have shown that in high-density aqua-
culture systems, 25-30% of the supplied feed is ultimately converted into solid waste [13].
Therefore, the efficient removal of ASW is crucial for maintaining good water quality in
aquaculture systems and minimizing pollution discharge into the external environment.
In recent years, the Chinese government has promoted the development of intensive,
facility-based aquaculture—such as Recirculating Aquaculture Systems (RAS)—and these
advanced models are undergoing rapid development [14]. Their enclosed design facilitates
the centralized collection of ASW. For example, in RAS, solid waste accounts for more than
35% of the feed intake for species such as Nile tilapia and common carp [15]. However,
improper treatment of the ASW removed from these systems can still lead to secondary
environmental pollution.

Current conventional strategies for managing Aquaculture Solid Waste (ASW) include
on-site accumulation/landfilling, direct land application, anaerobic digestion for biogas
production, and aerobic composting. On-site accumulation or landfilling poses a risk of
nutrient leaching, which can lead to soil and water eutrophication [11]. Beyond water
pollution, the terrestrial dumping or unregulated landfilling of aquaculture wastes severely
deteriorates local soil quality over time. Specifically, the direct accumulation of raw ASW
can induce secondary soil salinization and severe nutrient imbalances [16]. Furthermore,
the natural anaerobic decomposition of these untreated wastes releases phytotoxic sub-
stances that directly disrupt native soil microbial ecosystems and impair long-term land
productivity [17]. While direct land application facilitates nutrient recycling [13-15], it car-
ries the potential hazard of reintroducing pathogenic microorganisms into the environment
or contaminating water sources. Anaerobic digestion can generate biogas and reduce pollu-
tant loads [16-19]; however, it faces challenges such as operational instability, difficulties
in ensuring continuous biogas utilization, and increased costs associated with digestate
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transport. In contrast, aerobic composting does not require dedicated infrastructure or
costly facilities, is relatively simple to operate, and effectively recovers nutrients, enabling
waste resource recovery [20], making it a potentially cost-effective and efficient approach for
ASW treatment and utilization. While anaerobic digestion has been extensively explored to
convert aquaculture sludge into biomethane, its widespread field application is frequently
hindered by operational instabilities—such as severe ammonia inhibition—high upfront
system costs, and substantial heating demands in colder climates [21-24]. Although the gen-
erated biogas can be used to heat the anaerobic digestion system, this internal consumption
significantly reduces the net energy available for other farm operations, making anaerobic
digestion generally more suitable for large-scale recirculating aquaculture systems [25,26].
For smaller systems, low-cost solid-state bioconversion practices have gained traction due
to their minimal financial barriers and natural self-heating capacity. For instance, recent
studies have explored vermicomposting of fish sludge blended with various agricultural
residues, successfully demonstrating its potential to produce nutrient-rich fertilizers [27].
Furthermore, when the transport of anaerobic digestion digestate as a liquid poses logis-
tical hurdles, co-composting serves as a practical stabilization alternative [28]. However,
research focusing specifically on thermophilic aerobic composting of ASW remains rela-
tively limited. Unlike vermicomposting, thermophilic aerobic composting offers the critical
advantage of rapid self-heating for pathogen sanitation without the strict environmental
constraints required to maintain earthworm viability [29,30]. Furthermore, most existing
ASW composting studies have primarily evaluated isolated process parameters or final
maturity indices. A comprehensive evaluation that seamlessly links the initial feedstock
challenges to microbial community succession and directly validates the end-product
through agronomic pot experiments is still severely lacking. Addressing these gaps is
essential to establish the true novelty and practical significance of ASW-derived compost
as a sustainable fertilizer.

Previous studies have confirmed that using pond sediment as a composting amend-
ment can enhance compost quality [31,32]. However, research focusing specifically on
ASW as the primary feedstock for thermophilic aerobic composting remains relatively
limited [33-35] and exhibits several notable gaps. Compared to conventional composting
feedstocks such as livestock manure, sewage sludge, and food waste—which typically
possess abundant organic matter and nitrogen sufficient to independently sustain robust
microbial metabolism and thermophilic heating—ASW exhibits a distinct physicochemical
profile [11,17]. Due to its relatively low organic matter and nitrogen contents, ASW faces
inherent thermodynamic limitations; however, it retains relatively sufficient levels of phos-
phorus and potassium [36]. This unique elemental composition highlights a critical research
gap, as the specific chemical and microbial successional dynamics of such a low-nitrogen,
mineral-bearing aquatic waste stream during co-composting remain largely unexplored.
Consequently, ASW cannot be simply managed as a traditional bulk substrate; instead,
it requires a tailored co-composting approach. This necessitates the strategic integration
of carbon- and nitrogen-rich amendments to balance the initial C/N ratio, thereby over-
coming substrate limitations for microbial metabolism and unlocking ASW’s potential
as a high-value, mineral-enriched organic fertilizer [37]. Specifically, there is a lack of
systematic assessment of the suitability of ASW as a composting feedstock, including
its physicochemical characteristics and potential limiting factors. Furthermore, insuffi-
cient attention has been given to investigating whether ASW-derived compost products
meet the quality and safety requirements for organic fertilizer application, particularly
regarding maturity, phytotoxicity, nutrient availability, and agronomic performance. Given
that the composition of ASW may influence composting dynamics, microbial community
development, and final product properties in ways that differ from those of conventional
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feedstocks, a comprehensive evaluation following standardized assessment protocols is
warranted. Based on the above considerations, there is a clear need to evaluate the feasibil-
ity of aerobic composting as a resource utilization pathway for ASW. Such an evaluation
should encompass feedstock characterization, composting process monitoring, microbial
community analysis, and agronomic performance testing, to determine whether ASW can
be effectively converted into a qualified organic fertilizer through standard composting
procedures [38,39].

The specific objectives of this study are to (1) characterize the physicochemical prop-
erties of ASW collected from intensive aquaculture facilities and assess its suitability as
a composting feedstock; (2) evaluate the composting process performance and product
quality through systematic monitoring of physical, chemical, and biological indicators;
(3) analyze the composting microbial community structure and its response to ASW ad-
dition; and (4) assess the agronomic performance of the ASW-derived compost and its
effects on soil properties under standardized pot experiment conditions. This study aims
to provide scientific evidence and technical support for the harmless treatment and re-
source utilization of ASW, contributing to sustainable waste management practices in the
aquaculture industry.

2. Materials and Methods
2.1. Experimental Materials

Aquaculture solid waste (ASW) was collected from facility-based intensive aquaculture
ponds in Hubei Province, Central China. In these systems, fish were reared in high-density
culture tanks equipped with conical-bottom settling units [40]. Solid waste, comprising
primarily fish feces and uneaten feed, settled at the tank bottom and was periodically
pumped to shore-based settling towers, where ASW was collected from the tower bottom
after natural sedimentation. All farms used commercial pelleted feed appropriate for the
respective species. Among the five characterized ASW samples (Table 1), ASWy—collected
from a Grass Carp (Ctenopharyngodon idella) farm in Jingzhou—was selected for compost-
ing experiments. Statistically, ASW; showcased a baseline composition that most closely
approximated the central tendency (mean values) of the five sampled sources. Specifically,
due to the minimal deviation of its critical bio-energetic parameters (i.e., organic matter
and total nitrogen) from the cohort averages, ASW2 serves as a statistically robust and
generalizable model substrate for evaluating the proposed co-composting strategy. To ad-
dress the physicochemical limitations of raw ASW, specific amendments were strategically
integrated. Rice straw powder was collected from local farms in Suqian, Jiangsu Province,
China, and was incorporated primarily as a carbonaceous bulking agent to provide a readily
available carbon source and improve the physical porosity of the pile for adequate aeration.
Pathogen-free meat and bone meal (provided by a local environmental company, Wuhan,
China), representing another common organic waste, was included as a supplementary
source of complex proteins and slow-release nutrients to compensate for the inherently
low total nitrogen content of ASW. Furthermore, urea (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China) was added to contribute 20% of the total nitrogen requirement,
serving as a highly bioavailable nitrogen source to rapidly stimulate microbial metabolism
and promote the swift onset of the thermophilic phase. Finally, calcium superphosphate
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was supplemented to constitute
5% of the dry mixture; this was crucial not only for regulating the initially mildly alkaline
pH but also for mitigating ammonia volatilization (nitrogen loss) by acting as an acidic
buffer and forming stable ammonium salts during early biodegradation. The properties of
all raw materials used—including rice straw powder, pathogen-free meat and bone meal,
urea, and calcium superphosphate—are provided in Supplementary Table Sé.
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Table 1. Chemical composition analysis of aquaculture solid waste (ASW).

