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Eutrophication alters the function of lake ecosystems through phytoplankton blooms and is a major contributor to organic carbon (OC) burial in lakes worldwide. Although Lake Taihu is notable for its severe eutrophication yet low OC burial, why cyanobacteria-derived OC is ineffectively buried in the lake is unknown. Because seasonal hydrological and ecological dynamics in eutrophic lacustrine ecosystems would significantly modify the preservation and degradation behaviors of OC, seasonal variations in paired particulate samples from both the water column and surface sediment are critical in evaluating cyanobacteria-derived OC burial. In this study, we present the steroid results of water and sediments collected from Meiliang Bay in Lake Taihu across cyanobacteria-bloom and decay seasons (from May 2018 to June 2019) to investigate constraints on the seasonal burial of autochthonous and allochthonous OC. The results indicate that cyanobacteria contribute a considerable amount of OC to the water body in the cyanobacterial bloom season, while terrestrial OC becomes the main contributor during the cyanobacterial decay season. Although OC degradation occurs throughout the water column, substantially more OC degradation was observed at the water-sediment interface. The extensive degradation of OC in the bloom season eventually reverses the seasonal distribution characteristics of particulate OC in the water column, leading to less accumulation of OC under the background of higher cyanobacteria-derived OC input. The combined effect of OC bioavailability, temperature, oxygen exposure, and more importantly microorganism activities, accounts for much higher OC degradation rates in the bloom season. Similar phenomena were observed in subtropical shallow lakes with high primary productivity, suggesting that eutrophication might have a limited influence on OC burial when compared to other factors related to OC degradation.
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1 INTRODUCTION
Lakes are an important global carbon storage system due to their considerable organic carbon (OC) burial (Mendonça et al., 2017). The amount and source of the OC (Watanabe and Kuwae, 2015; Guillemette et al., 2017), oxygen concentration (Sobek et al., 2009; Wang et al., 2018), exposure time (Sobek et al., 2009), temperature (Gudasz et al., 2010; Cardoso et al., 2014), and microorganism activities (Tabuchi et al., 2010; Cai et al., 2014) have substantial influences on the OC sequestration function of lakes. Many lakes worldwide have been eutrophicated in recent decades as a result of global warming, increased atmospheric CO2 concentrations, and increasing anthropogenic nutrient inputs (Wagner and Adrian, 2009; Kosten et al., 2012; Przytulska et al., 2017; Salk et al., 2022). Eutrophication is usually characterized by a strong bloom of cyanobacteria (Huisman et al., 2018), which increases the amount of fresh OC available for subsequent depositional processes (Dong et al., 2012; Anderson et al., 2014; Xiao et al., 2020a). Eutrophication also promotes heterotrophic bacterial activity and, thus, mineralization of OC (Niu et al., 2011; Kiersztyn et al., 2019; Zhu et al., 2019). Temperature fluctuations may cause frequent phytoplankton blooms and recesses, resulting in seasonal variations in the amount and composition of OC input, as well as preservation and degradation behaviors in eutrophic lakes (McCullough et al., 2018). Therefore, it is crucial to determine the amount of cyanobacteria-derived OC that can be effectively preserved in the bloom and decay seasons.
Lake Taihu, a large shallow lake on the Yangtze floodplain, is characterized by cyanobacterial blooms (Microcystis blooms) due to rapid economic development and intensive usage of water resources (Qin et al., 2013). The western and northern parts of the lake are severely eutrophic regions, while the eastern bays are inhabited by dense aquatic vegetation. However, OC burial in the northern eutrophic area of Lake Taihu is only approximately 28 g C m−2 yr−1 in recent years (Gui et al., 2013), which is lower than that in other lakes with similar bioproduction or eutrophication levels (e.g., Lake Okeechobee, 60 g C m−2 yr−1, Dong et al., 2012). Previous studies have demonstrated that the source of sedimentary organic matter contains a high proportion of terrestrial OC (Zhang et al., 2017a; Li et al., 2020; Zhang et al., 2021) in contrast to the high cyanobacterial input from surface waters in eutrophic regions (Xu et al., 2015a). As a result, Lake Taihu has exhibited remarkable decomposition of cyanobacteria-derived OC. Therefore, information on when and where these OC are degraded is important for exploring the potential effect of eutrophication on OC burial in Lake Taihu.
Autochthonous OC (synthesized by bacterial exudates and photosynthesis by primary producers) is primarily composed of proteins, peptides, amino acids, polysaccharides, oligosaccharides, lipids, and various organic acids that are easily oxidized and available to microorganisms (Li et al., 2012; Bai et al., 2017). In lakes, OC degradation mainly occurs during particle settlement, deposition through the water column (Li and Minor, 2015; Wang et al., 2018), surface of sediments, and following deeper sediments (Middelburg, 2018). During particle settlement through the water column, particulate OC (POC) can be directly oxidized or photodegraded (He et al., 2016). Additionally, a critical portion of POC can provide material and energy sources for heterotrophic bacteria (Tranvik et al., 2009), which further removes the phytoplankton bio-productivity accumulated at the water surface. Such OC degradation by heterotrophic bacteria can account for more than 90% of the primary bio-productivity in the case of lakes like Lake Superior (Li and Minor, 2015). The remaining POC that reaches the lake bottom is an important precursor of sedimentary OC (SOC) (Vachon et al., 2021). At the water-sediment interface, preferential utilization and degradation of labile OC proceed via anaerobic organism consumption (Meyers and Ishiwatari, 1993; Liu et al., 2022). In this sense, paired samples from POC through the water column and SOC in the surface sediments can address the exact preservation and degradation behaviors of autochthonous OC.
