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Abstract 

Lake ecosystems are interconnected with multiple ecosystems on the Earth’s surface, 

playing a crucial role in the circulation of carbon and other substances on the regional 

and global scale. With the continuous impact of human activities and climate warming, 

eutrophication has become a severe environmental issue facing lake ecosystems. The 

intensification of lake eutrophication has led to the cyanobacteria blooms, which 

through subsequent biochemical processes, has increased greenhouse gas (GHG) 

emissions and altered the role of lakes as sources or sinks. However, the factors driving 

GHG emissions in eutrophic lakes and the potential mechanisms remain unclear. This 

study focuses on the lake groups in the middle and lower reaches of the Yangtze River 

Basin in China, an area with a high potential for increased eutrophication. Through field 

investigation and laboratory simulation experiments, this study tracked the 

spatiotemporal patterns of eutrophication and GHG emissions in typical lakes of this 

region, identified the potential influencing factors, and elucidated the mechanism of the 

eutrophication-altered GHG emission. These findings provide a theoretical and policy 

basis for lake management and GHG emission assessment.  

The main conclusions were summarized as follows: 

(1) Results indicated that GHG production and emissions from lake ecosystems in this 

region are significantly higher than in other areas and positively correlated with 

eutrophication levels. On the spatial scale, the average CH4 production potential, 

dissolved CH4 concentrations, and CH4 release fluxes in eutrophic lakes were 268.6, 

0.96 μmol·L-1, and 587.6 μmol·m-2·h-1, respectively, while they were 215.8, 

0.79μmol·L-1, and 548.6 μmol·m-2·h-1 on the temporal scale. Factors including physical 

and chemical conditions, and nutrient concentrations significantly influence GHG 

emission. The study revealed that ignoring temporal and spatial variations in factors 

such as DO and temperature can result in inaccuracies in gross carbon emission 

estimates, and using summer data leads to an overestimation of gross carbon emissions. 

(2) The multiple sources of dissolved organic matter (DOM) in typical eutrophic lakes 

contribute to the complexity of DOM composition. Lignins constituted the majority of 

DOM compounds, surpassing 40% of the total, while the organic carbon content was 

predominantly composed of humic acids (1.02–3.01 g kg 1). The high amounts of lignin 

oxidative cleavage led to CHO being the main molecular structure in the DOM of the 

Lake Taihu basin. The elevated DOM concentration, coupled with its intricate 
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composition, contributed to the increases in GHG production and emission. 

Experiments showed that the unit carbon emission efficiency was highest in the mixed 

group, reaching 160.9μmol·Cg
-1, which also exhibited a significantly different carbon 

pool. The co-metabolic processes induced by the decomposition of multi-source DOM 

are considered potential driving factors. 

(3) Unexpectedly high concentrations of dissolved GHG were observed in the overlying 

water, accompanied by a significant amount of particulate organic carbon (POC). The 

carbon isotopic analysis showed that the δ13Cpoc ranged from -30.28‰ to -21.14‰, 

indicating that cyanobacteria-derived carbon is an important source of POC. Therefore, 

the intensification of eutrophication and the resulting increase in POC concentration is 

a potential driver for the increased GHG flux. Additionally, the methane paradox was 

observed, characterized by high concentrations of dissolved CH4 in oxic waters. 

(4) Cyanobacteria decomposition in eutrophic lakes altered the carbon storage structure 

in sediments, leading to the shift of hotspot areas for GHG production. In lakes with 

hyper-eutrophic conditions, a slight increase in the dissolved CO2 concentrations in the 

pore-water of surface sediments (-4-0 cm) was observed. Isotope tracing in simulation 

experiments indicated that cyanobacteria-derived carbon altered the physicochemical 

environment and organic carbon concentration in surface sediments, resulting in 

significantly higher CH4 and CO2 concentrations in the pore-water of surface sediment 

compared to the deeper layer. In the microcosm simulation with the most severe 

cyanobacteria accumulation, average CH4 and CO2 concentrations in surface sediments 

reached 6.9 and 2.3 mol·L-1, respectively, surpassing the 4.7 and 1.4 mol·L-1 observed 

in bottom sediments, indicating upward migration of CH4 and CO2 hotspots from 

deeper to surface layers, which improved emission efficiency. 

(5) Sulfate (SO4
2-) concentration in the overlying water of lakes in the middle and lower 

reaches of the Yangtze River basin is on the rise and showed a positive correlation with 

the lake eutrophication levels across spatiotemporal scales. The increasing sulfate 

concentrations intensify sulfate reduction reactions, leading to the proliferation of 

sulfate reduction bacteria (SRB). A random forest model was applied to assess the 

impact of SO4
2- concentrations on CH4 emissions, revealing a significant negative effect. 

Microcosmic experiments showed a strong negative correlation between CH4 

concentrations and initial SO4
2- levels (R2=0.83), indicating that higher initial SO4

2- 

concentrations led to lower final CH4 concentrations. This was attributed to the 
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competition for cyanobacteria-supplied substrates between SRB, and methane 

production archaea (MPA). 

 

Key words: Greenhouse gas; microbial activities; organic carbon mineralization; lakes; 

eutrophication 
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1. Introduction 

1.1 Background 

Lakes are significant natural sources of GHG emissions, especially for (methane) 

CH4, whose emissions range from 8 to 48 Tg/yr worldwide, accounting for 6-16% of 

total natural CH4 emissions (Bastviken et al., 2011). In recent years, under the pressures 

of intensified human activities and climate change, lake ecosystems have been facing 

severe eutrophication problems (Ho et al., 2019). Numerous studies have demonstrated 

a bidirectional positive feedback relationship between intensified lake eutrophication 

and increased GHG emissions, with eutrophication-induced cyanobacteria blooms 

playing a pivotal role in this process (Yan et al., 2017). 

Frequent cyanobacteria blooms in eutrophic lakes significantly promote GHG 

emissions (Jiang et al., 2015). The severe accumulation of cyanobacteria alters the 

physicochemical environment of lakes, particularly contributing to the formation of 

anaerobic conditions, which creates a suitable environment for anaerobic metabolism 

driven by microorganisms (Qi et al., 2020). GHG emissions from lakes to the 

atmosphere are the consequence of a series of microbial processes; therefore, the 

abundance and activity of microorganisms have a significant impact on GHG emissions 

(Xu et al., 2015). The increase in primary productivity due to lake eutrophication 

enhances microbial activity and leads to more vigorous microbial metabolism (Yan et 

al., 2017). The presence of highly labile carbon components in cyanobacteria-derived 

carbon significantly drives increased GHG emissions in eutrophic lakes (Deng et al., 

2023). Cyanobacteria-derived carbon inputs exacerbate the instability of lake carbon 

cycling, as substantial amounts of reactive organic carbon are mineralized into CH4 and 

CO2 and subsequently released into the atmosphere (Ma et al., 2024). Studies have 

identified that cyanobacteria-derived organic carbon induces co-metabolism effects, 

where the addition of “readily degradable fresh carbon” alters the metabolic rates of 

pre-existing organic carbon in lake ecosystems, particularly through microbial 

pathways (Ma et al., 2020). This discovery further underscores the critical impact of 

cyanobacteria blooms on GHG emissions (Deng et al., 2022). The cyanobacteria 

blooms also influence GHG production and emissions by altering organic carbon 

metabolic pathways, with research indicating that severe cyanobacteria accumulation 

can shift methane production pathways, inducing methanogenesis via methylated 
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substrates, a potential contributor to elevated GHG emissions in lakes (Zhou et al., 

2022a). Furthermore, the coupling of organic carbon mineralization with other 

biogeochemical processes, such as the regulatory role of nitrogen in organic carbon 

metabolism and the coupling of anaerobic methane oxidation with nitrate metabolism, 

is believed to affect GHG emissions (Zhou et al., 2020). Recently, increasing sulfate 

concentrations in freshwater lakes have gained attention for their effects on lake 

ecosystems, such as promoting internal phosphorus release and influencing iron 

reduction processes, though their impact on organic carbon mineralization and GHG 

emissions remains poorly understood (Zhao et al., 2019). 

Lake sediments are the primary reservoirs of organic carbon in lakes, with organic 

carbon mineralization processes predominantly occurring in sediment carbon pools (Xu 

et al., 2015). As eutrophication intensifies, the input of cyanobacteria-derived organic 

carbon and other biogeochemical processes significantly impact the storage and 

structural composition of sediment carbon pools, exacerbating their instability and 

influencing GHG production and emissions (Bartosiewicz et al., 2021; Ma et al., 2024). 

Studies have shown that cyanobacterial blooms profoundly alter the physicochemical 

environment of sediments, with severe cyanobacterial accumulation forming a 

“cyanobacterial detritus mat” in surface sediments (Qi et al., 2020). This mat increases 

the organic carbon load in sediment carbon pools and obstructs oxygen exchange at the 

sediment-water interface, ultimately creating anaerobic conditions (Braeckman et al., 

2019; Qi et al., 2020). Furthermore, driven by physical processes such as gravitational 

settling and diffusion, cyanobacteria-derived organic carbon infiltrates deeper into 

sediments as dissolved organic matter, further destabilizing sediment carbon pools 

(Deng et al., 2023). This effect is particularly pronounced in the numerous shallow lakes 

of the middle and lower Yangtze River Basin, where hydrodynamic movements and 

wind-induced disturbances facilitate the deeper penetration of algal-derived organic 

carbon into sediment layers (Liu et al., 2019). Therefore, it is imperative to analyze the 

impacts of cyanobacterial blooms in eutrophic lakes on the physicochemical 

environment of sediments, organic carbon load, and structural composition, as well as 

their effects on sediment carbon pools and the driving mechanisms of GHG production 

and emissions. It is essential for advancing the understanding and management of 

carbon emissions and prediction in lake ecosystems. 
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1.2 Purpose and structure of this study 

Distinguished from net emissions, which incorporate the effects of carbon sink 

processes, gross emissions refer to the total GHG released into the atmosphere from a 

given region, excluding considerations of absorption or removal. This thesis focuses on 

the current states and influencing factors of GHG gross emissions from lakes in the 

middle and lower reaches of the Yangtze River Basin under the context of increasing 

eutrophication, our research objectives and structure are as follows. 