ASW1 ASW2 ASW3 ASW4 ASW5 Mean £+ SD

OM 269.01 177.29 93.82 165.71 174.02 175.97 + 62.28
TN 10.04 5.49 342 10.6 6.5 7.21 £ 3.06
TP 8.79 5.77 4.84 7.42 717 6.80 = 1.53
TK 14.49 15.16 16.33 10.02 15.52 14.30 £+ 2.49

Ca 41.52 30.09 12.61 21.79 44.18 30.04 £ 13.26
Mg 5.14 6.67 3.53 2.11 6.90 4.87 £ 2.05
B 0.09 0.08 0.08 0.07 0.11 0.09 = 0.01
S 40.12 29.12 23.41 19.16 39.69 30.30 £ 9.46
Zn 2.96 2.08 0.90 1.04 2.76 1.95 + 0.95
Fe 45.63 44.74 49.04 45.39 60.75 49.11 £6.72
Cu 0.11 0.08 0.09 0.09 0.12 0.10 = 0.02
Mn 1.36 1.08 0.69 0.70 1.11 0.99 +0.29

Note: Data are expressed as means =+ standard deviation (# = 3). All parameters, including organic matter (OM)
and elemental contents (Ca, Mg, B, S, Zn, Fe, Cu, and Mn), are uniformly reported in the unit of mg/g on a dry
weight basis.

For pot experiments, seeds of Fast-growing Cabbage (Brassica pekinensis (Lour.) Rupr.)
and Purple Cai-tai (Brassica campestris L.var. purpuraria) were sown outdoors and trans-
planted after 20 days. The experimental soil was collected from the top 0-20 cm layer of an
experimental field on campus. The physical and chemical properties of the soil are provided
in the Supplementary Materials (Table S1). It was air-dried, crushed, and passed through a
2 mm sieve to remove plant roots and debris. Plants were grown in 4.5 L plastic pots.

2.2. Composting Process

The experiment comprised two composting treatments: AMR (with aquaculture solid
waste) and MR (without ASW, serving as the control). The detailed composition of each
formulation, based on dry weight, is presented in Table 1. Briefly, the AMR formulation
included ASW, rice straw powder, and pathogen-free pig bone meal, whereas the MR
formulation contained only rice straw powder and pig bone meal. For both formulations,
urea was added to contribute 20% of the total nitrogen, and calcium superphosphate was
supplemented to constitute 5% of the dry mixture. The experimental parameters for the
aerobic composting process were established to meet the optimal thermodynamic and
biological requirements for microbial metabolism. Specifically, the composting mixtures
were adjusted to a C/N ratio of 20 and an initial moisture content of 60% based on the
measured carbon and nitrogen content of each ingredient. This moisture level was strate-
gically selected to strike a critical balance: providing sufficient hydration for intracellular
enzymatic activities while maintaining adequate free air space (FAS) to prevent anaerobic
conditions. Composting was conducted in triplicate in 100 L insulated polyethylene cylin-
drical reactors with lids. To maintain aerobic conditions, the piles were turned manually
every 2 days for the first 15 days (the active thermophilic phase), after which the frequency
was reduced to once every 5 days. This turning schedule was implemented to continuously
replenish oxygen, ensure uniform heat redistribution, and eliminate localized anaerobic
pockets. The entire process lasted for 45 days and was conducted indoors at a constant
ambient temperature of approximately 20 °C to ensure high experimental reproducibility.
However, we acknowledge that in these 100 L pilot-scale reactors, periodic manual turning
may induce transient but more pronounced heat losses compared to the thermal inertia
typical of industrial-scale windrows.
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2.3. Pot Experiment

A pot experiment was established under open-air conditions to evaluate the agronomic
performance of the composts. Four treatments were implemented: PAMR (application
of AMR compost), PMR (application of MR compost), PU (application of urea), and PO
(no fertilization). The application rate for the MR compost was set at 20 g per kg of
soil, a standard rate commonly employed in pot experiments evaluating organic fertilizer
performance [41,42]. The application rate for the AMR compost was adjusted to deliver
an equivalent total nutrient content (N + P,Os5 + K,O) as the PMR treatment, following
the equal-nutrient-input design principle widely adopted for comparing the agronomic
performance of different organic fertilizer sources [43,44]. The detailed nutrient inputs for
each treatment are provided in Supplementary Table S2. The experiment was arranged
in a completely randomized design with three replicates. Three seedlings each of Fast-
growing Cabbage and Purple Cai-tai were transplanted into each 4.5 L pot filled with
the prepared soil-fertilizer mixture. Plants were grown in an open-air environment and
watered with deionized water as needed to maintain soil moisture at approximately 70%
of field capacity. All plants were harvested 45 days after transplantation for subsequent
biometric and chemical analyses.

2.4. Sampling and Analysis Methods

To maintain manuscript conciseness given the extensive cohort of physicochemical,
soil, and agronomical parameters monitored in this study, a brief summary of the standard
analytical frameworks is outlined below, whereas the exhaustive, step-by-step procedural
protocols for each analysis are compiled in Section S1 of the Supplementary Materials.

2.4.1. Feedstock Characterization and Compost Process Monitoring

Representative samples of the collected aquaculture solid waste (ASW) were obtained
prior to composting and stored at —20 °C for initial characterization. Throughout the
composting process, samples were periodically collected immediately after turning to
ensure the robustness and reproducibility of downstream analyses. Specifically, a stan-
dardized five-point sampling method was employed: equal-volume sub-samples were
extracted from the center and four equidistant peripheral locations of each reactor. These
five sub-samples were then thoroughly homogenized to form a single representative com-
posite sample (approximately 50 g). This rigorous composite sampling procedure was
independently executed for each of the three biological replicates, and the resulting sam-
ples were similarly stored at —20 °C for subsequent analysis. Additionally, compost pile
temperature was recorded daily at five randomly selected positions at varying depths,
with the arithmetic mean calculated and ambient temperature noted. For both ASW and
compost samples, moisture content (MC) was determined by oven-drying at 105 °C to
constant weight. The pH and electrical conductivity (EC) were measured in a 1:10 (w/v)
water extract after 1 h of shaking. Total nitrogen (TN) was quantified using the Kjeldahl
method [45], which primarily accounts for the organic and ammoniacal nitrogen fractions
in the samples. Total phosphorus (TP, as P,Os) and total potassium (TK, as K;O) were
analyzed according to NY525-2012 [46]. Available phosphorus (AP) was determined by
citric acid extraction [47], and available potassium (AK) by dilute hydrochloric acid extrac-
tion [48]. Elemental composition (Ca, Mg, B, S, Zn, Cu, Fe, Mn) was assessed by inductively
coupled plasma mass spectrometry (ICP-MS) following microwave digestion. Microbial
abundance was quantified via the dilution plate method [49], and seed germination index
(GI) was assessed following Ma et al. [50].
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2.4.2. Composting Material DNA Extraction, Sequencing, and Bioinformatics Analysis

