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As integral components of global ecosystems, aquaculture ponds have received limited research attention regarding the fate and transformation of dissolved organic matter (DOM) in their wastewater. In this study, an incubation experiment was conducted to simulate the degradation of dissolved organic carbon (DOC) in Litopenaeus vannamei aquaculture wastewater under three conditions: photodegradation, biodegradation, and a combination of both photodegradation and biodegradation. We measured the concentration of DOC, the ultraviolet-visible absorbance, and the excitation-emission matrix (EEM) of aquaculture wastewater during the incubation. Based on the changes in DOC, we further estimated the upper limit of CO2 emissions from the aquaculture wastewater. The source of organic matter in the samples was identified by Parallel Factor Analysis (PARAFAC). Subsequently, Principal Component Analysis (PCA) was employed to reveal the differential effects of various degradation conditions on the composition of organic matter. The results demonstrated that under combined photodegradation and biodegradation, DOC in aquaculture wastewater exhibited a degradation rate of approximately 19% over 29 days. Based on this degradation efficiency, we estimated that the upper limit of CO2 emissions from the system amount to 0.7 kg CO2-eq per kg DOC, suggesting that aquaculture wastewater may act as a potential carbon source. Analysis of optical parameters revealed distinct roles of degradation mechanisms: light primarily altered the structural complexity of organic matter, whereas microorganisms directly reduced DOC concentrations and generated new metabolites. Fluorescence characterization via EEM combined with PARAFAC identified four components in the wastewater: C1 (microbial humic-like), C2 (terrestrial humic-like), C3 (autochthonous tyrosine-like) and C4 (terrestrial humic-like, distinct from C2 in spectral properties). PCA of 11 parameters in the incubation experiment showed that photodegradation weakened the stability and humification degree of organic matter, and produced products with simpler structures. Biodegradation has little effect on the stability and humification of organic matter, and is mainly characterized by the production of fresh low molecular weight (LMW) metabolites. The results of this study contribute to understanding the stability of DOC from aquaculture wastewater and reveal the differential effects of different degradation processes on organic matter composition, providing a basis for understanding the transformation pathways of organic matter in the environment.
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1 Introduction


Global aquaculture expansion, driven by rising food demand, releases significant dissolved organic matter (DOM) into ecosystems. Aquaculture ponds, as important components of artificial ecosystems (Yang et al., 2020), release a large amount of easily bioavailable dissolved organic matter (DOM) into the environment through two pathways: leaching of surplus feed and excretion by farmed animals (Kamjunke et al., 2017). DOM serves as a key source of biologically available organic carbon, which not only sustains aquatic food webs but also attenuates light penetration in the water column. Furthermore, DOM mediates the transport and transformation of pollutants through complex biogeochemical interactions (Hansen et al., 2016). The changes in the quantity and composition of DOM over time and space mainly depend on its source and environmental treatment processes (Hansen et al., 2016). Firstly, from the perspective of sources, the DOM released during aquaculture mainly comes from feed and fish and shrimp excrement, which mainly contains fluorescent components of proteins (tryptophan and tyrosine) and humic components produced by microbial metabolism (Kamjunke et al., 2017; Li et al., 2024; Nimptsch et al., 2015; Ryan et al., 2022; Wang et al., 2021, 2017).


The main environmental treatment processes that affect the quantity and composition of DOM in water environments are photodegradation and biodegradation. DOM degradation usually leads to the conversion of DOM into inorganic compounds (i.e., CO2), loss of DOM from the water column, and changes in the chemical composition of DOM (Hansen et al., 2016). Biodegradation is primarily driven by heterotrophic microorganisms that metabolize labile low-molecular-weight (LMW) organic compounds, including proteins, carbohydrates, and organic acids (Mopper and Schultz, 1993; Moran and Zepp, 1997; Wetzel et al., 1995). This process also results in the production of high-molecular-weight (HMW) aromatic compounds, such as fulvic acid and humic acid (Repeta et al., 2002; Stepanauskas et al., 2005). Given the ubiquitous presence of microorganisms across Earth’s ecosystems, biodegradation is capable of proceeding in both photic and opaque zones. In contrast to biodegradation, photodegradation driven by solar radiation is predominantly confined to the photic zone of aquatic systems. This process photolytically cleaves HMW-DOM into LMW photo-labile compounds, which can then be removed from the water environment through the volatilization of carbon gas and the consumption of microorganisms (Mopper and Schultz, 1993; Moran and Zepp, 1997). Therefore, photodegradation enhances the biodegradation of DOM by cleaving HMW compounds into LMW substrates that are readily bioavailable to microorganisms. Since DOM released from aquaculture systems is predominantly protein-rich, it undergoes rapid bacterial degradation once discharged into rivers (Nimptsch et al., 2015). Such a shift from autotrophic to heterotrophic conditions in river ecosystems can trigger a surge in bacterial biomass and metabolic activity, leading to oxygen depletion and promoting harmful algal blooms (Hambly et al., 2015; Kamjunke et al., 2017). Furthermore, studies indicate that aquaculture wastewater releases DOC equivalent to 21% of feed carbon input and 76% of fish production biomass, potentially altering carbon cycling dynamics at the watershed scale (Nimptsch et al., 2015).