1.2.1 Research objectives 

Our study focuses on the GHG gross emissions from lakes, the objectives are as follows, 

(1) By selecting typical lakes in the middle and lower reaches of Yangtze River Basin, 

this study conducted field investigation to reveal the current state of nutrient loads and 

GHG gross emissions in typical lakes under the pressures of activities and climate 

change on spatial and temporal scale. 

(2) Based on the field investigation, combined with laboratory simulation experiments 

to explore the potential factors driving GHG gross emissions from lakes and evaluate 

their contributions. 

(3) Laboratory simulation experiments were designed to integrate multidisciplinary 

approaches, including biological, chemical, data science, and geographic techniques. 

The study aims to elucidate the driving mechanisms of GHG gross emissions from lakes 

by investigating various influencing factors including changes in physicochemical 

environments, increased endogenous carbon, exogenous carbon inputs, the impact of 

cyanobacteria blooms on sediment carbon pool, and the coupling biogeochemical 

process between sulfur and carbon. 

1.2.2 Structure of the thesis 

This thesis consists of seven chapters to elaborate on the main research contents and 

results, as follows, 

(1) Chapter 1 introduces the current states and limitations of research on GHG gross 

emissions from lakes and their driving mechanisms, emphasizing the objectives and 

key focuses of this study. 

(2) Chapter 2 examines the current GHG gross emissions from lakes and their 
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relationship with lake trophic states, analyzing the spatiotemporal responses of lake 

GHG gross emissions to trophic status and physicochemical environmental changes. 

(3) Chapter 3 investigates the composition and sources of exogenous organic carbon, 

revealing its impact on lake GHG gross emissions and the driving mechanisms behind 

these effects. 

(4) Chapter 4 analyzes the concentrations of dissolved GHG in overlying water, 

uncovering the reasons for their elevation, particularly in the context of increasing POC 

concentrations, and proposes potential explanations for the methane paradox. 

(5) Chapter 5 elucidates the impact of cyanobacteria-derived organic carbon inputs on 

the structural composition and physicochemical environment of sediment carbon pools, 

further revealing the driving mechanisms behind the organic carbon mineralization 

processes that produce GHG in sediment carbon pools. 

(6) Chapter 6 addresses the current rise in sulfate concentrations in lakes, analyzing the 

spatiotemporal drivers of sulfate increases and examining the coupled processes of 

sulfate reduction and organic carbon mineralization on GHG gross emissions and their 

driving mechanisms. 

(7) Chapter 7 summarizes the conclusions of this study based on its findings, highlights 

the existing limitations and gaps in research, and proposes directions and priorities for 

future studies. 

 

Fig. 1.1. The structure of the thesis 
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2. Current state of GHG emissions in lakes of middle and lower 

Yangtze River Basin 

2.1 Background 

The rapid rise of GHG in the atmosphere is one of the important causes of global 

warming (Bastviken et al., 2011; IPCC, 2014). CH4 and CO2
 from freshwater 

ecosystems significantly contribute to the imbalance of the GHG in the atmosphere 

(Bastviken et al., 2008; Holgerson and Raymond., 2016). Although the total area of 

freshwater lakes worldwide is only 2% of the Earth’s surface area, freshwater lakes 

have been considered important natural sources of CH4 and CO2 emissions (Holgerson 

and Raymond., 2016). It has been reported that the increase in lacustrine eutrophication 

will intensify CH4 and CO2 emissions (Yan et al., 2017; Ho et al., 2019). However, there 

is still great uncertainty about the production and emission of CH4
 and CO2 from 

eutrophic lakes under the dual influence of anthropogenic activities and climate change.  

Widespread evidence has revealed that multiple environmental factors control the 

production and emission of CH4 and CO2 (Borrel et al., 2011; He et al., 2019). Carbon 

release (CH4 and CO2) from lakes to the atmosphere is the consequence of a series of 

microbial processes; therefore, the abundance and activity of microorganisms have a 

significant impact on the carbon emissions (Kumar et al., 2022; Zhou et al., 2022a). In 

addition, organic matter concentration, oxygen concentration, and temperature change 

predominantly affect microbial activities (Shamrin et al., 2019). In eutrophic lakes, 

eutrophication mainly causes cyanobacterial blooms (Pelechata et al., 2016), which can 

lead to the imbalance of the carbon pool and an increase in carbon emissions (Yan et 

al., 2019; Ma et al., 2020). The decomposition of cyanobacteria releases a large amount 

of organic matter into lake sediments and induces the co-metabolism effect which 

facilitates the transformation of lake sediments from a carbon sink to a carbon source 

(Shi et al., 2021). It has been shown that the sediment carbon production potential in 

the area, where cyanobacteria is intensively accumulated, is much higher than in the 

open lake area (Zhou et al., 2022a). The mineralization of cyanobacteria-derived 

organic carbon results in CH4 and CO2 production in lake sediments and release into 

the overlying water (Zhou et al., 2022b). The dissolved CH4 and CO2 concentrations in 

the overlying water increase significantly with the intensification of eutrophication in 

freshwater lakes (Zhou et al., 2018). The mass balances for the production and 
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consumption of CH4 and CO2 is a universal phenomenon in lakes. CH4, an incomplete 

organic carbon mineralization production, is oxidized to CO2 easily in the overlying 

water (Zhou et al., 2022b). Therein, dissolved CH4 is easily oxidized up to 50%, and in 

the extreme case up to 90%, in the overlying water (Yao et al., 2016). CH4-oxidizing 

microorganisms play an important role in mitigating CH4 emissions from lakes 

effectively (Musenze et al., 2016). A part of the free CO2 is absorbed by cyanobacteria 

in the overlying water and re-participates in the carbon cycling process of lakes, which 

leads to the instability in carbon emissions (Wang, et al., 2020; Zhou et al., 2022a). 

Therefore, the carbon emissions from freshwater lakes are affected by many factors, 

especially the further intensification of eutrophication in freshwater lakes. 

Recently, CH4 and CO2 emissions from freshwater lakes have been statistically 

analyzed and predicted on different spatial scales (Zhou et al., 2020; Zhou et al., 2021). 

It has been reported that the global CH4 emission from lakes to the atmosphere is about 

63.9 Tg/yr (Bastviken et al., 2011); however, this estimate potentially overestimates or 

underestimates the emissions from eutrophic lakes (Kumar et al., 2022). Predicting 

carbon emissions on different spatial scales usually ignores the influence of lake 

physicochemical environment changes on the seasonal or temporal scale (Li et al., 

2018). Intensive current studies have used the carbon emissions of lakes with different 

trophic states on the spatial scale to replace the carbon emissions on the evolution 

process of lake trophic state on the temporal scale, thus estimating the carbon emissions 

from the freshwater lakes at a region or even global scale (Walter et al., 2007; Bertolet 

et al., 2020). The absence of spatial or temporal variability will lead to biases in the 

total CH4 flux budget (Kumar et al., 2022). For instance, high temperature promotes 

CH4 and CO2 production due to organic matter fixation in both the surface and deep 

sediments (Li et al., 2018a). In addition, the growth and reproduction of algae and plants 

in summer will significantly change a dissolved oxygen (DO) concentration in 

eutrophic lakes (Zhang et al., 2021). Theoretically, an anaerobic environment promotes 

organic carbon mineralization and CH4 production (Townsend-Small et al., 2016); 

however, it has been proposed that the lake CH4 paradox exists, i.e., the surface aerobic 

water of the lake appears CH4 unsaturation phenomenon (Fernandez et al., 2016). The 

evidence proves that DO is an important factor affecting carbon emission. Therefore, 

spatial and temporal discrepancies should be considered for predicting carbon 

emissions in lakes. 
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In this study, to test the effect of widely used space-for-time substitution on lake 

carbon emissions, we collected water, sediment, and gas samples from eight freshwater 

lakes along the Yangtze River basin and Lake Taihu, one of the typical eutrophic lakes 

worldwide. Year-round sampling and monitoring campaigns were conducted to 

investigate dissolved CH4 and CO2 concentrations in the overlying water and their 

release fluxes. The physicochemical indexes in the overlying water and sediments were 

synchronously monitored to find the primary drivers of carbon emissions. In addition, 

a series of microcosms were established to explore the carbon production potential in 

sediments of different lakes. The findings of this study benefit the accurate evaluation 

of the carbon emission underlying the influence of eutrophication degree in freshwater 

lakes. 

2.2 Materials and methods 

2.2.1 Study site and sample collection 

Eight sampling shallow freshwater lakes (< 7 m deep) in the middle and lower 

reaches of the Yangtze River basin were selected based on the TLI (Fig.2.1). These lakes 

were classified into five trophic states including oligotrophic (TLI < 30), mesotrophic 

(30 < TLI < 50), eutrophic (50 < TLI < 60), middle-eutrophic (60 < TLI < 70), and 

hyper-eutrophic (TLI > 70). All samples were collected from three sampling sites in 

each lake in July 2021. A typical eutrophic lake, Lake Taihu, was selected from the 

surveyed lakes and investigated for one year during 2021-2022. 