To dynamically track the biochemical stabilization of the compost and identify func-
tional taxa associated with nutrient transformation and plant growth promotion, the
V3-V4 region of the 16S rRNA gene was targeted to profile bacterial communities, the
primary drivers of initial thermogenesis and rapid degradation of labile organic matter.
Concurrently, the ITS region was sequenced to characterize fungal succession, reflecting
their essential roles in degrading complex lignocellulose (e.g., rice straw) and facilitat-
ing humification during the cooling and maturation phases. The E.Z.N.A. soil DNA
kit (Omega Bio-tek, Norcross, GA, USA) was utilized for extracting total microbial ge-
nomic DNA from composting samples. DNA quantification was performed using the
NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., Waltham, MA, USA),
and DNA extraction quality was assessed through 1.2% agarose gel electrophoresis. The
V3-V4 region of bacterial 16S rRNA genes was amplified using the forward primer F 5'-
ACTCCTACGGGAGGCAGCA-3' and reverse primer R 5-GGACTACHVGGGTWTCTAAT-
3'. The internal transcribed spacer (ITS) region V1 was amplified for fungi using the for-
ward primer ITSF (5-GGAAGTAAAAGTCGTAACAAGG-3') and reverse primer ITSR
(5'-GCTGCGTTCTTCATCGATGC-3'). Library preparation, sequencing, and bioinformatics
analysis were performed by Biomarker Technologies Co., Ltd. (Beijing, China). Sequencing
was conducted on an [llumina MiSeq platform using paired-end sequencing with the MiSeq
Reagent Kit V3 (600 cycles). Briefly, primer sequences were removed using the cutadapt
plugin within the QIIME2 pipeline (version 2019.4). For rigorous read quality filtering,
denoising, paired-end merging, and chimera removal, the DADA2 algorithm was executed,
which effectively filtered the initial sequencing depth down to high-quality, non-chimeric
sequences per sample. Contamination control was strictly enforced by implementing blank
negative controls during both DNA extraction and PCR amplification stages (ensuring no
amplified bands occurred) and computationally discarding singleton amplicon sequence
variants (ASVs). Taxonomic classification of bacterial sequences was performed against
the SILVA database (Release 13.8), and fungal sequences were classified against the UNITE
database (Release 8.0). For downstream alpha (Shannon, Simpson, Chaol) and beta di-
versity analyses, data normalization was achieved through a rarefaction strategy, where
the ASV feature table was sub-sampled to 95% of the minimum sequencing depth across
all samples using the giime feature-table rarefy function. The raw sequencing reads were
deposited in the NCBI Sequence Read Archive (SRA) database, with accession numbers
provided in the Supplementary Materials (Table S3).

2.4.3. Pot Experiment Sampling and Analysis Methods

The intact plants removed from the plastic pots were rinsed with deionized water
and then air-dried using a blow dryer. Successively, the biomass, plant height, root length,
crown diameter, leaf number, maximum leaf width, and root weight of the plants were
measured. Subsequently, the plant samples were first oven-dried at 105 °C for 30 min to
halt enzymatic activity and then dried at 70 °C to constant weight to determine the dry
matter yield [51]. After harvesting plants from each pot, soil from the pots was collected,
spread out, air-dried, and ground. Soil organic matter (SOM) was determined using the
wet oxidation titration method [52]. The pH value was measured using a pH meter in a
1:2.5 mixture of sample and distilled water [53]. Electrical conductivity (EC) was measured
using an EC meter in a 1:5 mixture of sample and distilled water. Available phosphorus in
the soil (SAP) was extracted using sodium bicarbonate, and the phosphorus in the extract
was determined using the molybdenum antimony spectrophotometric method [54]. Avail-
able potassium in the soil (SAK) was extracted using ammonium acetate, and the potassium
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in the extract was determined using flame photometry [55]. Alkaline hydrolyzable nitrogen
(AN) was determined using the alkaline hydrolysis diffusion method [13].

2.5. Statistical Analysis

Data for macroscopic physicochemical and agronomical parameters were evaluated
are presented as mean =+ standard deviation. For the composting experiment, significant
differences between two treatments (AMR and MR) were determined using independent
samples f-tests at p < 0.05. For the pot experiment involving multiple treatments, signifi-
cant differences were determined using one-way analysis of variance (ANOVA) followed
by Fisher’s least significant difference (LSD) test at p < 0.05. All statistical analyses were
performed using IBM SPSS Statistics 25. For the microbial sequencing data, recognizing its
compositional and non-normal nature, specialized statistical approaches were implemented.
Specifically, variations in microbial community structures (beta diversity) were evaluated
using Permutational Multivariate Analysis of Variance (PERMANOVA) based on Bray—Curtis
distance matrices via the R4.1.1 software. Differential abundance of specific microbial taxa
across treatment groups was determined using the non-parametric Kruskal-Wallis rank-sum
test, with p-values rigorously adjusted using the Benjamini-Hochberg False Discovery Rate
(FDR) correction to control for false positives during multiple comparisons.

3. Results
3.1. Characteristics and Feasibility of Aquaculture Solid Waste as a Composting Feedstock

The aquaculture solid waste (ASW) samples exhibited considerable variability in
composition across the different farm sources (Table 1). A comparative analysis with typical
livestock manures (Table S4) revealed that ASW was generally characterized by lower
organic matter (OM: 17.60 £ 6.23%) and total nitrogen (TN: 0.72 £ 0.31%) content. In
contrast, ASW possessed a distinct macro- and micronutrient profile. The total phosphorus
(TP) content ranged from 5 to 10 mg/g in four out of five samples, with a mean value of
6.80 mg/g. Furthermore, the total potassium (TK) content in all samples exceeded 10 mg/g,
reaching 16.33 mg/g in ASW3, which was significantly higher than that in the livestock
manure samples. The ASW was also rich in essential plant micronutrients including Ca,
Mg, B, S, Zn, Fe, Cu, and Mn. A particularly striking feature was the exceptionally high
iron (Fe) content, which reached 49,044 mg/kg in the largemouth bass (ASW3) sample and
substantially exceeded values reported for livestock manure and aquaculture sludge in the
literature [56,57].

Overall, the principal value of ASW as a composting feedstock resides in its high
phosphorus and potassium loadings, coupled with abundant iron, which constitute valu-
able nutrient inputs for the final compost product. Although the inherently low OM and
TN levels necessitate supplementation with carbon- and nitrogen-rich amendments to
achieve an optimal initial C/N ratio, these unique nutritional characteristics substantiate
the technical feasibility of ASW valorization via composting.

3.2. Acceleration of Composting Process and Optimization of Product Properties by Aquaculture
Solid Waste Addition

3.2.1. Composting Process Performance and Maturity Assessment

The composting process progressed efficiently in the AMR treatment, as demonstrated
by temperature dynamics and maturity indicators (Figures 1 and S1). In the AMR treatment,
the pile temperature rapidly reached 50 °C within 48 h, peaking at 59 °C on day 3. This criti-
cal thermophilic phase (>50 °C) persisted for four days, after which temperatures gradually
equilibrated to ambient levels (AT < 5 °C) by day 10. Conversely, the MR control exhibited
substantially delayed heating. It only achieved a peak of 60 °C on day 11, sustained a
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prolonged 12-day thermophilic phase, and did not cool to ambient temperature until day
15. Consequently, the incorporation of ASW reduced the thermophilic duration by 67%,
effectively accelerating the overall composting cycle. Simultaneously, the seed germination
index (GI)—a key maturity parameter—reached 84.99 + 10.71% in the AMR treatment by
day 15, surpassing the 80% safety threshold for mature compost [58], and remained at high
levels thereafter. In contrast, the GI value in the MR treatment consistently stayed below
40% (only 32.55 £ 0.21% on day 45), confirming the presence of high concentrations of
phytotoxic substances in the MR. These results indicate that the ASW-amended compost
achieved the maturity safety threshold at least 30 days earlier than the control, supporting
the technical feasibility of rapid ASW composting. The observed acceleration is further
supported by the higher microbial activity detected in the AMR treatment (Figure S1B).