Steroids are a group of widely distributed biomarkers in aquatic ecosystems that are indicative of eukaryotes and possibly cyanobacteria (Volkman, 1986; 2005); consequently, they are suitable for investigating the transport and sinking of POC derived from phytoplankton including cyanobacteria, some protists, and most single-celled plants (diatoms, dinoflagellates, green algae). For instance, cholesterol is usually recognized to originate from cyanobacteria and eukaryotic phytoplankton in lake systems (Meyers, 1997; Volkman, 2005) such as Lake Suwa in Japan (Nishimura and Koyama, 1977) and lakes in the middle and lower Yangtze River in China (Zhang et al., 2019). C28 sterols, including brassicasterol and chalinasterol, have been widely utilized as indicators of diatom sources (Volkman, 2005; Köseoğlu et al., 2019); C29 sterols are typically found in vascular plants and microalgae (Meyers, 1997; Volkman et al., 1998); C30 sterol (dinosterol) is a specific biomarker for dinoflagellates (Robinson et al., 1984). 5α (H)-stanols are related to a bacterial reduction in unsaturated sterols (e.g., cholesterol and sitosterol), which can be used to evaluate OC biodegradation (Nishimura and Koyama, 1977; Mermoud et al., 1985) and lacustrine redox conditions (Nakakuni et al., 2018). Accordingly, sterols and stanols respond sensitively to source changes and are suitable for tracking seasonal variations in SOC and POC.
In this study, we present steroid results from water and sediments collected in Meiliang Bay, Lake Taihu, across cyanobacteria-bloom and decay seasons from an annual cycle (from May 2018 to June 2019). The main objectives of this study were to investigate the seasonal characteristics and sinking processes of POC and SOC to elucidate whether and why cyanobacteria-derived OC is ineffectively buried in Lake Taihu. The results would eventually address the potential effect of eutrophication on OC cycling in Lake Taihu.
2 MATERIALS AND METHODS
2.1 Study area and sample collection
Lake Taihu, the third largest freshwater lake in eastern China, has a surface area of about 2400 km2, a catchment of 36,500 km2, and an average depth of 1.9 m, respectively (Figure 1). The lake has a short water retention time of approximately 284 days due to an intensive river network with 172 rivers or channels connecting to the lake and large annual inflowing water input of 57 × 108 m3 (Qin et al., 2007). Inflow rivers are located in the northern and western regions, whereas outflow rivers are in the eastern region. The spatial sewage input leads to the lake being divided into 3 different ecotypes based on eutrophic status and vegetation distribution (Xiao et al., 2020b; Zhang et al., 2021). The nutrient input from inflow rivers in Zhushan Bay, Meiliang Bay, and the western region has made these regions the most eutrophic parts of Lake Taihu.
[image: Figure 1]FIGURE 1 | Sketch map showing the location of Lake Taihu (A) and sampling Sites 1–5 (C) from meiliang bay to the central region (B). Inflow and outflow of Lake Taihu are indicated as green arrows and red arrows, respectively, with the size of the arrow as a measure of relative runoff (website http://www.tba.gov.cn/).
In Lake Taihu, relatively warm temperatures prolong the cyanobacterial bloom period in a year, keeping high Chlorophyll-A concentrations and phytoplankton densities from May to November and low values from December to next April (Figure 2, data from Huang et al., 2019). Accordingly, water and sediment collections in Meiliang Bay were conducted from May 2018 to June 2019 (namely 05/2018, 09/2018, 12/2018, 03/2019, and 06/2019). According to the field observations and long-term monitoring records of lake Chlorophyll-A concentrations (Figure 2; Huang et al., 2019), sample dates of May 2018, September 2018, and June 2019 belong to the cyanobacterial bloom season, whereas December 2018 and March 2019 are the cyanobacterial decay season. Sampling sites include pelagic (sites 1–4) and shore areas (site 5), which are ideal areas for investigation of the frequent occurrence of cyanobacterial blooms in Meiliang Bay (Figure 1). Water samples from the surface (top ∼30 cm), middle, and bottom (∼10 cm above water-sediment interface) layers were collected except for site 5 (only surface and bottom water). For the surface sediments, we only collected the top yellow-brown surface layers. Considering the high sedimentation rate in Meiliang Bay, these sediments should track the freshly deposited OC in recent months. Besides, water temperature (T) and dissolved oxygen (DO) were in-situ measured using Yellow Springs Instruments Professional Plus (YSI ProPlus). The particulate samples were extracted by pretreated 0.7 μm glass fiber filters in the field (Whatman GF/F, 4 h at 470°C). All particulate and sediment samples were immediately frozen at −20°C and brought back to the laboratory for further geochemical analysis. For the end member detection, the cyanobacteria sample aggregated in surface water and the water sample from rivers around Meiliang Bay were collected in September 2018 and September 2020, respectively (Figure 1).
[image: Figure 2]FIGURE 2 | Seasonality of average temperature and dissolved oxygen (DO) in the water column (A) and Chlorophyll-A concentrations and algae densities (B) from Huang et al. (2019).
2.2 Total organic carbon and stable carbon isotopic analyses
Before analysis of the total organic carbon content (TOC) and carbon isotopes (δ13C), the particulate and sediment samples were frozen-dried and added with the HCl solvent (6 N, 60°C for 2 h) to remove carbonates, followed by deionized water rinsing and drying. Thereafter, POC contents and sedimentary TOC contents were measured with a Euro Vector EA-3000 elemental analyzer (EA). The standard samples were run routinely to control the performance of the EA, and the uncertainty of the analysis was < ±0.03%. Carbon isotopes of POC (δ13CPOC) and sedimentary organic carbon (δ13CSOC, VPDB standard) were determined by a Thermo Fisher FLASH2000 EA connected with MAT-253 Isotopic Ratio Mass Spectrometer (IRMS). Cellulose and caffeine with known δ13C values were used to monitor the measurement. Two parallel analyses were conducted for each sample and the 1 σ precision of the replicate δ13Corg analysis is < ±0.2‰.