The sediment samples were collected using a gravity core sampler. After being 

transported to the laboratory, they were blended thoroughly, homogenized, and sieved 

(100 mesh), and then placed in a polyethylene bag. The in situ dissolved oxygen (DO) 

and oxidation-reduction potential (ORP) in the overlying water were measured by using 

YSI ProfessionalPlus (A Xylem, USA). Triplicate overlying water samples (30 cm 

below the water surface) were collected to measure nutrient concentrations. In order to 

measure dissolved CH4 and CO2 concentrations, water sample (300 mL) was slowly 

poured into anaerobic bottles, and excess gas was removed by N2 blowing. Anaerobic 

bottles were oscillated for 5 min, and the headspace gas was extracted with a syringe 

and injected into an airbag (E-Switch, China) for storage. Gas release flux samples were 

collected via a light-shielded floating static chamber (38.5 cm × 30.5 cm × 18.5 cm) 
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every 10 min for 1 h, which has been previously shown to provide unbiased 

measurements of water-gas exchange (Peng et al., 2022). 

 

Fig. 2.1. Sampling sites in different trophic state lakes along the Yangtze River. 

2.2.2 Calculated trophic state index 

The trophic state of lakes was evaluated using the trophic state index (TLI) 

developed by Carlson (1977) and modified by Jin (1995), which is more suitable for 

Asian freshwater lakes (Equation (1)). The total nitrogen (TN), total phosphorus (TP) 

and chl-a concentrations are used as a criterion to evaluate the lake trophic state by TLI 

(Zhou et al., 2021). The lake trophic state was further classified into mesotrophic (30 < 

TLI ≤ 50), eutrophic (50 < TLI ≤ 60), middle-eutrophic (60 < TLI ≤ 70), and hyper-

eutrophic (TLI > 70) based on the TLI value. 

𝑇𝐿𝐼 =  ∑ 𝑤𝑗 ×  𝑇𝐿𝐼(𝑗)𝑚
𝑗=1 ,                           (1) 

𝑊𝑗  =  
𝑟𝑖𝑗

2

∑ 𝑟𝑖𝑗
2𝑚

𝑗=1

,                                      (2) 

𝑇𝐿𝐼(𝑐ℎ𝑙 − 𝑎)  =  10 × (2.46 + 
ln (𝑐ℎ−𝑎)

ln (2.5)
),              (3) 

𝑇𝐿𝐼(𝑇𝑁)  =  10 ×  (5.453 +  1.694 ×  ln(TN)),         (4) 

𝑇𝐿𝐼(𝑇𝑃)  =  10 ×  (9.436 +  1.624 ×  ln(TP)),         (5) 

where TLI is the integrated trophic level index; TLI (j) is the trophic level index of j; Wj 

is the correlative constant for the TLI of j; rij is the relative coefficient, which was 
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described by Zhou et al. (2021); j and m represent the parameters (i.e., chl-a, TP, and 

TN) and the number of parameters, respectively.  

2.2.3 Carbon production potential via incubation microcosms 

To measure the carbon production potential from eight lakes along the Yangtze 

River basin, a series of microcosm systems were set up with six replicates for each lake, 

i.e., 48 anaerobic bottles (diameter 7.5 cm and height 50 cm). In order to measure the 

seasonal changes of carbon production potential in Lake Taihu, the same series of 

microcosm systems were set up with six replicates in four seasons, i.e., in total 24 

anaerobic bottles (diameter 7.5 cm and height 50 cm). Hundred grams of sediment was 

added to each anaerobic bottle, followed by the lake water to submerge the sediment. 

The headspace in each anaerobic bottle was filled with N2 gas, and each treatment 

ensured that the carbon in the anaerobic bottle only came from the sediment. All the 

anaerobic bottles were placed in a biochemical incubator at a temperature of 25℃ with 

darkness condition. Gas samples were collected in a time series of 1, 2, 3, 4, 5, 6, 7, 8, 

9, 11, 13, 15, 17, 21, 25, 29, 33, 37, 41, 45, 49, 55, 61, 67, 73, 79 and 85 days. 

2.2.4 Chemical analytical methods 

The overlying water samples were used to determine the concentrations of total 

phosphorus (TP), total nitrogen (TN), total organic carbon (TOC), and chlorophyll-a 

(chl-a). TP was measured using the ammonium molybdate spectrophotometric method 

after digestion with K2S2O8+NaOH (Ebina et al., 1983). TN was measured by an 

ultraviolet spectrophotometry method through a UV-Visible spectrophotometer (UV-

6100, Mapada, China). TOC concentrations in the water and sediments were analyzed 

using a TOC analyzer (AnlaytikJena HT1300, Germany). Water samples for chl-a 

measurement were filtered through a Mili CA membrane (0.45 µm) at a low pressure. 

Then, filters were frozen and extracted using 10 mL of 95% acetone (Sinopharm 

Chemical ReagentCo, China, AR). The optical densities of the extracts at 630, 645, 663, 

and 750 nm were determined using a UV-vis spectrophotometer (UV-6100, Mapada, 

China) with a 1 cm matched cell. The microbial biomass carbon (MBC) concentrations 

were measured by a fumigation extraction method (Li et al., 2018b). The accuracy of 

TN, TP, TOC, Chl-a, and MBC concentrations was up to 0.1 mg/L level. 

The CH4 and CO2 release fluxes (F) were estimated by a floating static chamber 
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(size: 38.5 cm × 30.5 cm × 18.5 cm). During each gas sampling event, six gas samples 

were collected at every 10 min for 1 h. The gas was measured by a gas chromatography 

(GC-2014, Shimadzu, Japan). The CH4 and CO2 release fluxes (F) estimated by a static 

chamber method are calculated as follows: 

𝐹 =
𝑀

𝑉0

𝑃

𝑃0

𝑇0

𝑇
𝐻

𝑑𝐶

𝑑𝑡
                                                   (1) 

where F is the CH4 and CO2 release fluxes (μg·m-2·min-1); M is the molar mass of the 

CH4 and CO2 (g·mol-1); P is the pressure at sampling (Pa), T is the temperature at 

sampling (K); V0, P0, and T0 are the molar volume of the CH4 and CO2, the absolute air 

pressure and the temperature of the air under the standard state; H is the height above 

the water surface of the static box (m); dC/dt is the slope of gas concentration changing 

with time during sampling; it is obtained by linear regression of gas concentration at a 

different time and corresponding time interval. 

Gas samples from both field and microcosm collections in eight different lakes and 

Lake Taihu during one year were measured by a gas chromatography (GC-2014, 

Shimadzu, Japan). Five mL of gas was withdrawn from the microsystems. The chamber 

temperature and FID detector temperatures were 55℃ and 200℃, respectively. The rate 

of the carrier gas was 2 mL/min by 99.999% high purity nitrogen. High purity hydrogen 

and air were used as the gas at a flow rate of 40 mL/min and 400 mL/min, respectively. 

The gas concentrations were tested by GC columns CBP1-S25-050 (length: 25.0 m, 

inner diameter: 0.32 mm, thickness: 0.50 μm) and CBP1-W12-100 (length: 12.0 m, 

inner diameter: 0.53 mm, thickness: 1.00 μm), respectively. The detection limit was 0.2 

ppm for CH4 and 4 ppm for CO2 with an error range of ±1%. 

2.2.5 Statistical analysis 

Bivariate correlation analysis was used for correlation analysis. One-way analysis 

of variance (ANOVA) was and independent sample t-test were used to analyze 

significant differences each index, respectively. All of the statistical analysis were 

conducted using the Statistical Package for the Social Sciences 18.0 (SPSS Inc., 

Chicago, USA). 
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2.3 Results 

2.3.1 The physicochemical characteristics of water 

The concentrations of TN, TP, chl-a, and TOC exhibited significant differences in 

different trophic state lakes along the Yangtze River basin (Fig.2.2a,b,c,d). The highest 

concentrations of TN, TP, chl-a, and TOC appeared in Lake Taihu with their values of 

6.3 mg/L, 0.7 mg/L, 124.8 µg/L, and 18.8 mg/L, respectively. The lowest 

concentrations of chl-a and TP were 0.06 μg/L and 0.03 mg/L in Lake Caizi and Lake 

Poyang, respectively. TN and TOC in the overlying water of Lake Caizi were also the 

lowest concentrations among the surveyed lakes, which were 1.2 and 3.7 mg/L, 

respectively. 

The concentrations of TN, TP, chl-a, and TOC in the overlying water of Lake Taihu 

displayed significant seasonal differences in the entire year (Fig.2.3a,b,c,d). The highest 

concentration of TP was 1.3 mg/L in October and the lowest concentration of TP was 

0.15 mg/L in December. The TN concentration in the overlying water was the highest 

in summer and the lowest in spring. The highest TN concentration was 9.49 mg/L in 

June, and the lowest TN concentration was only 1.12 mg/L in February. The TOC 

concentration in winter was significantly higher than that in other seasons. TOC 

concentrations in October, November, and December were 71.21, 84.52, and 76.54 

mg/L, respectively. The distribution of chl-a was fan-shaped and the highest chl-a 

concentration occurred in June, which reached 172.5 μg/L. The chl-a concentration was 

the lowest in winter, and the chl-a concentrations in January and December were 2.53 

and 2.51 μg/L, respectively. 

2.3.2 The TOC and MBC concentrations in sediments 

All the TOC concentrations in sediments of different trophic state lakes were more 

than 20 g/kg in the lakes along the Yangtze River basin (Fig. 2.2e). Among the eight 

surveyed lakes, the highest concentration of TOC in sediments was 60.9 g/kg in Lake 

Taihu and the lowest concentration of TOC in sediment was 24.5 g/kg in Lake Poyang. 

The concentrations of MBC in different lakes were significantly different ranging from 

278.3 to 1126.5 mg/kg (Fig. 2.2f). The MBC concentrations in hyper-eutrophication 

lakes were significantly higher than in other lakes. 
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Fig. 2.2. The TP (a), TN (b), TOC (c) and chl-a (d) concentrations in overlying water 

and TOC (e) and MBC (f) concentrations in sediments in summer of different lakes 

along the Yangtze River. 