—=— MR
60 o AMR
T

@) .vh'_ —+— Room Temperature
3 |}
=
E 40
)]
Q.
5 4

20 i - 2O E u g
= ¥ Sl &%

0 10 20 30 40 50

Time/day

Figure 1. Changes in temperature in two treatments. Data points represent the mean values of three
independent biological replicates (1 = 3), and error bars indicate the standard deviation.

3.2.2. Composting Microenvironment and Product Stability

Key physicochemical parameters during composting are presented in Figure 2A-C.
The initial moisture content was set at 60% for both treatments. By day 45, moisture content
decreased to 51.94% in AMR and 48.20% in MR, primarily due to water evaporation.
The greater moisture loss in MR was likely due to its prolonged thermophilic phase.
Furthermore, electrical conductivity (EC) monitoring revealed that EC values in AMR
were consistently and significantly lower than those in MR, indicating that ASW addition
helped mitigate the risk of soluble salt accumulation. Final EC values for both treatments
remained within the safe range for agricultural application (<10.6 mS/cm). Regarding pH
evolution, the AMR treatment exhibited a rapid increase to pH 9.35 within 24 h, indicating
intense initial ammonification, and subsequently declined and stabilized within a neutral
to slightly alkaline range (pH 7.9). In contrast, the MR treatment showed pH fluctuations
between 8.5 and 9.0, eventually stabilizing at a relatively high pH of 8.67. The rapid
initial surge to pH 9.35 likely drove substantial ammonia volatilization, consistent with
the slower apparent concentration of TN relative to TP and TK, since nitrogen has an
additional volatile pathway that P and K lack. The subsequent pH decline to approximately
7.9 suggests active nitrification, mitigating further nitrogen loss during maturation.
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Figure 2. Physicochemical Properties under different treatments. (A) Moisture content (MC). (B) pH
value. (C) Electric Conductivity (EC). (D) Organic matter content (OM). (E) Total nitrogen content
(TN). (F) Total phosphorus content (TP). (G) Total potassium content (TK). (H) Available phosphorus
content (AP). (I) Available potassium content (AK). MR: Control compost formulated with meat and
bone meal and rice straw. AMR: ASW-amended compost formulated with aquaculture solid waste,
meat and bone meal, and rice straw. Data points represent the mean values of three independent
biological replicates (1 = 3), and error bars indicate the standard deviation.

3.2.3. Organic Matter Degradation and Nutrient Availability

ASW significantly promoted organic matter degradation and the formation of plant-
available nutrients in the compost (Figure 2D-I). The initial organic matter (OM) content
of AMR (61.52%) was significantly lower than that of MR (81.88%), but AMR exhibited a
higher degradation rate (20.82% vs. 10.91%), aligning with its stronger microbial decomposi-
tion capacity. Total nitrogen (TN) content increased rapidly during the initial stage for both
treatments. This apparent increase reflects a typical concentration effect, as the rapid mineral-
ization and loss of organic carbon significantly outpaced concurrent nitrogen volatilization.
After stabilization, the final TN content of AMR (2.08%) was slightly lower than that of MR
(2.49%), possibly related to more efficient nitrogen transformation and fixation in AMR. Total
phosphorus (TP) and total potassium (TK) contents showed an increasing trend due to the
concentrating effect from organic matter mineralization and decomposition. More importantly,
available phosphorus (AP) and available potassium (AK) stabilized as the compost matured,
demonstrating that the ASW compost product (AMR) possessed a balanced and readily
plant-available supply of phosphorus and potassium nutrients upon maturity.

In summary, the AMR composting process exhibited efficient performance, evidenced
by a short thermophilic phase (4 days), rapid achievement of the maturity safety threshold
(GI > 80% within 15 days), and a favorable organic matter degradation rate (20.82%). The final

https://doi.org/10.3390/w18111331


https://doi.org/10.3390/w18111331

Water 2026, 18, 1331

11 of 27

compost product demonstrated low electrical conductivity, stable pH, and balanced available
phosphorus and potassium levels, meeting the key quality criteria for agricultural applications.

3.3. Microbial Community Composition in ASW-Amended and Control Compost
3.3.1. Bacterial Community Composition and Differences

Bacterial sequencing results indicated that the MR group had significantly higher
Chaol, but no significant differences were found in Simpson, Shannon, and Pielou’s
evenness indices between groups (Figure 3A). The number of OTUs was significantly higher
in the AMR group (with ASW) than in the MR group (6479 vs. 3210). However, shared
OTUs accounted for only 3.94% (367/9322) of the total, indicating that ASW fundamentally
reshaped the bacterial community (Figure S2A).
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Figure 3. Bacterial communities in fertilizers. (A) Alpha diversity. (B) Heatmap of species composition
at the genus level. Asterisks (*) indicate statistically significant differences between groups (p < 0.05).
Data points represent the mean values of three independent biological replicates (1 = 3), and error
bars indicate the standard deviation.
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At the phylum level, the MR group was primarily composed of Actinobacteria
(46.99%), Firmicutes (22.44%), Proteobacteria (14.53%), Bacteroidetes (11.36%), Deinococcus-
Thermus (2.18%), Chloroflexi (0.86%), and Gemmatimonadetes (0.70%). The AMR group
consisted of Firmicutes (30.46%), Proteobacteria (26.87%), Bacteroidetes (19.63%), Acti-
nobacteria (9.65%), Gemmatimonadetes (2.35%), Deinococcus-Thermus (1.02%), and Chlo-
roflexi (0.51%), but was notably characterized by a high abundance of Fusobacteria (8.97%),
compared to only 0.08% in the MR group (Figure S2B). At the genus level, the dominant
genera differed markedly between treatments (Figure S2C). The MR group was mainly com-
posed of Georgenia (10.02%), unclassified_Microbacteriaceae (8.72%), Microbacterium (7.70%),
unclassified_Micrococcales (6.32%), Megasphaera (5.28%), Agathobacter (5.27%), Pusillimonas
(4.51%), Subdoligranulum (4.21%), Bacteroides (2.87%), Bifidobacterium (2.70%), and Myroides
(2.57%). The AMR group was dominated by Prevotellaceae_ NK3B31_group (9.51%), unclassi-
fied_Enterobacteriaceae (5.85%), Raoultibacter (4.73%), Gracilibacillus (4.67%), Oceanobacillus
(2.95%), Eoetvoesia (2.79%), unclassified_Rhizobiales (2.66%), Lachnospiraceae_UCG-010 (2.32%),
Hyphomicrobium (2.20%), and Lautropia (2.08%).

A species composition heatmap also showed closer clustering of replicates within
treatments (Figure 3B). Microorganisms with higher relative abundance in AMR included
Romboutsia, Pelagibacterium, Clostridium_sensu_stricto_1, Escherichia-Shigella, Aminobacter,
MWH-CFBk5, Moheibacter, Vulgatibacter, Longimicrobiaceae, Devosia, Aquamicrobium, Al-
tererythrobacter, Luteimonas, and Cellvibrio. In contrast, Georgenia, Bacillus, Marinimicro-
bium, Oceanobacillus, Truepera, Aequorivita, Thermobifida, Microbacterium, and Myroides were
more abundant in MR. Orthogonal Partial Least Squares Discriminant Analysis (OPLS-
DA) revealed a clear separation in bacterial composition between the two treatments
(Figure S2D). Specifically, microorganisms such as Georgenia, Microbacterium, and Myroides
were more abundant in the MR group, whereas Bacteroides, Phascolarctobacterium, and
Ruminococcaceae_UCG-014 were more indicative of the AMR group.