Quantifying DOM (commonly by measuring DOC concentration) and characterizing DOM are very important for studying the properties of DOM (Hansen et al., 2016). With the continuous development of analytical techniques, optical analysis is increasingly being applied to track DOM’s source and change process (Coble, 2007; Fellman et al., 2010; Gabor et al., 2014). Excitation-Emission Matrix (EEM), combined with Parallel Factors Analysis (PARAFAC), was widely used to identify and quantify the decomposed components. It has been employed to characterize fluorescent dissolved organic matter (FDOM) in recirculating aquaculture systems for fish or freshwater ponds, identifying protein-like and humic-like components (Hambly et al., 2015; Wang et al., 2021; Yamin et al., 2017).


Due to its rapid growth, strong stress resistance, and high aquaculture yield (Dai et al., 2023), Litopenaeus vannamei is one of the most prolifically farmed shrimp species in the global aquaculture industry (Chen et al., 2024; Liu et al., 2021). The corresponding Chinese production in 2022 reached 1.34 million tons, accounting for 80.7% of the total domestic shrimp production (Liu et al., 2023). In East China, ultra-high-density factory aquaculture for Litopenaeus vannamei are very common and typically use brackish waters. These ponds are accompanied by frequent (daily) wastewater drainage (Hambly et al., 2015; Wang et al., 2021; Yamin et al., 2017). As a relatively late emerging farming model, this type of farming activity currently receives limited attention. Studies have shown that the water and sediment in ponds containing Litopenaeus vannamei contain refractory dissolved organic carbon (RDOC), which has a certain carbon sequestration effect (Huang et al., 2024a, b). Thus, the aquaculture process effectively sequesters carbon input (primarily from feed) within the pond system. Furthermore, according to the research of Zheng et al. (2024), the drainage of aquaculture systems also functions as a nitrogen sink. This is primarily due to the presence of DOM, which impedes the removal of nitrogen and heavy metals from the drainage of aquaculture systems. This hinders water cycling and the achievement of net-zero discharge in aquaculture areas, especially when draining into surface waters. As reported by Hu et al. (2025), the “Three ponds, Two dams, One wetland” (3P-2D-1W) treatment system is widely used in China, which can effectively reduce DOC in aquaculture wastewater and thus reduce its impact on the environment. Although scientific treatment methods have effectively reduced the impact of aquaculture wastewater on the environment, a portion of the wastewater is inevitably discharged into the natural environment. Therefore, further research is needed on the dynamics and fate of DOM in aquaculture wastewater discharged into the environment. Against this background, the scientific questions are: (1) What is the stability of DOM derived from the ultra-high-density factory aquaculture pond under microbial degradation versus photodegradation? (2) How does the DOM composition change during incubation? To address these questions, we conducted incubation experiments using wastewater from Litopenaeus vannamei aquaculture systems to simulate the fate of DOM after drainage. We assessed DOM stability during degradation and employed optical techniques to track compositional changes throughout the incubation period.






2 Materials and methods





2.1 Study area


The study area is located in Xiangshan County, Ningbo City, Zhejiang Province, China (29°22’52”N, 121°48’56”E). The area has an average annual temperature of 18.2°C, annual precipitation of 1433 mm, and seawater salinity of 30.8‰. The region has a subtropical marine monsoon climate. The stocking density of high-density-intensive model (ranging from 600 to 1200 individuals/m²) is significantly higher than that of traditional methods (e.g., earth pond aquaculture). To maintain water quality, this model relies on frequent water exchange.


Each pond is approximately square, with length, width and depth of 5.85 m, 5.84 m and 1 m respectively. The bottom of the pond is covered with canvas. At the beginning of aquaculture, the pond water level is set to 70 cm, sourced from adjacent seawater. Dissolved oxygen (DO) concentration is maintained above 4.7 mg•L-1 through mechanical aeration devices. Prior to aquaculture initiation, seawater in the sedimentation tank was disinfected with 160 mg•L-1 bleaching powder. The treated seawater was pumped into the pond through filter bags. Before releasing shrimp seedlings, nutrients and Bacillus spp. were added to the pond, and water quality parameters (temperature, DO, pH, salinity.) were monitored to ensure suitability for shrimp growth. Approximately 19000 to 28000 shrimp postlarvae were stocked in each pond. Daily water exchange was conducted at 6:00, 10:00, 14:00, and 18:00 every day, with the volume and frequency adjusted according to pond water quality. The average daily water exchange rate reached 28% of the total water volume. Throughout the aquaculture period, water depth was maintained between 50 cm and 80 cm. After water exchange, shrimp are fed according to their growth stage, with an average daily feed of 2.49 kg (fresh weight basis) per pond.