The variation of TOC and MBC concentrations in Lake Taihu was different in a 

year (Fig. 2.3e). The TOC in sediment changed little and the highest TOC concentration 

in sediment was 60.9 g/kg in July. The TOC concentration in February was the lowest, 

29.2% lower than that in July, and its concentration was 43.13 g/kg. The MBC 

concentration showed a fan-shaped distribution, with the highest MBC concentration 

in summer, and the MBC concentrations in June, July, and August were 1079, 1126.5, 
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and 1156.9 mg/kg, respectively (Fig. 2.3f). 

 

Fig. 2.3. Monthly variations of TP (a), TN (b), TOC (c), and chl-a (d) concentrations 

in overlying water and TOC (e) and MBC (f) concentrations in sediments of Lake 

Taihu. 

2.3.3 In situ CH4 and CO2 release fluxes 

The CH4 and CO2 release fluxes were the main forms of carbon output from lakes 

to the atmosphere. There was a great difference in CH4 release fluxes between different 

lakes, while all these lakes acted as a source of carbon emissions in the lakes along the 
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Yangtze River basin (Fig. 2.4a). The CH4 release fluxes ranged from 17.2 to 929.9 

μmol·m-2·h-1. In hyper-eutrophic lakes, the CH4 release flux was 929.9 μmol·m-2·h-1 in 

Lake Taihu, and it was 830.9 μmol·m-2·h-1 in Lake Chaohu. The CO2 release fluxes not 

only acted as a source of emission in some lakes but also displayed as a sink for Lake 

Caizi with the value of 0.34 μmol·m-2·h-1 (Fig. 2.4b). The highest CO2 release flux was 

7222.5 μmol·m-2·h-1 in hyper-eutrophic Lake Taihu. 

The in situ CH4 and CO2 release fluxes showed the same distribution with the 

dissolved CH4 and CO2 concentrations in Lake Taihu in the entire year (Fig. 2.5a,b). 

The release fluxes (CH4 and CO2) in Lake Taihu were the highest in July which was 

consistent with the dissolved CH4 and CO2 concentrations. The CH4 and CO2 release 

fluxes were 38.5 and 7222.5 μmol·m-2·h-1 in July, respectively. The CH4 and CO2 

release fluxes were the lowest in spring, 229.9 and 1997.7 μmol·m-2·h-1 in January. 

2.3.4 In situ dissolved CH4 and CO2 concentrations 

The mean dissolved CH4 concentrations across all lakes ranged from 0.26 to 2.1 

µmol/L and showed a significant correlation with TLI in the lakes along the Yangtze 

River basin (Fig.2.4c). The highest concentration of dissolved CH4 was 2.5 µmol/L in 

Lake Taihu. The mean dissolved CO2 concentrations showed a positive correlation with 

TLI, and the dissolved CO2 ranged from 26.6 to 98.9 µmol/L (Fig. 2.4d). In hyper-

eutrophic lakes, the concentration of dissolved CO2 in Lake Taihu was 98.9 µmol/L, 

much higher than Lake Chaohu of 76.5 µmol/L. Lake Poyang was the only oligotrophic 

lake in this study, and the concentration of dissolved CO2 was 27.3 µmol/L. 

The mean dissolved CH4 and CO2 concentrations in Lake Taihu in a year showed 

a fan-shaped distribution which was consistent with the chl-a distribution (Fig. 2.5c,d). 

The highest dissolved CH4 and CO2 concentrations of 2.1 and 98.9 μmol/L occurred in 

July, respectively. The lowest dissolved CH4 and CO2 were 0.32 and 32.5 μmol/L, 

respectively. Overall, the dissolved CH4 and CO2 concentrations in the overlying water 

were the highest in summer and the lowest in winter. This trend is similar to the 

distribution of TOC concentration in sediments. 
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Fig. 2.4. The release flux (a,b), dissolved concentration (c,d), and production potential 

(e,f) of CH4 and CO2 from different lakes in summer along the Yangtze River. 
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Fig. 2.5. Monthly variations of release flux (a,b), dissolved concentration (c,d) and 

production potential (e,f) of CH4 and CO2 from Lake Taihu. 
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Fig. 2.6. The TLI of different lakes in summer along the Yangze River (left) and 

seasonal variations (right) of TLI in Lake Taihu. 

2.3.5 Carbon production potential from the sediments 

The CH4 and CO2 production potential from the sediments of freshwater lakes 

along the Yangtze River basin was significantly different (Fig. 2.4e,f). The potential of 

CH4 production was 392.9 and 394.8 µmol/L in hyper-eutrophic lakes of Lake Taihu 

and Lake Chaohu, respectively. Among the eight surveyed lakes, the CH4 and CO2 

production potentials in Lake Poyang were the lowest with their values of 4.2 and 384.3 

µmol/L, respectively. The highest CO2 production potential was 802.2 µmol/L in Lake 

Taihu among all the surveyed lakes. 

There were significant monthly differences in the CH4 and CO2 production 

potential of sediments in Lake Taihu (Fig. 2.5e,f). The overall carbon production 

potential (CH4 and CO2) first increased and then converged. The carbon production 

potential was the highest in summer, and the CH4 and CO2 concentrations were 392.9 

and 802.2 μmol/L, respectively. The CH4 production potential in winter was the lowest, 

62.2% lower than that in summer, and its concentration was 148.5 μmol/L. The CO2 

production potential was also the lowest in winter, with a final concentration of 386.9 

μmol/L. 
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Fig. 2.7. The correlation analysis of release flux (a,b), dissolved concentration (c,d), 

and production potential (e,f) of CH4 and CO2 with TLI, respectively. 
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Fig. 2.8. The correlation analysis of carbon (CH4 and CO2) release flux (a,b), 

dissolved concentration (c,d), production potential (e,f) with DO, respectively. 

2.4 Discussion 

Freshwater lakes make up only a tiny part of the land surface; however, they are 

one of the largest sources of natural carbon emissions (Tranvik et al., 2009; Bastviken 

et al., 2011). Owing to anthropogenic activities, a large amount of nutrients (C, N, P, 

etc.) was released into freshwater ecosystems (Fig. 2.2), leading to a serious ecological 
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problem, e.g., eutrophication (Fig. 2.6). Eutrophication in freshwater lakes promoted 

the increase of carbon production potential, dissolved carbon concentrations, and 

carbon release fluxes (Fig. 2.7). However, obtaining an accurate calculation of carbon 

emissions on a long-term time scale is difficult; a spatiotemporal substitution on 

regional and even global scale of lakes is generally deemed an effective method 

(Bastviken et al., 2011). Although the evolution of a lacustrine trophic state is a long-

time process, the trophic state of different lakes at the same spatial scale can replace the 

trophic state of the same lake at different temporal scales (Bastviken et al., 2011). 

Theoretically, the most important consideration is the effect of the gradient change of 

cyanobacterial biomass on carbon emissions in lakes with different trophic states (Yan 

et al., 2017). However, this study claims that the previously used spatiotemporal 

substitution overestimas the influence of eutrophication on carbon emissions in shallow 

lakes (Fig. 2.7). Especially, this overestimation is more serious in higher TLI index, i.e., 

higher eutrophic state. 

Recent report underscores that the impact of a time scale should be considered to 

assess the carbon emission capacity in eutrophic lakes (Kumar et al., 2022; Xiao et al., 

2022). The year-round survey implemented in this study showed the significance of the 

monthly variations of DO concentration and water temperature in eutrophic Lake Taihu 

(Figs. 2.8 and 2.9). On the other hand, the organic carbon mineralization in sediments 

was driven by microorganisms (Figs. 2.2f and 2.3f), and the carbon emission was the 

final result of microbial production and oxidation processes (Roland et al., 2017). 

Microbial activity is greatly affected by temperature and DO concentrations; therefore, 

seasonal changes in DO and temperature should be considered for assessing carbon 

emissions from eutrophic lakes (Yan et al., 2017). An anaerobic environment and high 

water temperature promote organic carbon conversion to CO2 and CH4 (Li et al., 2018a). 

Both spatial and temporal scale investigations in this study proved that physicochemical 

environments were an important factor affecting carbon emissions in eutrophic lakes 

(Figs. 2.8 and 2.9). DO was negatively correlated with the carbon production potential, 

dissolved carbon concentrations, and carbon release fluxes. The field observation and 

the highest chl-a concentration in summer demonstrated a breakout of cyanobacteria 

bloom (Fig. 2.3c). The decay and decomposition of cyanobacteria consume a large 

amount of oxygen, creating anaerobic environments (Zhao et al., 2021), which allowed 

anaerobic bacteria to further decompose the remaining organic carbon. Therefore, the 



21 

 

formation of anaerobic environments is the reason that carbon emission in summer was 

greater than those in the other seasons (Zhang et al., 2018). Water temperature 

significantly influences the physicochemical processes of lakes, especially eutrophic 

shallow lakes (Paerl and Pual., 2012). High water temperature promotes organic matter 

decomposition, causes the rise of partial pressure of carbon dioxide (pCO2) in water, 

and eventually increases the CO2 emissions from water to the atmosphere (Yan et al., 

2017). Meanwhile, the increase in water temperature stimulates the microbial activity, 

and reduces the residence time of the gas in water (Wadham et al., 2012; Kumar et al., 

2022). This study proved that there was a positive relationship between temperature and 

carbon emissions, and the increasing water temperature promoted the carbon 

production potential, dissolved carbon concentrations, and carbon release fluxes (Fig. 

2.9). Summer was the season with the highest water temperature, and its carbon 

emission capacity was higher than the other seasons (Figs. 2.5 and 2.9). Therefore, 

when carbon emissions from shallow lakes are assessed, changes in other influencing 

factors on the time scale should not be ignored; otherwise, carbon emissions are likely 

overestimated. 