2.3 Biomarker analysis
Biomarker extraction and purification of the surface and bottom lake water, cyanobacteria, and surface river water follow the procedure of Sun et al. (2019). Briefly, particles concentrated in 0.7 μm glass fiber filters were ultrasonically extracted three times using sequential solvents of hexane, dichloromethane, and dichloromethane/methanol (9:1, v/v) with activated copper. Then, extracts were derivatized with N,O-bis (trimethylsilyl) trifluoroacetamide (70°C, 60 min). Before gas chromatograph analysis, deuterated n-tetracosane (n-C24D50), an internal standard, was used to semi-quantify steroids.
Molecular biomarkers in sediment samples were extracted with organic solvents consistent with that of particles, with the internal standards containing 5α-androstan-3β-ol. The extracts were fractionated into apolar and polar fractions over a silicon column using hexane and methanol as eluents. The polar fraction was saponified with 6% KOH/Methanol at 70°C for 2 h. The acid fraction and the neutral fraction were recovered respectively by hexane (6×). Neutral fractions containing steroids were further derivatized with N,O-bis (trimethylsilyl) trifluoroacetamide (70°C, 60 min) before analysis.
Steroids in the particulate organic matter were analyzed using an Agilent 7890 A gas chromatography equipped with an Agilent 5977 A mass spectrometer (GC-MS) without internal standard and re-analysed on an Agilent 7890 B gas chromatography equipped with a flame ionized detector (GC-FID) for quantification on cholesterol, with n-tetracosane-d50 as an internal standard. The GC-MS and GC-FID both use a DB-5 MS capillary column (60 m × 0.32 mm × 0.25 μm). The GC oven temperature program started at 60°C for 2 min, then increased to 310°C at 3°C min−1, and finally held for 30 min. The MS ion source was operated in electron impact (EI) mode at 230°C with 70 eV electron energy. The MS was operated in full scan mode (m/z 50–750). Concentrations of cholesterol were calculated by comparison of peak area to n-tetracosane-d50 on the GC-FID chromatogram. Concentrations of other steroids were conducted by comparison of the area of the characteristic ion of these compounds to that of previously quantified cholesterol.
Steroids of sediments were also analyzed by GC-MS. The GC was equipped with a DB-5 MS capillary column (60 m × 0.32 mm × 0.25 μm). The GC oven temperature program started at 80°C (2 min), then increased to 220°C at 6°C min−1, held for 35 min, to 250°C at 3°C min−1, and finally to 310°C at 2°C min-1. The MS ion source was operated in electron impact (EI) mode at 230 °C with 70 eV electron energy. Full scan was used to identify the biomarkers and single ion monitoring (SIM) for quantitative measurements of C27–C29 sterols and stanols. The concentrations of steroids were calculated by comparison of the characteristic ion concentration and the total ion concentration of the internal standard (5α-androstan-3β-ol). For characteristic mass fragments, m/z 215 was used for 5β(H)-cholestan-3β-ol (coprostanol), 5β(H)-cholestan-3α-ol (epicoprostanol), 5α(H)-cholestan-3α-ol (epicholestanol), 5α (H)-cholestan-3β-ol (cholestanol, C27Δ0), 24-methyl-5α (H)-cholestan-3β-ol (campestanol, C28(24Me)Δ0), and 24-ethyl-5α (H)-cholestan-3β-ol (sitostanol, C29(24Et)Δ0); m/z 129 and m/z 255 was used for cholesta-5,22E-dien-3β-ol (22-dehydro-cholesterol, C27Δ5,22), cholest-5-en-3β-ol (cholesterol, C27Δ5), 24-methylcholesta-5,22-dien-3β-ol (brassicasterol, C28(24Me)Δ5,22), 24-methylcholest-5-en-3β-ol (campesterol, C28(24Me)Δ5), and 24-ethylcholest-5-en-3β-ol (sitosterol, C29(24Et)Δ5) (Nakakuni et al., 2018); m/z 69 and m/z 271 were used for dinosterol (4α,23,24-trimethyl-5α-cholest-22-en-3β-ol).
Analytical uncertainty for the quantification of these biomarkers would be less than 3% based on the repeat analysis of the internal and external standards. All the ratio-based proxies are hardly impacted by the analytical uncertainty and are suitable for the discussion of ratio variations throughout the investigated samples.
2.4 Statistical analyses
Parameters were tested for normality by Shapiro-Wilk-Test. Both two-tailed Pearson correlation coefficients and two-tailed Spearmen correlation coefficients were calculated for the normally and non-normally distributed dataset, respectively. To identify significant differences in POC distribution and biodegradation of SOC across different seasons, one-way ANOVA with Tukey’s HSD post hoc test was conducted for the normally distributed dataset, while a non-parametric Kruskal–Wallis test for the non-normally distributed dataset. All statistical analyses were considered significant at p < 0.05. All these statistical calculations were performed using the software of SPSS 22.0.