2.2 The DOM incubation


During the pond drainage period, wastewater was filtered through precombusted GF/F membranes (450°C for 6 hours). The filtrate was collected in polyethylene bags (pre-treated with 10% hydrochloric acid for 24 hours and rinsed with ultrapure water). Currently, in situ seawater was collected as microbial inoculum. All samples were placed on ice and transported to the laboratory within 24 hours, and stored at 4°C until incubation. Samples of photodegradation and microbial degradation were collected during one sampling period, while samples of combined photodegradation and microbial degradation were collected during another sampling period.


Before the incubation experiment began, water samples were filtered through pre-sterilized polyethersulfone (PES) membranes (0.22 μm pore size) to remove microorganisms. The filtration device had been pre sterilized at 121°C for 20 minutes prior to use. The filtered water was thoroughly mixed and aliquoted into sterile transparent Polyethylene Terephthalate (PET) bottles (150 mL per bottle). The material has a transmittance of 88.8% ± 1.2% (n=3) for visible light and 80.7% ± 1.7% (n=3) for ultraviolet light. After aliquoting water samples for the photochemical degradation group (Group P), the bottles were immediately sealed with lids and placed in a well-lit outdoor area. For the biodegradation group (Group B), in situ seawater from the aquaculture site was added as a microbial inoculum at a volume ratio of 1:100 after sample aliquoting. The bottles were sealed with gas-permeable film to enable air exchange and incubated in a constant-temperature dark chamber at 25°C. For the combined photodegradation and biodegradation group (Group P+B), microbial inoculum was added at a volume ratio of 1:100 after aliquoting the water samples. Unlike the microbial degradation group, since the incubation occurred outdoors, the bottles were capped to prevent contamination and placed in an outdoor environment under natural light. Every three days, the bottles were opened, shaken thoroughly to replenish dissolved oxygen, and resealed.


Five replicate bottles were established for each group (Group P, Group B, and Group P+B). In the 29-day incubation experiment, sampling was conducted on days 0th, 2nd, 6th, 14th, and 29th of incubation. To avoid contaminating the incubation system, a sacrificial sampling strategy was adopted: only one bottle per group was sampled at each time, and each bottle was sampled only once during the incubation period. Three subsamples were collected from each sampled bottle.






2.3 Sampling and instrumental measurement


At each sampling time, the bottles were opened, and water was filtered through a disposable syringe with a 0.45 μm nylon filter. The filtrate was stored at −20°C until analysis. DOC concentrations were measured using a Total Organic Carbon Analyzer (TOC-L, Shimadzu, Japan), calibrated with the Deep Seawater Reference Material (Hansell Laboratory, University of Miami). Absorption spectra (200–800 nm, 0.5 nm intervals) were recorded on a UV-2600 spectrophotometer (Shimadzu, Japan) using a 10 cm quartz cell. Fluorescence excitation-emission matrices (EEMs) were obtained with an F-7000 spectrophotometer (Hitachi, Japan), scanning emission from 250 to 550 nm (1 nm intervals) and excitation from 240 to 450 nm (5 nm intervals). Milli-Q water served as the blank for all optical measurements.






2.4 Data processing


Nonlinear regression analyses were performed by Equation 1 proposed by Lønborg et al (Lønborg and Álvarez-Salgado, 2012), This equation describes DOM as two independent pools with unique reactivity:
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where c is the final concentration of DOC; cRDOC (mg•L-1) is a residual pool at the end of incubation, and cLDOC (mg•L-1) is the difference between the initial concentrations of DOC and cRDOC, k (d-1) is the rate of DOC degradation, t (d) is the incubation time. RDOC is difficult to be biologically decomposed and used. It has the capacity of carbon sequestration on a millennium scale and is the most durable carbon pool on earth. Labile dissolved organic carbon (LDOC) is a substance that supports a large number of heterotrophic prokaryote populations and can be decomposed and utilized in a few hours to days (Jiao et al., 2010).


Optical parameters were calculated using absorbance and EEM results. a350 was calculated as described by Del Vecchio and Blough (Del Vecchio and Blough, 2004):
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where Aλ is the absorbance of the sample at λ nm, and L is the path length in meters.


The specific ultraviolet absorbance at 254 nm (SUVA254) was calculated by dividing the ultraviolet absorbance coefficient at 254 nm by the DOC concentration (Weishaar et al., 2003).


The S275-295 was calculated by the Equation 3 (Stedmon et al., 2000):
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where aλ and aλ0 are the absorption coefficients of the sample at wavelength λ and λ0, respectively, which are 275 nm and 295 nm.