3.3.2. Fungal Community Composition and Differences

The AMR group exhibited significantly higher fungal richness (Chaol) and diversity
(Shannon, Simpson, Pielou’s evenness) than the MR group (Figure 4A). OTU analysis
revealed a very low proportion of shared OTUs between groups (only 11, accounting
for 10.38% of total OTUs), indicating that ASW addition also significantly altered fungal
community structure (Figure S3A).

At the phylum level, fungi in both groups were predominantly Ascomycota (MR:
99.97%; AMR: 98.62%), with Mucoromycota and Basidiomycota constituting minor frac-
tions. At the genus level, dominant fungal genera differed significantly between treatments
(Figure S3B). The MR group was mainly composed of Acaulium (87.66%), Sodiomyces
(8.67%), Lophotrichus (0.10%), and Vishniacozyma (0.02%). The AMR group primarily com-
prised Lophotrichus (73.71%), Acaulium (21.44%), Kernia (3.27%), and Sodiomyces (0.06%)
(Figure S3C). OPLS-DA analysis showed distinct separation in fungal composition be-
tween treatments (Figure S3D). For instance, Acaulium and Sodiomyces were more abundant
in the MR group, whereas Kernia and Lophotrichus were more characteristic of the AMR
group, though intra-treatment variation was also observed. A clustering heatmap simi-
larly demonstrated closer grouping of replicates within treatments (Figure 4B). Fungi with
higher relative abundance in AMR included Microascus, Aspergillus, Wallemia, Purpure-
ocillium, Thermoascus, Coprinopsis, Robbauera, Lophotrichus, Kernia, Fusarium, and Pilidium.
Conversely, Pseudogymnoascus, Rhodotorula, Vishniacozyma, Thermomyces, Kazachstania, Al-
ternaria, Acaulium, and Sodiomyces were more abundant in MR.
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Figure 4. Fungal communities in fertilizers. (A) Alpha diversity. (B) Heatmap of species composition
at the genus level. Asterisks (*) indicate statistically significant differences between groups (p < 0.05).
Data points represent the mean values of three independent biological replicates (1 = 3), and error
bars indicate the standard deviation.

3.4. Vegetable Growth and Yield Response to ASW-Derived Compost

The pot experiment conducted under equal nutrient conditions confirmed that the
AMR organic fertilizer prepared with aquaculture solid waste (ASW) significantly enhanced
the growth and development of both vegetable species. Fast-growing Cabbage showed
particularly pronounced responses: phenotypically, the Paopmr treatment (AMR organic fertil-
izer) resulted in significantly greater crown width, leaf number, and root weight compared
to the urea (Py) and no-fertilizer control (Py) treatments (Figure 5), with effects comparable
to those in the Pyr treatment (compost without ASW). In terms of yield, the fresh weight
of Fast-growing Cabbage in the Payr treatment reached 106.95 + 20.18 g per plant, repre-
senting a 95.6% increase over the Py treatment (54.66 + 12.35 g per plant) and significantly
exceeding the Pyr treatment (53.46 £ 6.19 g per plant). The dry weight (9.77 £2.03 g
per plant) was likewise significantly higher than in all other treatments (Figure 6A). No-
tably, the dry matter content of both organic fertilizers (Pamr/Pwmr: 9-12 £ 0.58% and
10.37 £ 0.57%, respectively) was significantly greater than that in the chemical fertilizer
treatment (Py: 10.41 &£ 0.43%), indicating that organic fertilization promoted the conversion
of photosynthetic products into biomass.
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Figure 5. Phenotypes of potted Fast-growing Cabbage and Purple Cai-tai under different treatments.
(A) Plant height. (B) Root length. (C) Crown diameter. (D) Leaf number. (E) Maximum leaf
width. (F) Root weight. Py: No fertilizer (control). Py: Urea application. Pyr: Application of MR
compost (without ASW). Pomr: Application of AMR compost (ASW-derived). Data are presented
as means =+ standard deviation (n = 3). Different lowercase letters indicate significant differences
among treatments for Fast-growing Cabbage, while different uppercase letters indicate significant
differences among treatments for Purple Cai-tai, as determined by one-way ANOVA followed by
Fisher’s LSD test (p < 0.05). The absence of letters above a bar denotes no statistically significant
difference across treatments for that specific crop.

Purple Cai-tai exhibited a differentiated response pattern: phenotypically, Pamr sig-
nificantly increased plant height, leaf number, and maximum leaf width, though the fresh
weight (72.23 + 12.29 g per plant) showed no statistically significant difference from
Pumr (73.72 + 18.35 g per plant), with both being markedly higher than the Py treatment
(16.67 £ 3.52 g per plant). Regarding dry matter accumulation, the dry weight of Payr
(9.20 £+ 1.59 g per plant) was 27.6% greater than that of Pyr (7.21 £ 1.83 g per plant),
and the dry matter content reached 12.73 £ 0.14%—the highest among all treatments (Pyr:
9.76%; Py: 8.74%). Although the absolute percentage differences appear numerically small,
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160

for high-water-content leafy vegetables, this ~4% shift represents a substantial relative
enhancement in actual structural biomass accumulation [59]. This demonstrates that ASW
compost significantly enhanced the material conversion efficiency in this stem and leaf
vegetable (Figure 6B).
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Figure 6. The yield of potted vegetables. (A) Yields of Fast-growing Cabbage. (B) Yields of Purple
Cai-tai. Treatment abbreviations (Py, Py, Ppmr, Pamr) follow the same definitions as in Figure 5. Bar
heights represent wet weight (left axis), and purple bars within represent absolute dry weight. The
line graphs denote the percentage of dry weight content (right axis). Data are means + standard
deviation (n = 3). Different lowercase letters indicate significant differences among treatments for
wet weight, while different uppercase letters indicate significant differences for dry weight (p < 0.05,
Fisher’s LSD test).

Taken together, under equal nutrient input conditions, the ASW-derived compost
supported satisfactory growth of both vegetable species. The fresh weight of Fast-growing
Cabbage in the PAMR treatment reached 106.95 & 20.18 g per plant, and the dry matter
content of Purple Cai-tai under PAMR reached 12.73 £ 0.14%, the highest among all
treatments. These controlled pot-scale results provide preliminary evidence supporting the
agronomic potential of ASW-derived compost, though multi-season field-scale validation
remains strictly necessary to definitively claim broad agricultural applicability.

3.5. Soil Properties and Nutrient Availability Following ASW Compost Application

The fertilizer treatments systematically reshaped the physicochemical properties of
the potted soil, with the ASW-derived organic fertilizer demonstrating multifaceted im-
provements. The soils were generally slightly alkaline (pH 7.3-7.7), with no statistically
significant differences in pH observed among most treatments, except for a slight reduction
under the urea (Py) treatment in the Fast-growing Cabbage soil (Figure 7). In terms of
salinity control, AMR application significantly suppressed electrical conductivity (EC)
accumulation. Specifically, the EC value in the Fast-growing Cabbage soil under the
Pamr treatment (0.58 + 0.03 mS/cm) was 72.8% lower than that under the Py treatment
(2.13 £ 0.14 mS/cm) and showed no significant difference from the no-fertilizer control
(Pp: 0.47 &= 0.04 mS/cm), thereby effectively mitigating the risk of secondary salinization.