3 RESULTS
3.1 Temperature and DO variations through the investigated annual bloom and decay cycle
During the investigated period, the water temperature at the sampling sites varied from 12.3°C to 27.9°C, with higher water temperatures occurring in the cyanobacterial bloom season (May 2018, September 2018, and June 2019) and lower values in the cyanobacterial decay season (December 2018 and March 2019). The water temperature generally varies synchronously with the Chlorophyll-A concentrations and algal densities (Figure 2), per the consensus that water temperature is the main factor influencing the cyanobacterial bloom (optimum temperature above 25°C, Niu et al., 2011; Visser et al., 2016). Along with the cyanobacterial bloom to decay period, the total biomass of phytoplankton decreased in association with the phytoplankton community shifting from the dominance of cyanobacteria (Microcystis spp.) to chlorophytes and bacillariophytes (Niu et al., 2011; Guo et al., 2019) or cyanobacteria (Aphanizomenon or Dolichospermum) (Shan et al., 2019) under low water temperatures. The water temperatures in the vertical water layers were almost the same, indicating no diurnal stratification.
DO values at the sampling sites ranged from 1.5 to 15.1 mg L−1. Monthly average DO values in May 2018, September 2018, December 2018, and June 2019 were 8.3 mg L−1, 7.8 mg L−1, 7.5 mg L−1, and 8.5 mg L−1, respectively (Figure 2; Table 1). Subsequently, DO values rose to 10.9 mg L−1 in March. DO values showed no spatial variation in most samples with the same collection date, except for those in December 2018, which showed an obvious increasing trend along the water channel linking Meiliang Bay and the central region. Along the water column, the DO values in the bottom layer are usually 1–2 mg L−1 lower than those in the surface layer.
TABLE 1 | Environment factors and bulk characteristics of particulate organic carbon (POC) and surface sedimentary organic carbon (SOC) in different layers.
[image: Table 1]3.2 Organic geochemical characteristics of POC
In Meiliang Bay, POC concentrations ranged from 0.8 to 16.2 mg L−1, with an average value of 4.3 mg L−1. The average POC concentration in the water column increased significantly during the bloom season and dropped rapidly to 1–3 mg L−1 during the decay season (ANOVA, p < 0.05, Table 1). Additionally, in May 2018 and September 2018, the POC concentrations of water in the bottom layer were higher than those of water in the surface layer (Figure 3A). δ13CPOC values have been widely used to trace the OC of allochthonous (terrestrial plants) and autochthonous sources in lake systems (Raymond and Bauer, 2001; Xu et al., 2020; Wang et al., 2022). The δ13CPOC in Meiliang Bay ranged from −29.5 to −19.9‰, with an average value of −24.4‰. The δ13CPOC showed a significant seasonal difference in POC quality (ANOVA, p < 0.001; Figure 3B). The highest monthly average δ13CPOC value was −22.3‰ in September. The lowest monthly average δ13CPOC value was observed in March 2019 (−28.0‰). Meanwhile, the vertical distribution of δ13CPOC values in POC showed different patterns between the bloom and decay seasons, tentatively suggesting different biogeochemical processes (Figure 3B).
[image: Figure 3]FIGURE 3 | Concentrations and stable carbon isotopic compositions of particulate organic carbon (POC, δ13CPOC, n = 77) and sedimentary organic carbon (TOC, δ13CSOC, n = 24). (A,B) are POC and δ13CPOC along the water column across seasons, respectively. (C,D) are TOC and δ13CSOC in different seasons. Boxplots show average (hollow point), median (line), first and third quartiles (hinges), and 1IQR (whiskers). The significant difference between POC and δ13CPOC is tested between surface water (S), middle water (M), and bottom water (B). The level of significance from the one-way analysis is reported as *p < 0.05 and **p < 0.01.
Biomarkers for particulate samples also demonstrated the seasonal and vertical dynamics of POC. A series of C27–C29 sterols from particulate organic matter was detected in Meiliang Bay (Figures 4A, B). Affected by the relatively high DO content, only traces of stanols were observed throughout the water column, resulting in extremely low C27Δ0/C27Δ5 ratios (near 0). Detailed C27–C29 sterol concentrations are listed in Table 2. Among these sterols, cholesterol was the most abundant, followed by sitosterol, brassicasterol, and stigmasterol. 22-dehydro-cholesterol, chalinasterol, and campesterol were in low abundance. Dinosterol was detected only in trace amounts in March 2019. The proportion of C27 sterols appeared to be significantly higher in the bloom season at 65.7 ± 9.7% than that in the decay season at 44.9 ± 10.4% (ANOVA, p < 0.001), while C28 and C29 sterols increased in the decay season and significantly differed from the bloom season (ANOVA, p < 0.001). Along the water depth, the distribution patterns of sterols spanned a much smaller range during the different seasons. For instance, the average proportions of C27 sterols showed a decrease from 67.1 ± 10.2% in surface water to 64.4 ± 9.4% in bottom water during the bloom season, accompanied by a very weak increase in C28 and C29 sterols, implying a preferential decrease in C27 sterols during POC sinking (Figure 5D). However, in the decay season, we observed a slight increase in the percentage of C27 sterols from 41.6 ± 8.7% to 48.2 ± 11.5%, along with a decrease in C28 sterols from 29.2 ± 6.2% to 24.5 ± 7.8% and C29 sterols from 29.2 ± 5.6% to 27.2 ± 6.7% (Figure 5D).
[image: Figure 4]FIGURE 4 | Mass chromatograms of m/z 129 + m/z 215 showing the distributions of sterols and stanols in particulate organic matter and sedimentary organic matter. (A,C), samples from site 1 in the cyanobacterial bloom season (09/2018); (B,D) samples from site 1 in the cyanobacterial decay season (03/2019).
TABLE 2 | Biomarker concentrations and parameters for surface and bottom water particulate organic matter and surface sedimentary organic matter in different months.
[image: Table 2][image: Figure 5]FIGURE 5 | The seasonal variation of surface sediments and the overlying water column revealed by sterols. (A) sterols in surface water; (B) sterols in bottom water; (C) sterols in sediments; (D) average sterols in the water and sediments.