The Fluorescence Index (FI) is defined as the ratio of fluorescence intensity at emission wavelengths (Em) 470 nm to 520 nm, measured at an excitation wavelength (Ex) of 370 nm (Cory et al., 2010). The Humification Index (HIX) is calculated as the peak area under the emission spectrum from Em 435–480 nm divided by the sum of the peak areas from Em 300–345 nm and Em 435–480 nm, all measured at Ex 254 nm (Ohno, 2002). The Biological Index (BIX) represents the ratio of fluorescence intensity at Em 380 nm to 430 nm, measured at Ex 310 nm (Huguet et al., 2009). The results of DOC and UV visible spectral parameters are the average values of three sets of repeated sub-samples (mean ± sd), while the fluorescence spectral parameters are the results of one set of samples.


Before conducting parallel factor analysis, the fluorescence excitation emission matrix data were preprocessed, including inner filter effect correction (using UV visible spectral data), removal of Raman and Rayleigh scattering, completing the missing parts by Delaunay triangulation interpolation, smoothing the figures by two-dimensional Gaussian kernel convolution, and normalizing the fluorescence intensity units (A.U.) to Raman units (R.U.) for fluorescence region integration calculation. A total of 25 samples participated in parallel factor analysis, and three abnormal samples were removed after outlier detection. The testing steps of PARAFAC include core consistency, explanation rate, sum of squares error, split half analysis, and factor match scores.







3 Results





3.1 Bulk DOC concentration changes


The initial concentration of DOC in Group P was 5.41 mg•L-1. It significantly increased to 6.01 mg•L-1 within 0-2 days, gradually decreased to 5.65 mg•L-1 during days 2 to 14, and then increased to 5.75 mg•L-1 during days 14 to 29 (
Figure 1a
). The concentration of DOC increased by 7.4% compared to the initial value. In contrast, DOC in Group B and Group P+B both showed a clear decreasing trend. The initial DOC in Group B was 5.61 mg•L-1. It gradually decreased to 4.43 mg•L-1 at 29 days (
Figure 1a
). The initial concentration of DOC in Group P+B was 12.60 mg•L-1. It continued to decline over incubation, being as low as 10.22 mg•L-1 at the end of incubation (
Figure 1a
). The most significant decrease occurred during days 0 to 2 (
Figure 1a
). Here, we define the decrement of DOC in Group B as BDOC (i.e., the biologically available fraction of DOC) and the decrement of DOC in Group P+B as LDOC (i.e., the labile fraction of DOC). Then the BDOC and LDOC accounted for 21.4% and 19.0% of the initial DOC, respectively (
Figure 1a
). Due to the synergistic effects of microbial degradation and photodegradation on aquaculture wastewater, this study focused on the DOC degradation process of Group P+B. Equation 1 fitting yielded the following results:


[image: Two graphs depict DOC concentration over incubation time. Graph (a) shows three lines: P (black), B (red), and P+B (green), with P+B having the highest DOC levels. Graph (b) displays P+B data with a red linear fit and a 95 percent confidence band, highlighting decreasing DOC. Equation c=10.22+2.38e^-0.41t and r^2=0.89 are included.]
Figure 1 | 
The raw pattern (a) and modeled change of bulk DOC (b) over the incubation (The samples of Group P and Group B were collected from the same sampling, while the samples of Group P+B were collected from another sampling).





c
=
10.22
+
2.38

e

−
0.41
t




(4)






3.2 Optical parameters


In Group P, the a350 of the samples was initially 5.26 m-1, and it decreased to 3.07 m-1 after incubation (
Figure 2a
). SUVA254 decreased from 1.47 L•mg-1•m-1 to 1.05 L•mg-1•m-1 during incubation, with the most significant decrease observed during days 0 to 2 (
Figure 2b
); S275-295 increased from 15.77 μm-1 to 24.22 μm-1 after incubation (
Figure 2c
); The initial value of FI was 2.26, and it decreased to 1.80 after incubation (
Figure 2d
), with the most significant decrease occurring days 0 to 2; HIX decreased from 0.61 to 0.31 during incubation (
Figure 2e
); The initial value of BIX is 0.86, which increased to 0.96 after incubation (
Figure 2f
).


[image: Six line graphs depict various parameters over 30 days of incubation for treatments labeled P, B, and P+B.   (a) Graph showing \(a_{350}\) values decreasing for all treatments.  (b) SUVA\(_{254}\) shows decline for P and P+B, while B increases initially.  (c) \(S_{275-295}\) initially rises, with a peak and subsequent decline for all treatments.  (d) Fluorescence index (FI) reduces over time for all treatments.  (e) Humification index (HIX) declines, with P showing the steepest decrease.  (f) Biological index (BIX) shows slight fluctuation, with P+B maintaining higher values than P and B.]
Figure 2 | 

(a–f) Variation of optical parameters over the incubation (P: Group P; B: Group B; P+B: Group P+B).