Soil organic matter (SOM) content was significantly enhanced by AMR application. In
the Fast-growing Cabbage pots, the SOM content under Papg (9.82 & 0.48 g/kg) increased
by 17.8% compared to the original soil (8.34 & 1.87 g/kg) and was 55.6% higher than under
Py (6.31 £ 0.60 g/kg). A similar trend was observed in the Purple Cai-tai pots (Pamr:
9.69 + 0.31 g/kg). Particularly notable was the activation of available phosphorus (SAP):
the SAP content in the Fast-growing Cabbage soil under Papr reached 65.03 & 6.04 mg/kg,
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which was 2.2 times that under Py (29.24 & 0.71 mg/kg) and represented a 93.0% increase
over the original soil level (33.70 £ 0.70 mg/kg). Similarly, in the Purple Cai-tai pots, the
SAP content under Payr (72.71 £ 5.65 mg/kg) was 2.1 times that under Py. Available
potassium (SAK) also exhibited an increasing trend following organic fertilizer application,
whereas alkaline hydrolyzable nitrogen (AN) content decreased similarly to the MR group.
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Figure 7. Soil physicochemical properties under different treatments. (A) Soil pH. (B) Soil electric
conductivity (EC). (C) Soil organic matter content (SOM). (D) Soil available phosphorus content (SAP).
(E) Soil available potassium content (SAK). (F) Soil alkaline hydrolyzable nitrogen (SAN). Treatment
abbreviations (Py, Py, Pmr, Pamr) follow the same definitions as in Figure 5. Data are presented
as means =+ standard deviation (n = 3). Different lowercase letters indicate significant differences
among treatments within the Fast-growing Cabbage pots, while different uppercase letters indicate
significant differences within the Purple Cai-tai pots (p < 0.05, Fisher’s LSD test). The absence of

letters denotes no statistically significant difference.

These soil improvements were directly coupled with crop responses: the low-
salinity environment (72.8% EC reduction) coupled with high phosphorus availability
(93.0% SAP increase) collectively drove the near doubling of Fast-growing Cabbage fresh
weight (106.95 g/plant). Meanwhile, SOM accumulation (17.8% increase) and synergistic
phosphorus—potassium effects supported the 30.4% improvement in dry matter conversion
efficiency for Purple Cai-tai (dry matter content: 12.73%). These findings suggest that
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ASW compost has the potential to contribute to resource utilization through beneficial
interactions within the soil-crop system under controlled conditions.

In summary, the application of ASW-derived compost resulted in reduced soil salinity
(72.8% lower EC than urea), increased soil organic matter (17.8% over original soil), and
enhanced available phosphorus (93.0% over original soil). These soil property changes are
consistent with the expected effects of organic fertilizer application and indicate that ASW
compost can contribute to soil quality improvement in addition to supplying plant nutrients.

4. Discussion

The intensification of global aquaculture continuously generates substantial volumes
of ASW. Despite the need for waste management, comprehensive studies evaluating its
suitability as a composting feedstock remain relatively limited [11]. Previous research
has primarily focused on specific aspects of ASW treatment, such as its application as
a growing medium, thermal dynamics during composting [33,34], or vermicomposting
potential [35,60]. To the best of our knowledge, few studies have integrated feedstock
characterization, process monitoring, microbial community dynamics, and agronomic
validation into a single feasibility assessment. This study attempts to contribute to this
area by investigating the potential of converting ASW into organic fertilizer through stan-
dard aerobic composting procedures, with reference to established evaluation criteria for
compost maturity, safety, nutrient availability, and agronomic performance. Our results
demonstrate that ASW-derived compost met the key quality criteria for organic fertilizer
application: the compost achieved the maturity safety threshold (GI > 80%) within 15 days,
exhibited low electrical conductivity and stable pH upon maturity, and provided balanced
available phosphorus and potassium in the final product. Pot experiments further con-
firmed that the compost supported satisfactory crop growth and contributed to soil quality
improvement under standardized conditions. These findings suggest that aerobic com-
posting may serve as a potentially viable resource utilization pathway for ASW, offering
preliminary scientific evidence that could inform waste management decision-making in
the aquaculture industry.

The feedstock characterization conducted in this study revealed that ASW has a com-
positional profile fundamentally different from that of conventional composting feedstocks
such as livestock manure. The high phosphorus (mean TP: 6.80 mg/g), potassium (TK
generally >10 mg/g), and iron (mean Fe: 49,112 mg/kg) content represents a distinctive
mineral enrichment, likely reflecting the high mineral supplementation in commercial aqua-
culture feeds and the metabolic physiology of fish [61]. While such an enrichment warrants
careful scrutiny regarding potential long-term metal accumulation, this Fe concentration
is exceptionally high compared to conventional organic wastes, it closely aligns with the
natural baseline levels of typical agricultural soils (20,000-50,000 mg/kg) [62]. Therefore,
its agronomic application avoids systemic elemental overloading and poses no phytotoxic
risk, a safety profile empirically validated by the crop growth in our pot experiments.
However, the low organic matter (mean OM: 17.60%) and total nitrogen (mean TN: 0.72%)
content indicate that ASW is not suitable as a standalone composting substrate, as these
levels are generally suboptimal for sustaining the microbial proliferation and energy acqui-
sition required for efficient composting [17]. These characteristics define a specific resource
utilization pathway for ASW: it functions most effectively as a mineral-rich component
within a blended composting formulation, complemented by carbon- and nitrogen-rich
amendments. In this study, the combination of ASW with rice straw powder, meat and
bone meal, urea, and calcium superphosphate compensated for its low organic matter and
nitrogen content while incorporating its phosphorus, potassium, and micronutrient content
into the composting system. The resulting compost product met the key quality criteria for
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organic fertilizer application, indicating that this blended formulation approach represents
a technically feasible method for ASW valorization.

The composting process monitoring demonstrated that the ASW-amended formulation
(AMR) exhibited favorable performance across multiple quality indicators relevant to
organic fertilizer standards. The AMR pile entered the thermophilic phase (>50 °C) within
48 h and maintained this phase for 4 days, compared to 12 days in the control treatment
(MR) without ASW. This difference in thermal profile suggests that the ASW-containing
feedstock supported more rapid initial microbial activity and heat generation, possibly
due to the presence of readily degradable organic components associated with fish feces
and residual feed [63,64], which appears to be primarily driven by the rapid proliferation
of specific hydrolytic and acidogenic bacterial taxa, fueled by the labile organic matter
in ASW. The seed germination index (GI) in the AMR treatment reached 84.99 & 10.71%
by day 15, exceeding the 80% safety threshold for mature compost [65], whereas the
MR treatment remained below 40% throughout the 45-day experiment (32.55 £+ 0.21%
on day 45). This rapid compliance successfully confirms the biological elimination of
transient phytotoxic compounds inherently present in raw aquaculture residues during
early decomposition. This indicates that the AMR compost achieved the maturity safety
standard within a practical timeframe, while the MR compost without ASW did not
reach maturity under the same composting conditions [66]. Regarding the composting
microenvironment, the final electrical conductivity (EC) in the AMR treatment stabilized
below 3.5 mS/cm, which is within the safe range for agricultural application and lower than
that in the MR treatment [67], thereby effectively mitigating the potential secondary salinity
risks. The pH profile of AMR showed a rapid initial increase to 9.35 within 24 h, followed by
stabilization at approximately 7.9. The initial high-alkaline phase likely drove substantial
ammonia volatilization, consistent with the slower TN concentration rate relative to TP and
TK, while the subsequent pH decline indicates active nitrification that mitigated further
nitrogen loss [68,69]. In terms of nutrient transformations, the AMR treatment exhibited
an organic matter (OM) degradation rate of 20.82%. Although lower than the composting
of highly putrescible substrates such as food waste (which typically exceeds 40% OM
loss) [70], it is highly competitive for co-composting systems heavily reliant on recalcitrant
lignocellulosic bulking agents. For context, typical agricultural waste composting rich
in ash or lignocellulose generally yields OM degradation rates ranging from 15% to 25%
over similar processing timeframes [36,38]. Achieving a 20.82% degradation rate within
45 days, particularly with a highly condensed 4-day thermophilic phase, underscores
the robust biological efficiency of the ASW-amended formulation. Furthermore, the final
compost product maintained stable and plant-available phosphorus and potassium levels
upon maturity. Taken together, these process monitoring results indicate that the standard
aerobic composting procedure applied in this study was sufficient to convert the ASW-
containing feedstock into a mature, low-salinity compost product with balanced nutrient
availability, meeting the key quality criteria for organic fertilizer application. The differences
observed between the AMR and MR treatments are consistent with the expected influence
of feedstock composition on composting dynamics, and do not, in themselves, indicate that
ASW composting is superior to other composting approaches. Rather, they confirm that
the ASW-amended formulation supported an efficient composting process that yielded a
qualified product within a practical timeframe.