The CH4 and CO2 emissions are complex processes in eutrophic lakes, including 

being produced from sediments, released to overlying water, and eventually released 

into the atmosphere (Roland et al., 2017). The impact of lake eutrophication on carbon 

emissions is manifested including the change in physicochemical environments and the 

increase of nutrient concentrations (Dai et al., 2009; Tian et al., 2019). This study 

demonstrated that the CH4 and CO2 production potential, dissolved CH4 and CO2 

concentrations, and CH4 and CO2
 release fluxes in eutrophic lakes were positively 

correlated (Figs. 2.10 and 2.11). Both spatial and temporal scale investigations proved 

that freshwater lakes were facing severe eutrophication (Fig. 2.6). And the carbon 

emission showed a positive correlation with the degree of eutrophication (Fig. 2.7). In 

eutrophic lakes, cyanobacteria blooms occur frequently, and after the decay, they settle 

from the overlying water to the surface sediments and contribute to the sedimentary 

organic pool, increasing TOC concentration in sediments (Figs.2.2e and 2.3e) (Xing et 

al., 2005; Shao et al., 2013). The amount of organic matter in sediments is the most 

important factor in determining carbon production potential (Zhou et al., 2022a). As a 

fragile source, cyanobacteria-derived organic matter provides a substrate requiring 

microbial growth and utilization, as evidenced by the high correlation between MBC 
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concentrations and CH4 emission on the spatial and temporal scales (R2=0.93; 0.97) 

(Figs. 2.10 and 2.11). The mineralization of organic carbon in sediments produces CH4 

and CO2, which are released into the overlying water (Yan et al., 2017). The 

eutrophication had positive correlations with the dissolved CH4 and CO2 in the 

overlying water (Fig. 2.7c,d), consistent with previous studies (Zhou et al., 2020). The 

dissolved CH4 and CO2 in the overlying water are emitted into the atmosphere through 

ebullition, diffusion, storage, etc. (Bastviken et al., 2004). Intensifying eutrophication 

promoted carbon release fluxes (CH4 and CO2), especially for CH4 release flux, which 

showed a positive correlation with TLI on the spatial and temporal scales (R2=0.98; 

0.84) (Figs. 2.7a,b , 2.10, 2.11).  

Collectively, a conceptual diagram is described to clarify the mechanism of 

eutrophication promoting carbon emissions and the reasons for differences in carbon 

emission capacity at temporal and spatial scales (Fig. 2.12). Eutrophication triggered 

cyanobacteria bloom, which provided a large amount of organic carbon to promote 

microbial decomposition. As a result, the produced CH4 and CO2 were released into 

lake water to enhance their CH4 and CO2
 dissolved concentrations, and eventually, the 

CH4 and CO2 release fluxes from the water to the atmosphere were increased. The 

carbon emission capacity (CH4 and CO2) was different at temporal and spatial scales, 

and the spatiotemporal substitution overestimated the influence of eutrophication on 

carbon emissions. The carbon emission process from the lake was also affected by other 

factors, especially the physicochemical environment changes on the temporal scale. 

Seasonal changes can lead to changes in DO and water temperature, which can affect 

the activity and abundance of microorganisms involved in carbon emissions. These 

results suggest that the inhibitory effect of DO concentration rise and the promoting 

effect of temperature needs to be considered on the spatial scale for assessing the carbon 

emission in eutrophic lakes, especially the further intensification of eutrophication. 
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Fig. 2.9. The correlation analysis of carbon (CH4 and CO2) release flux (a,b), 

dissolved concentration (c,d), production potential (e,f) with temperature. 
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Fig. 2.10. Correlation analysis of each index in different lakes along the middle and 

lower reaches of Yangtze River Basin 

 

Fig. 2.11. Correlation analysis of each index in Lake Taihu during one year 
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2.5 Summary 

Spatiotemporal scale investigations showed that eutrophication was a severe 

ecological problem in shallow lakes along the Yangtze River basin, and the nutrient 

concentrations (TN, TP, and TOC) were high in the overlying water. Increased 

eutrophication promoted the carbon production potential, dissolved carbon 

concentrations, and the subsequent carbon release fluxes. The correlation between 

carbon emission capacity and eutrophication was different at spatial and temporal scales. 

This study proved that the variations of DO and water temperature caused by seasonal 

changes also affected carbon emission capacity (carbon production potential, dissolved 

carbon concentrations, and carbon release fluxes), negatively correlated with DO, and 

positively correlated with water temperature. Therefore, ignore temporal and spatial 

variations in factors such as DO and temperature can result in inaccuracies in gross  

carbon emission estimates. This study demonstrates that using summer data leads to an 

overestimation of gross carbon emissions, which is important for the accurate 

assessment of the carbon gross emissions in freshwater lakes. 

 

Fig. 2.12. A conceptual diagram of differences in the estimation of carbon (CH4 and 

CO2) flux at spatial and temporal scales. 
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3. Multiple dissolved organic matter sources increased GHG emission 

in eutrophic lakes 

3.1 Background 

Although lakes are only 1.38% the size of the ocean, they are estimated to take up 

25% ~ 58% as much carbon, therefore, lakes play disproportionately large roles in the 

biogeochemical cycling of organic matter (Tranvik et al., 2009; Guillemette et al., 2017). 

The fate and reactivity of organic matter in lakes vary depending on specific drivers, 

such as organic matter concentration and composition (Zhou et al., 2022b). Surface 

runoff, especially via rivers, are crucial sources of organic matter in lakes and, can 

destabilize the carbon cycle in lake sediment (Xu et al., 2019). With escalating 

eutrophication and the intensification of dissolved organic carbon (DOM) input (Liu et 

al., 2019), it has become imperative to identify the factors associated with surface runoff 

that cause instability in lake carbon pools. 

The origins of DOM in river systems are primarily terrigenous and autogenic 

endogenous, and can exhibit significant variability in terms of source and composition 

across different rivers (Xu et al., 2023). It has been shown that rapid urbanization 

processes and the significant reduction of forest, grassland, and farmland cover have 

contributed to rivers becoming the main repositories of organic matter (Lambert et al., 

2022). In basins characterized by extensive forest and farmland coverage, terrigenous 

input determines the organic matter content in water, with discernibly higher degrees of 

humification, higher aromaticity values, and higher molecular weights (Ma et al., 2021; 

Liu et al., 2022). As human activities intensify, the primary component of organic 

matter carried by land runoff shifts from humic to proteoid substances (Williams et al., 

2016; Song et al., 2021). This is because the organic matter carried in domestic sewage 

is mainly composed of proteoid material, which can enter rivers and affect the 

composition of organic matter, a process that is especially apparent in eutrophic lake 

basins (Hosen et al., 2014; Guo et al., 2018). Proteoid matter is readily utilized by 

microbes, so elevated proteoid content can promote microorganism growth and the 

associated organic metabolism rates (Yu et al., 2020). The utilization of organic matter 

by microorganisms directly contributes to carbon cycling in eutrophic lake basins and 

the CH4 and CO2 produced are the main drivers of climate warming (Zhou et al., 2022a; 

Zhou et al., 2023b). Persistent elevated concentrations of organic carbon in lakes have 
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been established through field studies conducted in various lakes basin across China 

(Song et al., 2018; Zhang et al., 2020). These periods of high organic carbon 

concentrations have been associated with the release of organic matter from sediments, 

especially in shallow water depths and disturbed water environments (Zhou et al., 2019). 

The rivers within the Lake Taihu basin are estimated to transport 2.2×105 t∙ yr-1 of 

dissolved organic carbon and 6.7×104 t∙ yr-1 of inorganic carbon into Lake Taihu 

annually (Song et al., 2008). The inflow of DOM transported by rivers has been 

identified as a significant driver of carbon emissions within eutrophic lakes (Zhou et al., 

2018; Jin et al., 2018). In recent years, there has been a substantial upsurge in carbon 

emissions emanating from lakes worldwide, and in China this has manifested in the 

average CH4 emissions reaching 531.5 mmol∙m-2∙yr-1 (Zhou et al., 2022b). Hydrologic 

dynamics are important factors contributing to the input of DOM into lakes and can 

enhance the function of lakes as carbon sinks (Ejarque et al., 2018). Moreover, the 

complexity of organic components transported via rivers into lakes can trigger a series 

of biogeochemical processes, including co-metabolic interactions, that contribute to the 

release of carbon from lake sediments to the atmosphere (Deng et al., 2023). These 

biogeochemical processes can transform the respective roles of different sources and 

sinks within the carbon pools of lakes (Ma et al., 2020; Deng et al., 2022). To date, most 

research efforts have examined the carbon cycling processes in lakes (Davidson et al., 

2015), while the impact of carbon inputs from rivers on lake carbon pools and carbon 

emissions remain unclear. Understanding these impacts is especially important as 

human activities intensify. 

In this study, to test the effect of multi-DOM sources on carbon output in the Lake 

Taihu basin, the water, sediment, and gas samples were collected from seven different 

rivers entering Lake Taihu, a typical eutrophic lake. The isotope tracer technique and 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) were 

used to determine the organic carbon compounds entering Lake Taihu. Meanwhile, a 

series of microcosms was established to explore the mechanism of multi-source DOM 

on carbon emissions. These findings provide important insights into the organic carbon 

content and composition in eutrophic lake basins, and shed light on the influence of 

multi-source DOM on carbon emissions in lakes, which offers a theoretical basis for 

accurately assessing carbon output in lake basins. 
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3.2 Materials and methods 

3.2.1 Study site and sample collection 

In December 2021, we conducted a study on seven rivers that feed into Lake Taihu, 

which serves as a representative eutrophic lake. Lake Taihu, located in the lower reaches 

of the Yangtze River, covers an area of 2338 km2 with an average depth of 1.89 m. The 

region experiences a subtropical monsoon climate, with a long-term average 

temperature of 15–17 ℃ and annual precipitation of 1177 mm. Around 60% of the 

precipitation occurs from May to September, while the average annual evaporation 

stands at 821.7 mm. The population density in the Lake Taihu basin is 1500 people per 

km2, which is more than 10 times the national average in China. Consequently, human 

activities have a significant impact on the ecological environment of the basin (Yu et 

al., 2013). 