In Group B, the a350 was initially 5.46 m-1, increasing to 6.29 m-1 after incubation (
Figure 2a
). The SUVA254 showed fluctuating changes, increasing from 1.45 L•mg-1•m-1 to 1.71 L•mg-1•m-1 (
Figure 2b
); S275-295 increased from 15.59 μm-1 to 18.36 μm-1 after 2 days, then decreased to 15.59 μm-1 after 29 days, which was the same as the initial value (
Figure 2c
); The initial value of FI was 2.25, which decreased to 2.04 after incubation (
Figure 2d
); HIX decreased from 0.61 to 0.54 after incubation (
Figure 2e
); BIX increased from 0.87 to 0.92 during incubation (
Figure 2f
).


In Group P+B, the a350 was initially 16.98 m-1, and it significantly decreased to 5.37 m-1 after incubation (
Figure 2a
); The SUVA254 decreased from 1.68 L•mg-1•m-1 to 1.17 L•mg-1•m-1 (
Figure 2b
); The initial value of S275-295 was 12.84 μm-1, which significantly increased to 24.73 μm-1 after incubation (
Figure 2c
); The initial FI was 2.37, and decreased to 1.88 after incubation (
Figure 2d
); HIX decreased from 0.66 to 0.57 during incubation (
Figure 2e
); BIX decreased from 1.11 to 1.07 during days 0-6, and then increased from 1.07 to 1.12 during days 6-29 (
Figure 2f
).






3.3 PARAFAC results


PARAFAC was conducted on the EEM of Litopenaeus vannamei aquaculture wastewater, and a 4-component model (C1-C4) was employed to characterize the DOM fluorescence properties across all samples (
Figure 3
). C1 showed an excitation maximum at Ex<240 nm, corresponding to the emission maxima at Em=389 nm. C2 exhibited three excitation maxima at Ex=250 nm, Ex=280 nm and Ex=330 nm and an emission maximum at Em=424 nm. C3 displayed an excitation maximum at Ex=275 nm and an emission maximum at Em=311 nm. C4 displayed an excitation maximum at Ex<240 nm and two emission maxima at Em=293 nm and Em=433 nm.


[image: Panel of graphs and contour plots showing excitation-emission data for components C1 to C4. Each component has a pair of images: a contour plot indicating intensity variations, and a graph displaying emission (black line) and excitation (red line) spectra against wavelength in nanometers. The contour plots use a color scale ranging from blue to red to depict intensity, while the line graphs show varying patterns of spectral loads between wavelengths 200 nm to 600 nm.]
Figure 3 | 

(a–h) Contour plots of components and variation of load of components from the 4-component model (C1: Component 1; C2: Component 2; C3: Component 3; C4: Component 4).




The fluorescence components showed variations during incubation, as shown in 
Figure 4
. In Group P, the initial Fmax of C1 was 5.36 RU, and as the incubation progressed, the Fmax gradually decreased to 0.97 RU. The Fmax of C1 in Group B increased from 5.52 RU to 10.90 RU, showing a fluctuating trend of increase. The initial Fmax of C1 in Group P+B was the highest, significantly decreasing from 173.26 RU to 7.69 RU during the incubation. The Fmax of C2 decreased with increasing incubation time in both Group P and Group P+B. Group P decreased from 5.46 RU to 3.25 RU and Group P+B decreased from 34.54 RU to 3.03 RU. The Fmax of C2 in Group B increased with the increase of incubation time, from 5.83 RU to 10.33 RU. The Fmax of C3 in Group P first increased and then decreased, from 4.24 RU to 2.93 RU. The Fmax of C3 in Group B fluctuated and increased, from 4.43 RU to 4.96 RU. The Fmax of C3 in Group P+B decreased with increasing incubation time, from 34.51 RU to 3.03 RU. C4 showed a decrease in Fmax in three different degradation processes. In Group P, the Fmax of C4 decreased from 3.53 RU to 0.52 RU, in Group B, it decreased from 3.62 RU to 2.17 RU, and in Group P+B, it decreased from 32.21 RU to 2.11 RU.


[image: Four line graphs display Fmax (RU) over incubation time in days, labeled C1 to C4. Graph (a) shows a significant initial decline in P+B. Graph (b) shows variable trends with P+B decreasing the most initially. Graph (c) also indicates a sharp drop in P+B. Graph (d) shows similar patterns with P+B decreasing quickly. Each graph compares P, B, and P+B.]
Figure 4 | 

(a–d) Variation of Fmax of components from the 4-components PARAFAC model (P: Group P; B: Group B; P+B: Group P+B).