Microbial community analysis revealed that ASW addition significantly altered both
bacterial and fungal community structure, with very low proportions of shared OTUs
between treatments (3.94% for bacteria; 10.38% for fungi), consistent with the principle
that feedstock composition is a primary driver of microbial community assembly during
composting. This community restructuring can be interpreted through a substrate-driven
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selection mechanism. ASW, composed primarily of fish feces and residual feed, contains
substantial quantities of dietary fibers and partially degraded organic compounds originat-
ing from commercial aquaculture feed. These substrates likely created selective conditions
that favored microorganisms possessing the enzymatic capabilities to degrade such com-
pounds. Notably, many taxa enriched in the AMR treatment—including Lachnoclostridium,
Pelagibacterium, Clostridium_sensu_stricto_1, Alistipes, and Cellvibrio—have been widely re-
ported as dominant members of fish gut microbiomes (Supplementary Table S5). Notably,
the AMR treatment selectively enriched hallmark taxa of the fish intestinal tract, such as
the phylum Fusobacteria, alongside genera like Lachnoclostridium, Pelagibacterium, Clostrid-
ium_sensu_stricto_1, Alistipes, and Cellvibrio (Supplementary Table S5). This overlap likely
reflects a shared functional requirement rather than direct microbial translocation: the same
fiber-rich substrates in commercial fish feed that sustain these microorganisms in the fish
gut also provided suitable resources for their proliferation in the composting environment.
Functionally, taxa like Fusobacteria are highly proficient at fermenting recalcitrant carbo-
hydrates into short-chain fatty acids (SCFAs), thereby substantially accelerating the initial
breakdown of organic matter [69]. However, considering that the phylum Fusobacteria
encompasses known opportunistic pathogens, their survival and high abundance simulta-
neously underscore the critical necessity of extending the thermophilic phase in full-scale
operations to guarantee complete biological sanitization. The functional characteristics of
these enriched taxa are closely associated with the accelerated composting process and
superior performance observed in the AMR treatment. Specifically, the rapid temperature
spike (59 °C by day 3) and the higher organic matter degradation rate (20.82%) strongly
correspond to the proliferation of specific hydrolytic and acidogenic bacterial taxa, particu-
larly members of the phylum Firmicutes, likely fueled by the labile organic matter in ASW.
Enriched genera within this phylum and other associated taxa, including Lachnoclostridium
and Pelagibacterium (cellulose and lignin degradation) [58,59], Clostridium_sensu_stricto_1
(acidogenic fermentation), and Alistipes (lignocellulose hydrolysis) [60], aligning with the
higher OM degradation rate in AMR (20.82% vs. 10.91%). Additionally, taxa associated
with nutrient transformation were enriched, including Aminobacter (nitrogen fixation) [61],
Devosia and Aquamicrobium (nitrification) [63], and Cellvibrio (phosphate solubilization) [71].
However, these functional assignments are inferred solely from taxonomic comparisons
and lack direct functional evidence; confirmation through targeted analyses (e.g., nifH gene
quantification) remains necessary. In the fungal community, AMR was enriched in Ther-
moascus, Coprinopsis, and Aspergillus, genera reported to produce hydrolytic enzymes and
contribute to lignin degradation and humification in composting systems [72,73]. Beyond
organic degradation and nutrient transformation, the combined action of these microbes is
intimately linked to the plant growth-promoting potential of the compost. The synergistic
proliferation of phosphorus-solubilizing bacteria and humification-driving fungi not only
stabilizes bioavailable nutrients but also drives the synthesis of humic substances [73].
These humic precursors and microbially synthesized metabolites act as critical bioactive
agents for stimulating plant growth, providing a robust mechanistic foundation for the
superior agronomic performance validated in our subsequent pot experiments. It is worth
noting that these functional assignments are inferred from taxonomic comparisons with
published literature, and the actual metabolic activities of these taxa in the composting en-
vironment remain to be confirmed through targeted functional analysis. Nevertheless, the
consistent alignment between the enriched functional taxa and the observed composting
performance supports the interpretation that substrate-driven microbial selection played a
role in the efficient composting process documented in the AMR treatment.

The pot experiment was designed to evaluate whether the ASW-derived compost
could support normal crop growth and contribute to soil quality improvement under
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standardized conditions. The equal-nutrient-input design (based on total N + P,O5 + K,0O)
followed established protocols for comparing organic fertilizer sources [74,75]. The results
demonstrated that the ASW-derived compost (PapMr treatment) supported satisfactory
growth of both Fast-growing Cabbage and Purple Cai-tai in the pot trials. The fresh weight
of Fast-growing Cabbage under Papmgr (106.95 £ 20.18 g per plant) and the dry matter
content of Purple Cai-tai under Papr (12.73 £ 0.14%) were comparable to or higher than
those under the non-ASW compost (Pyr), indicating that the incorporation of ASW into
the composting feedstock did not compromise the agronomic value of the final product.
The comparison between Papr and the urea treatment (Py) should be interpreted with
caution, as the two treatments differed fundamentally in nutrient composition: Pamr
provided a balanced supply of N, P,Os, and K,O, whereas Py supplied a substantially
higher nitrogen input without phosphorus or potassium. Under these conditions, the
higher fresh weight of Fast-growing Cabbage under Papmr (106.95 g per plant) compared to
Py (54.66 £ 12.35 g per plant) likely reflects the advantage of a balanced macro-nutrient
supply and effective salinity buffering, standing in stark contrast to the high electrical con-
ductivity stress (2.13 mS/cm) induced by the unbalanced urea input [41,42]. Beyond direct
agronomic benefits, substituting synthetic fertilizers with ASW compost yields substantial
environmental and economic advantages for agricultural sustainability. While synthetic
fertilizer manufacturing relies on energy-intensive processes that exacerbate greenhouse
gas emissions, recycling nutrient-rich ASW into stabilized compost reduces the crop carbon
footprint by offsetting chemical inputs. Simultaneously, this practice mitigates localized
eutrophication risks associated with direct aquaculture waste discharge, while economically
converting a waste management liability into a valuable, cost-effective soil amendment.
Regarding soil properties, the ASW-derived compost contributed to reduced soil electrical
conductivity (72.8% lower than urea), increased soil organic matter (17.8% over original
soil), and enhanced available phosphorus (93.0% over original soil). These multifaceted
soil improvements may be related to the active functional microbiota introduced by the
mature AMR compost. Specifically, the enrichment of phosphorus-solubilizing bacteria
(e.g., Cellvibrio) and humification-driving fungi (e.g., Thermoascus and Aspergillus) was
observed in the compost. Upon soil incorporation, supported by the diverse microbial
consortium of the compost, these exogenous functional groups may stimulate localized
nutrient cycling and accelerate the biological mineralization of bound compounds into
plant-available forms [72]. Furthermore, the synchronous input of microbially synthesized
humic precursors can stabilize the soil microenvironment and facilitate soil organic matter
retention, thereby optimizing soil health and fertility [73]. From a long-term perspec-
tive, the sustained input of ASW compost-derived humic substances and organic matter
is theoretically expected to promote the formation of stable soil macroaggregates. This
physical structural enhancement will progressively improve soil porosity, aeration, and
water-holding capacity, thereby driving a long-term improvement in soil structure [76].
These changes are consistent with the expected effects of organic fertilizer application
and indicate that the compost can contribute to soil quality improvement in addition to
supplying plant nutrients. Furthermore, the organically bound nutrients within this mature
compost act as a slow-release reservoir, undergoing gradual microbial mineralization to
maintain stable nutrient availability and sustained crop productivity over multiple crop-
ping seasons without rapid depletion. The notable phosphorus availability enhancement
is consistent with the inherently high phosphorus content of ASW, which was effectively
incorporated into the compost through the composting process. However, as with all
high-phosphorus fertilizers, its application rate must be strictly calibrated against the soil
phosphorus index (P-index) and crop requirements to prevent non-point source pollution.
It should be noted that the pot experiment was of relatively short duration (45 days) and
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was conducted under controlled conditions. The agronomic performance of ASW-derived
compost under field conditions, including its long-term effects on soil health and crop pro-
ductivity, requires further investigation through multi-season field trials, while greenhouse
gas emissions during the composting process should also be quantified in future studies to
comprehensively evaluate its environmental footprints. Additionally, while the current pot
trials successfully validated the compost’s efficacy using two representative regional veg-
etables, future studies should encompass a wider variety of crop types, particularly those
with higher sensitivity to nutrient imbalances, to comprehensively define the universal
suitability of ASW-derived fertilizers.