The specific sampling sites are illustrated in Fig. 3.1. Surface sediment (0-10 cm 

depth below the water-sediment surface), and water (30 cm below the air-water 

interface) were obtained respectively from seven rivers entering Lake Taihu, and each 

sample was collected three times. The sample tanks with ice packs were used to store 

water and sediment samples, and immediately transported back to laboratory for 

analysis. Dissolved oxygen (DO), oxidation-reduction potential (ORP), temperature (T), 

the potential of hydrogen (pH), total dissolved solids (TDS), and electrical conductivity 

(Ec) were measured in situ using the YSI Professional Plus multi-parameter meter (A 

Xylem, USA). To quantify dissolved CH4, CO2, and N2O concentrations in water, the 

anaerobic bottle added 300 ml of water and produced the gas with excessed N2. The 

anaerobic bottle was shaken vigorously for 5 minutes, a syringe was used to extract the 

gas in the headspace, and then stored in the airbag (E-Switch, China). 
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Fig. 3.1. Sampling site information in 7 rivers entering lake Taihu 

 

Fig. 3.2. The trophic level index (TLI) from 7 rivers entering Lake Taihu in water. 

3.2.2 Laboratory simulation experiment 

A series of microcosm system was used to test the effect of organic carbon input 

on the sediment pool and carbon emissions. The microcosm system experiment 

consisted of 51 anaerobic bottles (Φ 75 mm, length 180 mm, volume 500 ml) divided 
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among three treatment groups (cyanobacteria; sediment; and cyanobacteria + sediment) 

with three replicates for each treatment. According to the ecological environment of 

Lake Taihu studied by Zhang et al., each anaerobic bottle was added with 0.11 g 

cyanobacteria powder, 200 mL water, and 100 g sediment, and was incubated in an 

incubator at 25 °C in darkness condition. Nitrogen purging was performed to ensure the 

absence of interference from other gas sources. Each anaerobic bottle was sampled at 

day 1, 2, 3, 4, 5, 6, 7, 9, 11, 14, 18, 23, 28, 33, 38, 43, and 348 of incubation, with a 

total of 17 destructive samples. The samples of gas and sediment were collected by 

destructive sampling for each time. The sediment was placed in a refrigerator at 0-4 ℃, 

and the gas was extracted by syringe from the anaerobic bottle and analyzed within 24 

h. 

3.2.3 Chemical analysis of samples 

All water samples were filtered through 0.45 μm Nylon filters before determining 

the concentrations of total dissolved carbon (DTC), total dissolved inorganic carbon 

(DIC), total dissolved organic carbon (DOC), total nitrogen (TN), total phosphorus (TP), 

ammonia nitrogen (NH4
+-N), and nitrate (NO3

--N). The concentrations of TP and TN 

were quantified using ultraviolet spectrophotometry, employing a UV-Visible 

spectrophotometer (UV-6100, Mapada, Shang Hai Shi, China) (Peng, et al., 2022). The 

concentrations of DTC, DOC, and DIC in water samples were determined utilizing a 

carbon analyzer (Anlaytik HT1300, Jena, Germany) (Zhou, et al., 2023a). The NH4
+-N 

and NO3
--N concentrations of water were measured using a continuous flow analyzer 

(AutoAnalyzer 3, SEAL, Germany) (Zhou, et al., 2021). The sediment sample acidified 

to pH < 2.0, and then a multi-N/C analyzer (HT 1300, Analytikjena) was used to 

measure the TOC concentration. 

Dissolved gas concentrations in the overlying water samples collected from the 

seven rivers were assessed using a gas chromatograph (GC-2014, Shimadzu, Tokyo, 

Japan). Gas samples of 5 mL were extracted from the microsystems and introduced into 

the analyzer. The chamber, Electron Capture Detector (ECD) and Flame Ionization 

Detector (FID) were set at temperatures of 55 ℃, 300 ℃, and 200 ℃, respectively. The 

gas utilized were high-purity N2 and air, and the flow rate were reached to 40 and 400 

mL∙min-1, respectively. The high-purity N2, which reached to 99.999% purity, was be 

used as the carrier gas, and the flow rate was reached to 2 mL∙min-1. The detection limits 
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of CH4, CO2, and N2O were 0.2 ppm, 4.0 ppm, and 0.01 ppm, respectively, with an 

error range of ±1%. 

The particle size analysis of the samples was conducted using the Mastersizer 2000 

laser particle size analyzer. The instrument was first allowed to warm up for 15–20 

minutes before activating the gas control system. A standardized test program, referred 

to as the SOP program, was then established. The sample was added to the sample cell 

and the SOP program was executed. This program included predefined test conditions 

encompassing factors such as refractive index and test duration. After the measurement, 

the particle size volume percentages were determined within various subintervals 

spanning the range from 0.01 to 3000 μm. Furthermore, parameters such as D10, D50, 

D90, and other particle size fineness metrics were obtained. Additionally, the 

cumulative particle-size distribution curve was generated as part of the analysis. 

After 24 hours, the larger particles in the sediment were eliminated and 

subsequently subjected to drying in a vacuum freeze dryer (Biosafer-10A, Nanjing, 

Jiangsu, China). Then, the sediment samples were subsequently sieved through 100 

mesh screens, followed by acidification with a 1 mol·L-1 HCl solution for 24 hours. 

They were then rinsed to neutrality and precisely weighed on a 0.1 mg analytical 

balance. Sediment subsamples, weighing 0.05 g each, were allocated for the assessment 

of carbon (C) and nitrogen (N) contents, which were analyzed utilizing a 

carbon/nitrogen analyzer (Analytic Jena HT1300). An elemental analyzer (FLASH 

2000, Thermo Fisher, Monza, Italy) was used to test the values of δ13C and δ15N in 

sediment (Xu et al., 2015). 

The organic carbon composition in sediment was determined using the sodium 

pyrophosphate leaching-potassium dichromate oxidation method. Soil humus is 

composed of humic acid, fulvic acid, and humin in residue. A solution consisting of 0.1 

mol∙L-1 sodium pyrophosphate and 0.1 mol∙L-1 sodium hydroxide is employed as 

leaching agents to extract humus. This is due to their potent complexing capability in 

highly alkaline conditions, which enables them to bind the insoluble and readily soluble 

humus components in the soil into a water-soluble sodium humus salt. The resulting 

humus can be more completely leached into the solution for measurement. The carbon 

content (g∙kg-1) of a portion of the leached solution was measured to determine the total 

amounts of humic acid and phosphoric acid. Another portion of the leached solution 

was acidified so that the humic acid would precipitate and separate the rich acids. The 



32 

 

precipitate was then dissolved in sodium hydroxide and its carbon content (g∙kg-1) was 

determined using the same method as for the humic acid content (g∙kg-1). Phosphoric 

acid can be calculated as the difference between these measurements. Humin (i.e., the 

organic matter remaining in the soil residue) was calculated by subtracting the carbon 

content of humic acid and fulvic acid (g∙kg-1) from the total carbon content of the humus 

(g∙kg-1). The carbon was determined using the potassium dichromate oxidation external 

heating method. 

A 0.5 g portion of each sediment sample was measured and placed into a centrifuge 

tube. Subsequently, 30 ml of ultra-pure water was introduced. The sample was agitated 

at 25 ± 1 ℃ for 8 hours, followed by centrifugation at 4200 rpm for 20 minutes. The 

resulting supernatant was then passed through a 0.22 μm filter membrane, and 

subsequently subjected to Solid Phase Extraction (SPE) using an Agilent Bond Elut 

PPL kit from the USA. 200 μl of the extracted solution was taken for mass spectrometric 

analysis using the Bruker SolariX FT-ICR MS. The ion source used in this study was 

an electrospray ionization source (ESI) operating in the negative ion mode. The primary 

detection parameters were as follows: continuous infusion was employed for sample 

introduction at a flow rate of 120 μL∙h-1, the capillary entrance voltage was maintained 

at -4.0 kV, the ion accumulation time was set to 0.2 seconds, and data collection was 

conducted within a mass range of 100 to 1600 Da. A total of 4 million 32-bit data points 

were collected and the time-domain signal was averaged over 300 scans to improve the 

signal-to-noise ratio. Before sample analysis, instrument calibration was performed 

using a 10 mmol∙L-1 sodium formate solution, and post-analysis an internal standard 

calibration was conducted using a known soluble organic compound with a known 

molecular formula. After calibration, the mass error for all detected ions was found to 

be less than 1 ppm. 

An ultra-low temperature freezer of -80 ℃ was used to store sediment samples. The 

E.Z.N.A. ®Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA) was used to extract 

the total genomic DNA from each sediment sample. The nucleic acid quality was 

assessed using 1% agarose gel electrophoresis, and the nucleic acid concentration was 

assessed a NanoDrop 2000 UV spectrophotometer (Thermo Scientific, USA), 

respectively. The bacterial community in the sediments was quantified through 16S 

rRNA gene analysis. The quantitative polymerase chain reaction (qPCR) method was 

used to quantify the microorganisms in the sediments, with the following primers: 
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Primer F = Illumina adapter sequence 1 + GTGCCAGCMGCCGCGG, and Primer R = 

Illumina adapter sequence 2 + CCGTCAATTCMTTTRAGTTI. The procedures were 

conducted according to the MIQE guidelines.  

3.2.4 Statistical analysis 

The data statistical analysis was performed with Origin 2023 and Social Sciences 

18.0 (SPSS 18.0). The structural equation modelling was finished by SPSS AMOS 21.0. 