4 Discussion





4.1 Degradation characteristics of DOC


The results of the incubation experiment indicate that approximately one-fifth of the DOC in aquaculture wastewater demonstrates bioavailability, with microbial activity serving as the primary pathway for DOC degradation in such systems. Within this study, the bioavailability of DOC in aquaculture wastewater (21.4%) was comparable to previously reported values for East China Sea (ECS) seawater (17–26%) (Ji et al., 2019; Yang et al., 2021), yet lower compared to that of freshwater systems (~32%) (Benner and Kaiser, 2011). Freshly produced organic matter generally exhibits higher bioavailability (Amon and Benner, 1996), suggesting that the DOC pool in aquaculture wastewater demonstrates more refractory to degradation and aromaticity than its freshwater counterpart. Although the concentration of DOC is higher, under photochemical-biological coupled degradation conditions, the DOC reduction rate (19.0%) remained similar to that achieved through microbial degradation alone (21.4%) within identical timeframes. This further corroborates microbial activity as the primary driving mechanism governing DOC degradation processes in aquaculture wastewater. This also proves that the composition of DOC in the samples obtained from two samplings is similar.


Under combined photochemical-microbial degradation, the temporal variation of DOC concentration in aquaculture wastewater was fitted through nonlinear Equation 4. Previously, in their investigation of coastal upwelling water samples from Ria de Vigo, Spain, Lønborg et al. (2010) conducted biodegradation experiments and mathematically characterized DOC attenuation, revealing an average degradation rate of 0.22 d-1. Comparatively, the DOC degradation rate quantified in the present study for aquaculture wastewater attained 0.41 d-1. This substantially enhanced degradation rate indicates superior reactivity of organic matter in aquaculture wastewater relative to natural marine systems, reflecting rapid microbial community responses to elevated concentrations of labile organic substrates.


Because LDOC and semi-labile dissolved organic carbon (SLDOC) in the ocean mainly exists in the upper water column and is directly related to CO2 in the atmosphere (Gan et al., 2016), the impact of DOC degradation in aquaculture wastewater on carbon emissions must be given attention. Based on the following two facts (Gan et al., 2016): (1) LDOC helps to generate CO2, making aquaculture wastewater a carbon source; (2) The LDOC pool will promote microbial cycling and facilitate microbial carbon pumping in the ocean. Firstly, suppose only the degradation of LDOC in aquaculture wastewater is considered, according to the results of this study. In that case, the DOC output to the environment during the aquaculture process will degrade by about 19%. Although the degradation of DOC includes various products such as DIC, CO, CO2, etc., under limited conditions, this study evaluates the upper limit of DOC degradation and conversion to CO2. We assume that all the products of DOC degradation are CO2, and the conversion factor between DOC and CO2 is 3.67 (Xu et al., 2023). The CO2 emission equivalent (CO2-eq) per unit mass of DOC (kg) in aquaculture wastewater is 0.7 kg CO2-eq per kg DOC. However, as the remaining DOC after incubation also includes SLDOC and RDOC, according to Hansell et al.’s research (Hansell et al., 2012), when the average concentration of DOC is ~53-55 μmol•kg-1, SLDOC in the subsurface ocean will be depleted. When the average concentration of DOC is ~42-43 μmol•kg-1, most of SLDOC will be depleted. In this study, the DOC concentration after incubation is higher than this value. Therefore, if the incubation time is extended to several years, the remaining SLDOC will slowly degrade. Although the proportion of SLDOC in wastewater has not been quantified in this study, we speculate that the remaining DOC has relatively low biodegradability using fitting Equation 2, suggesting the presence of RDOC in the wastewater. Therefore, from the perspective of DOC degradation, small-scale aquaculture may not have a significant impact on regional carbon cycling in the short term.






4.2 Optical parameters


The variations in spectral parameters indicate that photodegradation preferentially targets specific chemical structures within organic matter, including CDOM, aromaticity, and molecular weight characteristics. Specifically, photodegradation effectively reduced the CDOM concentration, aromatic characteristics, and molecular weight of dissolved organic matter in aquaculture wastewater through distinct photochemical pathways. The alterations in fluorescence parameters predominantly reflect shifts in the relative compositional profile of DOM. During the photodegradation process, the organic components in aquaculture wastewater undergo a transformation, shifting from primarily autochthonous sources to a mixture of autochthonous and terrestrial sources (Blough, 2002). This shift indicates selective depletion of autochthonous DOM constituents through photodegradation, which may be attributed to two mechanistic pathways: (1) anaerobic or hypoxic decomposition of organic substrates, potentially diminishing protein-like fluorescent components while enhancing the relative abundance of humic-like substances; and (2) photobleaching effects induced by light exposure, leading to attenuation of characteristic fluorescence signatures in organic matrices. The attenuation of humic substances caused by photodegradation is most significant among the three degradation processes. This observation indicates that humified DOM fractions exhibit heightened susceptibility to photolytic degradation compared to other organic constituents. Meanwhile, photochemical processes can generate new DOM constituents, revealing a dual role of light-mediated reactions that encompasses both the decomposition of existing organic compounds and the photochemical synthesis of new organic fractions.