Compared to other regional paradigms—such as the prolonged composting of high-
ash earthen pond sediments in Southeast Asia [77], or the energy-intensive dewatering
and drying pre-treatments typically required for intensive fish sludge valorization in Eu-
rope [78]—this study elucidates the biological drivers behind accelerated maturation and
superior agronomic efficacy through the temporal tracking of physicochemical parameters
alongside a characterization of the mature compost’s microbial community composition.
Practically, while efficient slurry collection and initial dewatering (moisture control) remain
primary hurdles for ASW composting, these are offset by the ability to execute the pro-
cess directly on-site within aquaculture farms. This minimizes the spatial footprint and
eliminates costly waste transportation. Furthermore, the required co-substrates are highly
accessible and economical; crop straw and basic mineral fertilizers are readily available,
while farm mortalities could sustainably substitute commercial meat and bone meal as
high-nitrogen amendments. From a regulatory standpoint, on-site ASW composting aligns
with emerging zero-discharge environmental policies, though establishing standardized
quality guidelines for such aquatic-derived fertilizers remains a future necessity. Looking
forward, developing treatment processes for saline ASW from marine aquaculture and
conducting field trials across a broader spectrum of crop species are essential steps to
validate the universal applicability of ASW-derived fertilizers.

Several limitations within this study should be acknowledged, as they influence the
interpretation of the current results. First, the composting experiment was conducted
at a laboratory scale using 100 L reactors. The small reactor volume likely led to rapid
heat dissipation, contributing to the relatively short thermophilic phase (4 days at >50 °C),
which falls short of the Chinese standard NY /T 525-2021 requirement (>50 °C for 5-7 days).
Although the seed germination index exceeded the 80% safety threshold within 15 days,
this chemical maturity indicator alone does not constitute direct evidence of complete
pathogen inactivation. The high relative abundance of Fusobacteria (8.97%)—a phylum
encompassing known opportunistic pathogens—in the mature compost further underscores
this concern. Nevertheless, in scaled-up industrial windrows, the increased thermal mass
and reduced surface-to-volume ratio are expected to naturally extend the thermophilic
phase, providing a substantially larger safety margin for pathogen eradication. Direct
microbiological verification of pathogen elimination is therefore recommended before
field-scale application. Second, the study employed a single ASW incorporation rate.
Although this specific blending ratio demonstrated excellent feasibility, the absence of
gradient ratio trials restricts the optimization of the compost process and final product
quality. Third, microbial community composition was solely investigated in the final mature
compost. The lack of a temporal functional microbial succession analysis limits a dynamic
understanding of biological material transformations during the active degradation phases.
Finally, the agronomic evaluation was confined to short-term pot experiments with two
vegetable species. To definitively validate the real-world efficacy of ASW-derived compost,
future studies must incorporate long-term field trials using a broader variety of crop
types. Additionally, the elemental characterization of ASW did not include aluminum
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(Al) or a comprehensive panel of regulated toxic heavy metals (As, Cd, Pb, Cr, Hg),
future studies should systematically quantify all potentially hazardous elements to fully
evaluate the environmental safety of land-applied ASW-derived compost. Subject to these
constraints, the present findings provide scientific evidence supporting aerobic composting
as a technically viable approach for ASW valorization.

5. Conclusions

This study presents a preliminary investigation into the feasibility of aerobic com-
posting as a resource utilization pathway for aquaculture solid waste (ASW), through
an integrated assessment encompassing feedstock characterization, composting process
monitoring, microbial community analysis, and pot experiment validation. Under the
experimental conditions employed, the ASW-derived compost met key quality criteria
relevant to organic fertilizer application, including maturity indicators, low salinity char-
acteristics, and relatively balanced nutrient availability, and demonstrated potential to
support crop growth under standardized pot conditions. Several limitations should be
acknowledged: the experiments were conducted at laboratory scale with a single ASW
incorporation rate; the thermophilic phase lasted only 4 days, falling short of the duration
for pathogen inactivation, with the high abundance of Fusobacteria in the mature compost
further highlighting the need for dedicated pathogen verification before field application;
functional microbial analysis was not performed; and long-term field validation remains
absent. Nevertheless, in scaled-up systems, the increased thermal retention from larger
reactor volumes is expected to substantially mitigate the thermophilic duration concern.
Subject to these constraints, the findings suggest that aerobic composting represents a
technically viable approach for converting ASW into qualified organic fertilizer, offering
reference scientific evidence that may inform waste management decision-making in the
aquaculture industry. Broadly, these findings offer an innovative circular strategy for
sustainable aquaculture and agricultural waste management, effectively transforming envi-
ronmental burdens into high-value agricultural outputs. While large-scale implementation
faces practical challenges such as efficient slurry collection and initial moisture control,
these hurdles can be realistically mitigated through on-site processing within aquaculture
farms and the integration of low-cost, local agricultural co-substrates. Future research
on treatment processes for saline ASW and long-term field trials is warranted to further
validate this approach on a broader scale.
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Abbreviations

AK Available Potassium

AMR  Composting treatment with aquaculture solid waste, meat and bone meal, and rice straw
AN Alkaline Hydrolyzable Nitrogen

AP Available Phosphorus

ASW  Aquaculture Solid Waste

COD  Chemical Oxygen Demand

EC Electrical Conductivity

GI Germination Index

MC Moisture Content

MR Composting treatment with meat and bone meal and rice straw (control)
OM Organic Matter

Py Pot experiment with no fertilizer (control)

Pamr  Pot experiment with AMR compost
Pur Pot experiment with MR compost
Py Pot experiment with urea

RAS Recirculating Aquaculture Systems
SAK  Soil Available Potassium

SAN  Soil Alkaline Hydrolyzable Nitrogen
SAP  Soil Available Phosphorus

SOM  Soil Organic Matter

TK Total Potassium

TN Total Nitrogen

TP Total Phosphorus
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