3.3 Organic geochemical characteristics of SOC
Compared with POC, sedimentary organic matter was homogeneous. The monthly average TOC content in Meiliang Bay ranged from 0.57% to 0.94%, with an average value of 0.78% (Figure 3C; Table 1). The δ13CSOC values had a narrow range between −24.7‰ and −23.4‰ with an average value of −24.2‰ (Figure 3D; Table 1). Although no significant differences in TOC and δ13CSOC values were observed in samples between the bloom and decay seasons in Meiliang Bay (ANOVA, p > 0.5), the relatively higher TOC content in the decay season seems to predict a higher OC sequestration capacity. As for sterols, six regular sterols were detected in the surface sediment, ranked in order of concentration as cholesterol, sitosterol, campesterol, brassicasterol, stigmasterol, and 22-dehydro-cholesterol (Figures 4C, D; Table 2). Chalinasterol was below the detection limit in the surface sediment, but dinosterol was detected at relatively low concentrations ranging from 1.30 to 6.81 μg g−1 TOC (Table 2). The total C27–C29 sterols concentrations were 80.18–660.93 μg g−1 TOC with an average value of 189.38 μg g−1 TOC, which was higher than the total concentrations of 5α (H)-stanols and 5β (H)-stanols (83.04–296.83 μg g−1 TOC; average 148 μg g−1 TOC; Table 2). The anoxic environment of the sediment promoted the transformation of sterols to stanols, resulting in relatively higher C27Δ0/C27Δ5 ratios (0.07–0.51) in comparison to those of POC located in the water column (Table 2). Furthermore, the ratios of C28(24Me)Δ0/C28(24Me)Δ5 and C29(24Et)Δ0/C29(24Et)Δ5 ranged from 0.62 to 1.81, and from 0.27 to 1.44, respectively. Significant seasonal differences in the C27Δ0/C27Δ5, C28(24Me)Δ0/C28(24Me)Δ5, and C29(24Et)Δ0/C29(24Et)Δ5 were observed (ANOVA, p < 0.001; Figure 6). All three ratios had their highest values in September 2018 and their lowest values in March 2019.
[image: Figure 6]FIGURE 6 | Seasonality of anaerobic bacteria activities in sediments indicated by the C27Δ0/C27Δ5 ratios (A), C28(24Me)Δ0/C28(24Me)Δ5 ratios (B), and C29(24Et)Δ0/C29(24Et)Δ5 ratios (C). The yellow bar represents the cyanobacterial bloom season, the blue bar represents the cyanobacterial decay season. Histograms show average values and 1.5 SE. The level of significance from the one-way analysis is reported as *p < 0.05, **p < 0.01, ***p < 0.001.
C27 sterols were dominant over the entire period in surface sediment, with an annual average proportion of 51.6 ± 5.3%, together with C28 and C29 sterols at 23.6 ± 2.9% and 24.8 ± 3.4%, respectively. In the bloom season, C27 sterols accounted for 49.4 ± 5.3% and the percentages of C28 and C29 sterols reached 25.5 ± 2.0% and 25.0 ± 4.0%. However, the proportion of C28 and C29 sterols slightly decreased to 20.9 ± 1.7% and 24.4 ± 2.5%, accompanied by an increase in C27 sterols to 54.7 ± 3.8% during the decay season (Figures 5C, D). In addition, higher sterol concentrations were observed during the decay season, especially in March 2019 (Table 2). Therefore, the sediment OC showed a seasonal dynamic due to the different biogeochemical progress in the bloom and decay seasons.
4 DISCUSSION
4.1 Source appointment for steroids in Lake Taihu
Generally, C27 sterols in lake environments have been recognized to be mainly produced by eukaryotic phytoplankton or zooplankton (Nishimura and Koyama, 1977; Volkman, 2005; Zhang et al., 2019). In Meiliang Bay, during the investigation period, cholesterol in POC peaked above 61% among C27–C29 sterols during the bloom season. POC samples from surrounding rivers are characterized by relatively lower C27 sterols and a high proportion of C28 and C29 sterols (Figures 5A, B; Table 2). Biogeochemical processes within the lake increase the percentage of C27 sterols. However, eukaryotic phytoplankton including diatoms, dinoflagellates, and green algae have a limited distribution in the cyanobacterial bloom season (Niu et al., 2011; Su et al., 2017; Guo et al., 2019), implying the trace C27 sterols input. As for the zooplankton, it grows in tandem with cyanobacteria in Lake Taihu for highly effective consumption of cyanobacteria-derived carbon via bacteria pathways and direct grazing (de Kluijver et al., 2012). Therefore, zooplankton is an important source of C27 sterols. However, the concentration of C27 sterols is surprisingly quite low in September 2019, opposite to the trend of zooplankton biomass. This phenomenon suggests that there are other important origins of C27 sterols besides eukaryotes, such as cyanobacteria. Volkman (2005) suggested that some specific cyanobacterial species, including Microcystis dominant in Lake Taihu, could synthesize small amounts of sterols (typically below 0.03% of the cell dry weight) in the organism. In Meiliang Bay, biomarkers of cyanobacterial extracts also suggested that cyanobacteria mainly produce cholesterol (60.1%) and minor sitosterol (32.1%) (Figures 5A, B). Therefore, we suggest that the relatively high proportion of C27 sterols is most likely caused by a large number of cyanobacteria in Meiliang Bay, in addition to the common eukaryotic contribution.