In contrast to Group P, microbial metabolism increased the CDOM content, aromaticity, and average molecular weight of DOM. According to established literature, microbial metabolic processes will facilitate the formation and accumulation of macromolecular organic compounds, such as fulvic acids and humic acids (Hansen et al., 2016; Hur et al., 2011). In addition, another reason for the increase in the average molecular weight of DOM may be that microorganisms preferentially consume small molecules of DOM during metabolic processes (Findlay and Sinsabaugh, 1999). Although there is some loss of autochthonous and DOM during microbial metabolism, by the end of incubation, the DOM in the sample remained primarily autochthonous. In the process of microbial degradation, the decrease in humility is smaller than that of Group P. Although this indicates that the consumption of humus DOM by microorganisms in the culture system cannot compete with photodegradation, this is because most terrestrial DOM is composed of humus, which is mainly composed of lignin and phenolic residues of other antimicrobial aromatic compounds (Hansen, 2014), In addition, similar to Group P, microbial metabolism utilizes the original DOM in the sample while also producing fresh DOM.


In Group P+B, the content of CDOM, aromatic DOM and macromolecular DOM decreased, and the combined effect of light and microorganisms was more significant in the degradation of CDOM, aromatic DOM, and high molecular weight DOM than the photodegradation effect alone. Comparing the changes in DOM caused by individual photodegradation and biodegradation, light is considered the main driving mechanism for these changes. In terms of changes in the relative composition of DOM, photodegradation causes the greatest changes, while microbial degradation causes the smallest changes. The changes caused by the combined degradation of light and microorganisms are between the two. This is because microorganisms produce new metabolites during the degradation of the original DOM, thereby weakening the impact of photodegradation.


The degradation experiments collectively demonstrate that photochemical processes preferentially target CDOM, aromatic DOM constituents, HMW-DOM, and humic-like DOM fractions, inducing their photolytic decomposition through wavelength-dependent reactions. Notably, light-mediated DOM degradation exhibits dual role: while facilitating the breakdown of existing organic complexes, it simultaneously generates of neo-formed DOM components via photochemical rearrangement pathways. In contrast, microbial activities predominantly facilitate the production of freshly produced DOM fractions characterized by enhanced chromophoric properties, aromaticity, HMW characteristics, and humification signatures. When photodegradation and microbial processing co-occur, spectroscopic analyses reveal that photochemical mechanisms maintain their predominance as the principal driver of DOM structural modifications. However, the presence of microbial communities exerts a mitigating effect on photoinduced DOM alterations, likely through competitive substrate utilization and metabolic transformation processes. By combining optical parameters with DOC degradation results, the roles of the two different degradation mechanisms were further elucidated: DOC removal from aquaculture wastewater is primarily driven by biodegradation, while photodegradation primarily regulates the chemical properties of DOC rather than its total concentration. This differential behavior is consistent with previous research reports (Yang et al., 2021).






4.3 DOM fluorescence features


Compare the results of parallel factor analysis with those in the OpenFluor online database (with a similarity level of 95%). C1 is highly similar to C3 reported by Nolan et al. (2023) in rivers affected by human activities in southwestern Ontario, Canada, and has been identified as a microbial humic-like, similar to peak A of Coble (Coble, 1996). C1 can be further decomposed into peak B and T, with moderate and significant correlations between C1 and peak B and T, respectively, and moderate correlations with C: N ratio (Nolan et al., 2023). Fellman et al. (2010) pointed out that C1 is ubiquitous in the environment, with the highest abundance in forest and wetland environments. Additionally, the presence of C1 has been observed in DOM affected by agricultural activities (Graeber et al., 2012; Hernes et al., 2009; Søndergaard et al., 2003), treated wastewater and algal DOM (Søndergaard et al., 2003), and lakes in New York State, USA (Du et al., 2016; Goranov et al., 2024; Wang et al., 2020). Some studies suggest that C1 is a product of heterotrophic microorganisms consuming terrestrial DOM (Lambert et al., 2017). According to the results of this study, the increase of C1 after biodegradation further supports the conclusion that C1 is of microbial origin. C2 has been found in salmon farming systems in Chile and is believed to be related to terrestrial humic-like (lignin) (Graeber et al., 2012; Ryan et al., 2022; Stedmon et al., 2011). Similar to Coble’s peak A (Coble, 1996), it can be further decomposed into a mixture of peak A and peak C (Yamashita et al., 2011). Peak A corresponds to terrestrial humic-like components, while peak C is related to agricultural activities (Coble, 1996). Therefore, it can be considered that C2 is associated with agricultural activities. In this study, the decrease in the maximum fluorescence intensity of C2 during the incubation process in the Group P and Group P+B demonstrated the degradation effect of light on C2. C3 is similar to Component C2 discovered by Nimptsch et al. (2015) in the Chilean salmon farming system and Component C3 discovered by Lei et al. (2021) in the shellfish farming area of Lianjiang County, Fujian Province, China. C3 has been reported as tyrosine-like (Yamashita et al., 2013, 2011), with its known source being aromatic amino acids (Yamashita et al., 2011). The fluorescence signal of C3 represents the concentration of hydrolyzable amino acids in DOM (Yamashita and Tanoue, 2003a), and these amino acids are considered to be semi-labile parts of DOM in aquatic environments (Davis and Benner, 2007; Yamashita and Tanoue, 2003b). Some studies have reported a linear relationship between C3 and semi-labile DOC in streams (Balcarczyk et al., 2009; Fellman et al., 2008), indicating that C3 may be an effective indicator for measuring the labile or semi-labile portion of freshly produced DOC (Yamashita et al., 2011). Additionally, research reports have found that C3 originates from algae (Coble, 1996; Murphy et al., 2006; Stedmon and Markager, 2005) representing an autochthonous source. Previous studies have also linked this component to microbial activity and suggested that its content is positively correlated with bioavailability (Graeber et al., 2012). There are relatively few reports on C4 in OpenFluor, with only Maurischat et al. (2022) reporting similar substances in Lake Namtso on the Qinghai-Tibet Plateau. In addition, the spectral characteristics of C4 are similar to those of terrestrial humic substances identified in coastal environments (Kowalczuk et al., 2009). C4 is described as a terrestrial fluorophore representing plant and soil sources (Stedmon et al., 2011), associated with solutes from plants and soil, as well as reprocessed terrestrial material. Similar to C2, C4 is also a mixture between peak A and peak C (Coble, 1996; Yamashita et al., 2011). Therefore, it can be inferred that the presence of C4 is closely related to agricultural activities.