A bivariate correlation analysis was conducted to determine if there were correlations 

in the data. One-way analysis of variance (ANOVA) and independent sample t-test were 

used to analyze significant differences between each index, respectively. In the ANOVA 

tests, the p values lower than 0.05 or 0.01 were considered statistically significant. 

 

Fig. 3.3. (a) Physical and chemical properties in 7 rivers entering Lake Taihu. (b) The 

concentration and composition of DTC in 7 rivers entering Lake Taihu. (c) 
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Correlation analysis of physicochemical properties and correlation between carbon 

form concentration and TLI. 

3.3 Results 

3.3.1 Concentrations of nutrients in the water samples 

The concentrations of various parameters in the overlying water from the seven 

rivers entering Lake Taihu displayed a significant variability, encompassing TP, TN, 

DTC, DOC, DIC, NH4
+-N, and NO3

--N (Fig. 3.1). Wuxitang River exhibited the highest 

level of eutrophication, as indicated by its trophic level index (TLI) of 35.3 (Fig. 3.2). 

Additionally, the TN and TP concentrations of Wuxitang River were 2.07 and 0.09 

mg∙L-1, respectively (Fig. 3.3a). Donggui River exhibited the highest concentrations of 

NH4
+-N (0.62 mg∙L-1) and NO3

--N (0.75 mg∙L-1) among the samples (Fig. 3.3a). The 

DO concentrations were greater than 10 mg∙L-1 (Fig.3.3a) in all investigated rivers, 

indicating that the streams were aerobic environments. DIC was the predominant form 

of carbon in all rivers and was highest in Tainan River at 37.65 mg∙L-1 (Fig. 3.3a). As 

eutrophication intensified in the rivers, carbon (i.e., DTC, DOC, and DIC) 

concentrations increased, as evidenced by their correlation (Fig. 3.3c). 

3.3.2 The concentrations of dissolved CH4, CO2, and N2O in water 

The concentrations of dissolved GHGs in the seven rivers entering Lake Taihu 

displayed notable variability, as shown in Table 3.1. The concentrations of dissolved 

CH4 in the investigated rivers ranged from 0.3 to 1.21 μmol∙L-1, with the highest 

dissolved CH4 concentration occurring in Donggui River. The dissolved CO2 

concentrations were consistently greater than the dissolved CH4 concentrations, but 

they exhibited similar distributions and trends. The concentrations of dissolved CO2 in 

seven rivers were 34.12 to 59.48 μmol∙L-1, and the highest concentration occurring in 

Donggui River. The dissolved N2O concentration in the water of the seven rivers 

entering Lake Taihu ranged from 0.03 to 0.07 μmol∙L-1, with a mean of 0.04 μmol∙L-1. 

3.3.3 Particle size, C, N, δ13C, and δ15N in sediment 

The particle size distribution of the samples showed that sand (particle size 
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between 63 and 2200 μm) made up the largest proportion of the surface sediments of 

the investigated rivers, except for Shatanggang River, and Liangxi River had the highest 

proportion of sand at 91.35% (Fig. 3.4). Furthermore, Shantanggang River had the 

highest proportion of particles between 2 and 63 μm in size, which made up 66.86% of 

its sediment. The particle size distribution analysis revealed relatively low proportions 

of particles smaller than 2 μm in all investigated rivers. Among them, Liangxi River 

had the lowest proportion at 0.37%. 

The C, N, δ13C, and δ15N contents in the sediments from seven rivers are presented 

in Table 3.2. The C values of the sediments ranged from 0.6% to 3.59% in the seven 

rivers. The lowest C content occurred in the surface sediments of Xiangyang River at 

0.6%, which coincided with the lowest DTC concentration in the overlying water in 

Xiangyang River. The N contents of the surface sediments ranged from 0.06% to 0.4% 

in the seven rivers. The distribution of N was consistent with that of C, and the lowest 

value also appeared in Xiangyang River at 0.06%. The δ13C in the surface sediments 

ranged from -25.82‰ to -21.51‰, while δ15N ranged from -29.35‰ to -0.17‰. The 

lowest values of δ13C and δ15N both occurred in Xiangyang River. 

 

Fig. 3.4. Particle size distribution from 7 rivers entering Lake Taihu in sediment. 
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Fig. 3.5. Organic carbon content (OCC) of different fractions of humic acid, Humin 

acid, and Fulvic acid extracted from 7 rivers entering Lake Taihu in sediment. 

Table. 3.1. The dissolved CH4, CO2, and N2O concentration from 7 rivers entering 

Lake Taihu in water. 

Sample Site CH4 (μmol/L) CO2 (μmol/L) N2O (μmol/L) 

1 0.13 ± 0.05 34.12 ± 4.33 0.03 ± 0.001 

2 1.18 ± 0.13 46.44 ± 3.16 0.03 ± 0.001 

3 0.53 ± 0.18 40.9 ± 3.24 0.04 ± 0.001 

4 0.48 ± 0.07 51.65 ± 7.66 0.07 ± 0.02 

5 0.72 ± 0.13 43.84 ± 5.93 0.04 ± 0.01 

6 1.21 ± 0.29 59.48 ± 3.91 0.05 ± 0.01 

7 0.3 ± 0.1 55.93 ± 4.7 0.05 ± 0.01 

Table. 3.2. The δ13C, δ15N values, C%, N%, and C/N from 7 rivers entering Lake 

Taihu in sediment. 

Sample Site δ13C (‰) δ15N (‰) C% N% C/N 

1 -21.51 ± 3.23 -4.09 ± 2.48 1.93 0.16 11.85 

2 -21.88 ± 2.52 -0.17 ± 5.08 3.23 0.4 8.07 

3 -25.79 ± 0.57 -9.85 ± 7.53 1.33 0.14 9.74 

4 -24.73 ± 0.44 -14.09 ± 12.99 1.45 0.15 9.9 

5 -22.59 ± 4.7 -14.98 ± 10.64 1.39 0.14 9.72 

6 -25.26 ± 0.85 -6.1 ± 6.88 3.59 0.4 8.98 

7 -25.82 ± 1.89 -29.35 ± 18.46 0.6 0.06 9.45 



37 

 

Table. 3.3. The Chao1, ACE, Shannon, Simpson, and coverage of microorganism 

from 7 rivers entering Lake Taihu in sediment. 

Sample 

Site 
Chao1 ACE Shannon Simpson Coverage (%) 

1 4026.9 4026.26 7.35 2.15×10-3 99.93 

2 3510.94 3514.97 7.02 3.18×10-3 99.96 

3 5059.06 5046.04 7.56 1.81×10-3 99.91 

4 4638.09 4630.94 7.36 2.81×10-3 99.94 

5 3779.28 3766.08 7.44 1.69×10-3 99.9 

6 3948.44 3939.99 7.33 2.22×10-3 99.93 

7 5301.9 5289.9 7.78 9.17×10-4 99.92 

 

3.3.4 Organic carbon content (OCC) of sediment 

The OCC of the surface sediments of the seven rivers entering Lake Taihu were 

similar and humic acid made up the largest proportion in each (Fig. 3.5). Among the 

sampling sites, Liangxi River had the highest concentration of humic acid at 3.01 g∙kg-

1, while Wangyu River had the lowest concentration at 1.02 g∙kg-1. In this study, the 

concentrations of fulvic acid were generally higher than humin, except in Samples 6 

and 7. In Donggui River, the concentration of fulvic acid was 0.82 g∙kg-1, while the 

concentration of humin acid was 1.22 g∙kg-1. Wangyu River, on the other hand, had the 

lowest concentration of humin acid at 0.44 g∙kg-1, whereas Xiangyang River had the 

lowest concentration of fulvic acid at 0.53 g∙kg-1. 

3.3.5 Composition of organic molecular and compounds in sediments 

The complexity of DOM was analyzed in seven river samples, with molecular 

formulas ranging from 2381 to 6051. The predominant molecular formulas observed 

were CHO, CHON, CHOS, and CHONS (Figs. 3.6 and 3.7). This indicated that CHO, 

CHON, and CHONS were the primary molecular components of DOM entering Lake 

Taihu. Furthermore, the molecular components of DOM varied significantly among 

different rivers. Wangyu River had the fewest molecular formulas, while Shantanggang 

River had the most. Except for Wuxitang River, the DOM was dominated by CHO in 

all sampling sites, accounting for proportions from 34.74% to 51.56%. Notably, 

Wuxitang River had the largest proportion of CHOS at 45.42%. The number of 

molecular formulas of CHO, CHON, and CHOS ranged from 1165 to 2462 (accounting 
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for 48.93% to 40.69%), 506 to 1497 (accounting for 21.25% to 24.74%), and 574 to 

2018 (accounting for 24.11% to 35.27%), respectively.  

 
Fig. 3.6. FTMS-derived van Krevelen diagrams of common compound compositions 

observed in overlying water from 7 rivers entering Lake Taihu, and color-coded 

according to CHO (red), CHNO (yellow), CHOS (green), and CHONS (blue) 

compound series. 
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The DOM compounds in the investigated rivers encompassed a wide range of 

substances, including lignins, proteins, lipids, tannins, carbohydrates, and condensed 

aromatic structures, as revealed by the values of H/C and O/C, highlighting the 

complexity of DOM (Figs. 3.6 and 3.8). Lignin compounds constituted the majority of 

DOM compounds in all sample sites, surpassing 40% in all cases. Among them, 

Shatanggang River had the highest abundance of lignin compounds, where they 

accounted for 60.42% of the DOM. Protein and lipid compounds followed lignin in 

terms of prevalence, while tannin, carbohydrate, and condensed aromatic structure 

compounds accounted for the lowest proportions of DOM in the seven sample sites. 

Together, the lowest three compound categories made up only 5.31% to 12.95% of the 

DOM in the samples. 