C28 sterols, including brassicasterol and chalinasterol, have been recognized as indicators of diatom sources (Volkman, 2005; Köseoğlu et al., 2019). Over the investigated period, brassicasterol showed a weak positive correlation with C27 sterols (r2 = 0.48, p < 0.001, n = 48), tentatively suggesting that the bioproduction of the diatom did not keep pace with the cyanobacteria. Campesterol can also be regarded as a biomarker for diatom, considering its higher Pearson correlation coefficients with brassicasterol and chalinasterol (r2 = 0.7, r2 = 0.6, p < 0.001, n = 48). Therefore, although C28 sterols might not be as sensitive as C27 sterols, they should also be considered when tracking the relative contribution of OC from different kinds of phytoplankton.
Among the C29 sterols, sitosterol is usually the main sterol in vascular plants (Meyers, 1997; Volkman et al., 1998). Although a phytoplankton source cannot be excluded (Zhang et al., 2017a), stigmasterol was also interpreted as a terrestrial OC source, considering its good match with sitosterol (r2 = 0.8, p < 0.001, n = 48). Dinosterol is a highly specific biomarker for dinoflagellates (Robinson et al., 1984). However, considering the trace amount of dinosterol in the POC pool, dinoflagellates might only make a small contribution to in-situ bioproduction. In this sense, the distribution pattern of sterols could sensitively respond to changes in OC sources in SOC and POC, with C27 and C29 signaling cyanobacterial and terrestrial OC, respectively.
4.2 Seasonal variations in the sources of POC and SOC
4.2.1 Strong seasonal variations in POC
The seasonal bloom and succession of phytoplankton in Meiliang Bay shape the POC pool, as evidenced by δ13CPOC and biomarkers. In Meiliang Bay, the higher δ13CPOC in the bloom season approached the cyanobacterial signal at −20.5‰ (Xu et al., 2020; Meng et al., 2021), suggesting the dominant cyanobacteria-derived OC input. A similar trend of δ13CPOC with Chlorophyll-A concentrations and phytoplankton densities indicates that the cyanobacterial bloom event is the determining factor in the POC pool, whereas δ13CPOC along the water column spanning approximately 1‰–2‰ implies less influence of sinking progress and sediment resuspension, both of which occur frequently in shallow lakes (Tang et al., 2020; Wang et al., 2022). Simultaneously, a significantly higher proportion of C27 sterols among the C27–C29 sterols than riverine samples also suggests the increasing zooplankton and an additional supply of cyanobacteria-derived OC within the lake, further supporting the notion that cyanobacteria contribute a large amount of labile OC to the total POC pool in Meiliang bay (Xu et al., 2019; Meng et al., 2021). However, during the decay season, terrestrial OC became the major source of POC in Meiliang Bay. In March, the lowest average δ13CPOC value (−28.0‰) suggests a strong contribution from allochthonous OC derived from river transportation and soil erosion in the Taihu Basin (Xu et al., 2020). Additionally, sitosterol and stigmasterol were present in high proportions during the decay season (Figures 5A, B; Table 2). Along with the rapid decrease in cyanobacterial biomass, the enhanced bio-productivity of Bacillariophyta, Chlorophyta, Chrysophyta, and Cryptophyta in winter (Su et al., 2017) would contribute to POC, as shown by the higher proportion of C28 sterols. Therefore, terrestrial OC and eukaryotic phytoplankton peaked during the cyanobacterial decay season, as revealed by the enhanced C28–C29 sterols, differing from the cyanobacterial bloom season. Considering that the average POC concentration in the water column increased significantly during the bloom season (ANOVA, p < 0.05, Table 1), seasonal variation in POC is largely controlled by the phytoplankton bio-productivity accumulated at the water surface in the bloom season.
4.2.2 Relatively weak seasonal variations in SOC
In sediments, SOC shows a weak seasonal pattern, as revealed by sterols, although SOC is relatively consistent compared to POC. In the bloom season, δ13CSOC values (average of −24.1‰) implied a mixture of terrestrial and cyanobacteria-derived OC. However, the relatively lower C27 sterol proportion in the bloom season compared to the decay season implies that SOC is characterized by a slightly lower input from cyanobacteria-derived OC during the bloom season (Figures 5C, D). At the same time, the lower TOC content of sediment samples collected during the bloom season also showed no accumulation of SOC from massive primary productivity (Table 1). In the decay season, comparable or slightly higher amounts of cyanobacteria-derived OC were buried in the sediment, as indicated by a slightly higher proportion of C27 sterols (decay vs. bloom, 54.6% vs. 49.4%) and higher TOC (decay vs. bloom, 0.82% vs. 0.74%). Although seasonal variations in SOC were still observed at the molecular level (i.e., sterol), the variation in the sterol distribution of SOC was still very weak, which can be alternatively interpreted by the uncertainties of these diagnostic proxies. In contrast, δ13CSOC remained unchanged throughout the investigated period (decay vs. bloom, −24.1‰ vs. −24.2‰). It is possible that δ13CSOC is representative of the bulk characteristics of SOC, including terrestrial OC, cyanobacteria-derived OC, and heterotrophic bacteria-derived OC in eutrophic lakes (Lu and Meyers, 2009; Naeher et al., 2012; Xu et al., 2015a; 2015b; Zhang et al., 2017a); therefore, it is not very sensitive to very small seasonal variations in SOC. As a result, we believe that the source of SOC remains roughly stable, even during very strong seasonal blooms and the successions of phytoplankton.