4.4 Principal component analysis of parameters in DOC degradation


In order to further investigate the mechanism of changes in dissolved organic matter in aquaculture wastewater during degradation, we conducted principal component analysis on DOC, optical parameters, and fluorescence indices (
Figure 5
). Principal Component 1 (PC1) and Principal Component 2 (PC2) jointly explained 85.4% of the total variance in the dataset. In the direction of PC1 axis, parameters such as a350, SUVA254 and HIX have high positive loadings, indicating the presence of stable, aromatic, and humic DOM. The positive FI loading reflects aromatic and humic substances produced by microorganisms. The positive loads of C1, C2, and C4 further support the association between humic compounds and PC1. The negative loading of S275-295 confirms that PC1’s positive direction corresponds to HMW. Thus, PC1 represents HMW, highly humified, stable, and complex organic matter derived from the combined microbial and terrestrial sources. Initial undegraded samples showed high PC1 scores. Decreasing scores with degradation time indicate disruption of macromolecular structure and reduced humification.


[image: A scatter plot illustrating principal component analysis (PCA) with PC1 and PC2 axes, accounting for 61.8% and 23.6% of variance, respectively. Data points are represented in black, red, and green, labeled as B, P, and P+B. Ellipses surround clustered points. Blue arrows indicate variables like BIX, DOC, HIX, and others.]
Figure 5 | 
Principal component analysis load and score based on incubation experiment parameters (P: Group P; B: Group B; P+B: Group P+B).




The parameters with high positive loads on the PC2 axis are DOC, S275-295, and BIX, indicating that the positive direction of PC2 corresponds to newly produced LMW organic compounds. Negative loadings of FI and SUVA254 reflect terrestrial-derived material with low aromaticity and fluorescence. Therefore, PC2 represents microbially derived LMW organic compound. In the early stages of incubation, the initial undecomposed samples scored lower in the PC2 direction. As incubation progressed, the scores of the samples gradually increased in the PC2 direction, demonstrate the transformation pathway from terrestrial HMW matter to microbially derived LMW compounds.







5 Conclusion


The bioavailability of DOC in aquaculture wastewater is approximately one-fifth, which is similar to that in natural seawater. However, the degradation rate of DOC is higher in aquaculture water, suggesting its greater reactivity compared to natural seawater. Photodegradation primarily alters the chemical properties of DOC rather than the total amount of DOC, and microbial activity is the dominant driver of DOC degradation in aquaculture wastewater. In addition, an evaluation of the upper limit of CO2 generated from DOC degradation suggests aquaculture wastewater exhibits relatively weak carbon source attributes. Nevertheless, given the backdrop of the continuous expansion of the global aquaculture industry, this potential carbon source warrants serious consideration. The DOM in aquaculture wastewater is predominantly composed of microbial humic-like, terrestrial humic-like, and tyrosine-like (potentially algal-derived). PCA of 11 parameters monitored during the incubation experiment revealed the distinct effects of different degradation processes on the composition of organic matter. This provides insights for understanding the transformation environmental organic matter transformation pathways.
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