4.3 Contrasting OC burial behaviors between bloom and decay seasons
The changes in the distribution pattern of sterols in POC and SOC between bloom and decay seasons demonstrate contrasting seasonal behaviors during OC settlement and burial at the water column and water-sediment interfaces. For instance, during the decay season, when POC is dominated by refractory terrestrial sources, the sterol distribution patterns are similar in surface water, bottom water, and surface sediments. At the water column and water-sediment interface, we observed a slight increase in the percentage of C27 sterols, accompanied by the decrease of C28 and C29 sterols (Figure 5D). Therefore, the degradation behavior of cyanobacteria-derived OC is not the main controlling factor for OC burial during the decay season, considering that SOC is more labile and cyanobacteria-derived than POC above the sediments. We suspect that the slight increase in the percentages of C27 sterols in sediments might be due to the degradation of diatom-derived OC, which is the main source of C28 sterols. Alternatively, SOC is a mixture of cyanobacteria-derived and allochthonous OC, whereas POC is primarily allochthonous OC dominated by C28 and C29 sterols. Nevertheless, further investigations are required in the future.
During the bloom season, from surface water to bottom water, the sterol distribution patterns were roughly similar, with only an approximately 2.7% decrease in the proportion of C27 sterols (Figure 5D). These results indicate that, although cyanobacteria-derived carbon is utilized in the water medium, such a degradation effect is not intensive enough to show significant changes in the OC characteristics through the water column. However, from bottom water to surface sediment, we found that the OC strongly shifted to a terrestrial OC source. For instance, C27 sterols only account for 49.4% of the surface sediments, which is approximately 15% less than those in bottom water (Figure 5D). Such changes can also be seen in the more negative δ13C values of SOC than POC at the bottom layer (Table 1). Together, these results indicate a relatively lower accumulation of cyanobacteria-derived OC in the sediment when sinking OC from the upper layer was high during the bloom season.
In Meiliang bay, the maximum POC concentration occurs during the summer season, largely due to massive cyanobacteria-derived OC input from cyanobacterial blooms (Jiang et al., 2015; Huang et al., 2019). From the similar distribution of sterols in the water column, bioproduction is more important than the effect of degradation at this exact place. Thus, during the particulate settling process through the water column, the balance between the OC sinking flux and initial OC input does not change systematically with the increased proportion of labile OC. At the water-sediment interface on the other hand, further degradation of cyanobacteria-derived OC proceeds in the interface by heterotrophic bacteria (Meyers and Ishiwatari, 1993; Liu et al., 2022), as indicated by the rapid decrease of C27 sterol proportion (Figure 5D). Compared with the decay season, the proportion of C27 sterols from sediments in the bloom season is even less, suggesting that extensive degradation of OC in the water-sediment interface in the bloom season could even reverse the seasonal distribution characteristics of particulate OC in the water column, and eventually lead to less accumulation of OC (as inferred by lower TOC values, Table 1) under the background of higher cyanobacteria-derived OC input. In this sense, cyanobacteria-derived OC in the bloom season is poorly preserved in the sediments. Over the past decade, although the sedimentary TOC values in Meiliang Bay have slightly increased from its natural background of 0.6% (before the 1980 s) to approximately 1% (Gui et al., 2013), they are still lower than that in other Chinese subtropical eutrophic lakes, such as Lake Donghu (∼3.5%), Lake Erhai (∼10%), and Lake Honghu (∼8%) (Yang et al., 2008; Zhang et al., 2017b). Also, OC burial flux in the studied region of Lake Taihu is lower than that of Lake Okeechobee with a similar eutrophication level (28 vs. 60 g C m−2 yr−1, Dong et al., 2012; Gui et al., 2013). These pieces of evidence further support the notion that eutrophication has not been effective in enhancing long-term carbon burial in Lake Taihu.
Indeed, similar phenomena can be also found in eutrophic Lake Hachiro, where sedimentary TOC accumulates with terrestrial and diatom-derived OC in winter and spring, despite the delivery peak of cyanobacteria-derived OC in summer (Fujibayashi et al., 2019). The seasonal variation in POC and SOC clearly shows that the accumulation of cyanobacteria-derived carbon occurs in winter with low primary productivity, resulting in low OC burial efficiency throughout the year. Accordingly, case studies in Lake Taihu and Lake Hachiro confirm that the accumulation of cyanobacteria-derived OC is difficult in shallow subtropical lakes. The stronger degradation characteristics of cyanobacteria-derived OC might be related to the quality of cyanobacteria-derived OC, considering it has a much quicker turnover time (60%–80% of OC can be decomposed in days or weeks, Hanamachi et al., 2008; Li et al., 2012; Bai et al., 2017). Besides, cyanobacteria-derived OC can shape bacterial communities for more effective degradation (Berry et al., 2017; Zhu et al., 2019). However, the OC quality alone could hardly be the sole reason for the lower OC burial under the overwhelming labile cyanobacteria-derived OC input at the first step, asking for additional controlling factors to be included in the framework.
4.4 Contributors for stronger OC loss in shallow subtropical lakes
As discussed above, the strong cyanobacterial input under severe eutrophication could be limited to modifying the SOC in shallow subtropical lakes like Lake Taihu, largely owing to the rapid loss of OC during the particulate settling process. Multiple factors other than the amount and source of the OC could affect OC mineralization rates with seasonal variation, such as temperature (Gudasz et al., 2010; Cardoso et al., 2014), oxygen exposure (Sobek et al., 2009; Wang et al., 2018), and the potential consumption of OC by microorganisms (Tabuchi et al., 2010; Cai et al., 2014). Firstly, temperature, as a determining factor in modulating biological processes, might be strongly attributed to seasonal OC degradation rates. In summer and autumn, high temperatures in the water column would also facilitate the metabolism of organisms, leading to higher OC mineralization rates and, consequently, less carbon burial (Gudasz et al., 2010; Cardoso et al., 2014). The biomass of heterotrophic bacteria peaked during the hot summer months in water and sediments (Canuel and Martens, 1993; Niu et al., 2011), further promoting OC degradation. According to the prediction models of temperature and metabolic processes in sediments, OC mineralization rates decreased 2-3 times when the temperature dropped by 10°C in temperate aquatic ecosystems (Gudasz et al., 2010). Therefore, the degradation rate of OC at the water-sediment interface could be high in the summer and decrease further in the winter. However, in Meiliang Bay, the increasing temperature in Lake Taihu prolongs cyanobacterial growth and extends the bloom season (Salk et al., 2022), which is counteracted by temperature-dependent respiratory losses due to increased microbial and enzymatic activity (Tabuchi et al., 2010; Patel et al., 2019). Based on the results of this study, we suggest that the fast degradation rate of labile OC in shallow lakes bypasses the accumulation rate of cyanobacteria-derived OC during the bloom season. This is consistent with a recent study that found Lake Taihu to be a CO2 source over the last 24 years (1992–2015) despite global warming (Xiao et al., 2022).
Secondly, strong oxygen exposure might be largely linked to impeded OC preservation (Sobek et al., 2009; Wang et al., 2018; Wei et al., 2022). In the bloom season, the high cyanobacteria-derived OC mineralization rates would lead to a relatively anaerobic environment by consuming oxygen through the water column (Cai et al., 2014; Yan et al., 2019). However, oxygen accumulated from the photosynthesis of phytoplankton on the lake surface could compensate for the oxygen consumption by cyanobacteria-derived OC mineralization and prevent the water from hypoxia condition (DO < 2 mg L−1). Also, strong water mixing disturbed by wind in summer seasons maintains an oxidizing environment (Jalil et al., 2018) suitable for continuous OC mineralization in shallow aquatic ecosystems (Wang et al., 2018; Wei et al., 2022). Therefore, high oxygen exposure and the sustained oxidizing environment during the whole year guarantee the highly effective OC loss through the water column in shallow subtropical lakes. Interestingly, the DO values in the bottom layer are usually 1-2 mg L−1 lower than those in the surface layer (Table 1), tentatively suggesting that the effect of oxygen exposure mainly occurred on the upper section of the water column. In this sense, oxygen exposure might not be an important contributor to the OC loss at the water-sediment interface.
Thirdly, active anaerobic microorganism activities in sediment should be considered for the strong OC mineralization in eutrophic lakes (Bechtel and Schubert, 2009; Yan et al., 2019). The redox potential in sediments can greatly decrease within 0–3 cm after the decomposition of sinking OC during the bloom season in Lake Taihu (Zhao et al., 2007), further promoting anaerobic degradation such as methanogens processes (Yan et al., 2019). The highest ratios of C27Δ0/C27Δ5, C28(24Me)Δ0/C28(24Me)Δ5, and C29(24Et)Δ0/C29(24Et)Δ5 observed in September 2018 indicate a strong anaerobic microbial modification of SOC, and the lowest ratios in March reveal the silence of microbial activities (Figure 6). These seasonal bacterially-mediated processes in eutrophic lakes is an inescapable contributor to OC degradation. Considering that OC degradation becomes much stronger at the water-sediment interface, anaerobic microorganisms situated in the surface sediment might be a more important contributor in the case of Lake Taihu.
In summary, the combined effect of factors including OC bioavailability, temperature, oxygen exposure, and more importantly microorganism activities, eventually results in much higher OC degradation rates, canceling out the potential OC sink effect from lake eutrophication. Considering that eutrophication destroys the ecosystem of lakes and their catchments, it is an urgent issue to be solved with extensive efforts in the future.
5 CONCLUSION

(1) In hypereutrophic Meiliang Bay, cyanobacterial blooms bring a considerable amount of cyanobacteria-derived POC to the water column, as revealed by the heavy δ13CPOC and predominance of C27 sterols. In contrast, terrestrial OC was the main contributor to POC in the cyanobacterial decay season, accompanied by an increase in eukaryotic phytoplankton such as diatoms. SOC showed a weak seasonal dynamic, characterized by slightly lower cyanobacteria-derived OC in the bloom season than in the decay season.
(2) Given the similar distributions of C27–C29 sterols in surface and bottom water, the delivery of POC into the bottom water layer still mainly inherits lake productivity in the surface water column. However, extensive degradation of SOC in the bloom season reverses the seasonal distribution characteristics of POC, leading to less accumulation of OC under the background of higher cyanobacteria-derived OC input from the overlying water.
(3) In subtropical shallow lakes like Lake Taihu, the OC bioavailability, temperature, oxygen exposure, and more importantly microorganism activities, significantly increase OC mineralization rates in the bloom season. The resulting asymmetric deposition pattern between POC and SOC suggests that eutrophication has less influence on OC burial when compared to other factors related to OC degradation.
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Chalinasterol (ug L) 003 001 003 034 005
Campesterol (ug L) 0.10 0.09 003 031 022
Stigmasterol (g L) 0.06 004 003 045 018
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Cy7 sterol (%)* 57.8 730 486 346 687
Cag sterol (%) 280 164 248 336 214
Cyo sterol (%)° 142 106 265 318 99
Bottom water
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Brassicasterol (ug g TOC) 24.49 1110 122 3348 2036
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"Cy; sterol (%) = (22-dehydro-cholesterol + cholesterol)/(22-dehydro-cholesterol + cholesterol + brassicasterol + chalinasterol + campesterol + stigmasterol + sitosterol).
"Cy sterol (%) = (brassicasterol + chalinasterol + campesterol)/(22-dehydro-cholesterol + cholesterol + brassicasterol + chalinasterol + campesterol + stigmasterol + sitosterol).
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