 

Fig. 3.7. Molecular composition (left) and proportion (right) of DOM in sediment 

from 7 rivers entering Lake Taihu. 

 

Fig. 3.8 Compound composition (left) and proportion (right) of DOM in sediment 

from 7 rivers entering Lake Taihu. 
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3.3.6 Microbial communities in sediments 

The microbial community structure exhibited remarkable similarity across the 

seven rivers, and the species coverage within these microbial communities was found 

to be highly diverse and abundant, encompassing a rich assortment of taxa (Fig. 3.9; 

Table 3.2). At the phylum level, the sediment harbors a total of 15 distinct microbial 

species. Among all the samples, Proteobacteria exhibited the highest proportion, with 

Tainan River displaying the highest proportion of 43.73%. The proportions of 

Acidobacteria and Chloroflexi demonstrated a similar pattern across the sediment of 

the seven rivers. 

3.3.7 Dynamic changes in carbon emissions during incubation 

Carbon was emitted in the forms of CH4 and CO2, with more of the former being 

emitted (Fig. 3.10). The CH4 concentration was the highest in the mixed treatment, 

which reached 640.2 μmol∙L-1·Cg
-1, while the highest CO2 concentration occurred in 

the cyanobacteria treatment, which reached 228.1 μmol∙L-1·Cg
-1. The carbon emission 

efficiency was highest in the mixed treatment, where the carbon emission per unit 

reached 160.9 μmol·Cg
-1. The sediment treatment had the lowest carbon emission 

efficiency, with carbon emissions per unit of 9.3 μmol∙L-1·Cg
-1. The cyanobacteria 

decomposition resulted in significant alterations to the sediment carbon pool, with the 

TOC concentration in sediment increasing sharply and then decreasing. In the mixed 

treatment, the TOC concentration in sediment peaked at 57.6 g∙kg-1 and generally 

remained stable. 
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Fig. 3.9. The similarities of bacterial communities (left) and the community structure 

(right) in sediment from 7 rivers entering Lake Taihu. 

 

Fig. 3.10. The dynamic change of CH4 (a), CO2 (b), total carbon emission (c) under 

the condition for per gram of carbon input (C emission=CH4+CO2), and the dynamic 

changes of TOC concentration in sediment (d). 
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3.4 Discussion 

3.4.1 Trophic status of rivers 

During the winter season, the rivers entering the lake carried relatively low nutrient 

loads, resulting in oligotrophic and mesotrophic conditions (Fig. 3.2). Inputs of 

exogenous nutrients including nitrogen and phosphorus are the main drivers of 

increases in nutrient loads in freshwater lake basins (Xu et al., 2010). Elevated levels 

of nutrients serve as substrates for the growth of microorganisms, which undertake their 

metabolic processes in sediments (Fig. 3.9). Eutrophication in freshwater lake basins 

typically occurs during the summer and, as such, exhibits notable seasonal variability 

(Tong et al., 2021). Surface runoff plays a crucial role in the introduction of terrestrial 

nutrients into freshwater lake basins (Diaz-Torres et al., 2022). As such, reductions in 

precipitation in winter restrict the influx of terrestrial nutrients from the surrounding 

terrestrial environment (Culbertson et al., 2016). This trend was apparent in the nitrogen 

and phosphorus loads of the seven rivers entering Lake Taihu in this study conducted 

in winter, which were at low concentrations, consistent with previous research (Fig. 

3.3a).  

In this study during winter, the water temperatures of the seven rivers entering 

Lake Taihu were low (Fig. 3.3a). Low water temperatures limit the activities of 

microorganisms and plants and slows the biotransformation of nutrients (Hopkins et al., 

2006). This low temperature inhibitory effect, like the reduced nutrient loads, also 

reduces the consumption of DO by the microorganisms and cyanobacteria (Ya et al., 

2022). Additionally, the lower water temperatures during winter increase the solubility 

of oxygen in water, resulting in higher dissolved oxygen concentrations (Martin et al., 

2013). Due to the various effects of low water temperatures, the overlying water 

observed in this study had high DO concentrations and all rivers were in aerobic states 

(Fig. 3.3a).  
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Fig. 3.11. The contribution of organic carbon components to CH4 and CO2 emissions 

(left) and correlation analysis between different indexs (right) ( * and ** indicate the 

significant differences between expected and observed values at P < 0.05 and P < 

0.01, respectively). 

3.4.2 Composition and source of DOM in rivers 

The composition of DOM in the seven rivers exhibited significant variability (Figs. 

3.6, 3.7, and 3.8). The complex nature of DOM in rivers was due to the large variety of 

contributing sources (Medeiros et al., 2015; Li et al., 2020). The composition of the 

DOM in rivers comprised a range of organic molecules originating from the remnants 

of living organisms, which encompassed proteins, carbohydrates, lipids, lignin, tannins, 

and humic substances (Figs. 3.5 and 3.8). In this study, humic acid dominated the humus 

of organic carbon content (Fig. 3.5), which was due to the highly diverse microbial 

community structure in river sediments (Fig. 3.9; Table 3.3). Humus, including humic 

acid, humic acid, and fulvic acid, has the longest retention time in rivers and constitutes 

the predominant fraction of DOM (Luo et al., 2022). The decomposition and 

transformation of animal and plant matter in sediments is an important source of humus 

(Gontijo et al., 2021).  

The sources of DOM in rivers fall into two main categories: terrestrial sources and 

in-stream sources (Lambert et al., 2017; Luo et al., 2022). The Lake Taihu basin was 

found to have a main source of organic matter from terrestrial input, as indicated by 

carbon isotope analysis (Table 3.2). During the winter, when biological activity in the 

basin is generally low, the contribution of terrestrial sources to organic matter becomes 
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more significant (Gontijo et al., 2021; Bai et al., 2023). The reduced biological activity 

during winter highlights the importance of terrestrial inputs as sources of organic matter 

during this period (Gontijo et al., 2021; Luo et al., 2022). In this study, whether the 

molecular composition was dominated by CHO or the compound composition was 

dominated by lignins, the DOM in the rivers was mainly derived from plants, 

specifically, from terrestrial plants (Figs. 3.7 and 3.8). Lignin in rivers can be released 

through the dissolution of terrestrial organic matter, like plant residues, dead leaves, 

trees, and plant debris (Jung et al., 2015). During winter in the Lake Taihu basin, there 

is an extensive die-off of aquatic plants, which also contributes to the increased 

proportion of organic matter from terrestrial plant litter (Bai et al., 2023). The high 

primary productivity of Lake Taihu basin leads to high microbial activity and 

contributed to the variety observed in the microbial community structures (Fig. 3.9). 

Proteins, as vital organic compounds within organisms, are produced through 

organismal metabolic processes and released the degradation of cell debris (Habicht et 

al., 2011). The decomposition of aquatic organisms such as algae, plants, and plankton, 

along with microbial metabolism and organic carbon decomposition collectively 

contribute to the high concentration of proteins in freshwater lakes (Bianchini et al., 

2018). This finding was consistent with the observations in this study, where proteins 

were found to be an important component of the DOM, second only to lignins (Fig. 3.8). 

Furthermore, CHON was an important molecular component of DOM, indicating that 

microbial activity was an important source of DOM in the Lake Taihu basin (Fig. 3.7). 

In terms of molecular composition, CHON is strongly correlated with microbial activity 

(Zhang et al., 2021; Hong et al., 2023). 

3.4.3 Links between DOM composition and carbon emission 

The elevated concentration of DOM, accompanied by its complex composition, 

collectively contributed to the elevated levels of dissolved GHGs in rivers (Fig. 3.11; 

Table 3.1). Several studies have highlighted the importance of DOM in determining the 

distributions of dissolved GHGs (Begum et al., 2021; Hassan et al., 2023). In this study, 

different components of DTC showed different contributions to the production of 

dissolved CH4 and CO2, and the DIC concentration was negatively correlated with 

dissolved CO2 (Figs. 3.3 and 3.11). These findings highlight the impact of DOM 

characteristics on the distribution of GHGs. 
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Overall, the presence of humic-like substances originating from both terrestrial 

and in-stream sources be associated with the concentrations of dissolved CH4 and CO2 

in the Lake Taihu basin (Figs. 3.6, 3.10; Table 3.1). The input of multi-source DOM 

may induce the co-metabolism effect of different components, which has been proved 

to promote the decomposition of humic-like substances (Farjalla et al., 2009). The 

degradation of humic-like substances releases GHGs (CH4, CO2, etc.), while also 

providing a substrate for microbial activity (Shirokova et al., 2015). Studies have 

demonstrated that humic acid can act as both a source and medium for the production 

of CH4 and CO2, significantly impacting their distributions and release within water 

bodies (Gontijo et al., 2021). The presence of biodegradable organic carbon within 

humic acids plays a pivotal role driving these production patterns (Luo et al., 2022). 

Fulvic acid in aquatic environments primarily originates from plant litter and soil 

secretion, and it typically encompasses a notable proportion of aromatic carbon 

resulting from the degradation of lignin (Ni et al., 2022). In agreement with these trends, 

this study also observed that lignins were the main component of DOM (Fig. 3.8). 

Several studies have shown that terrestrial aromatic compounds make significant 

contributions to the pCO2 values in aquatic systems (Gontijo et al., 2021; Luo et al., 

2022).  

The complex composition of DOM compounds can also contribute to the 

substantial fluctuations in dissolved GHGs concentrations in lakes (Valle et al., 2018). 

The proteins and lipids in DOM made up significant components of the organic carbon 

in this study (Fig. 3.8), and their presence played a crucial role in influencing the 

degradation and decomposition of DOM, consequently impacting the release of GHGs. 

Among the GHGs, dissolved N2O was strongly related to the proteins, showing a 

positive correlation (Fig. 3.12). This result aligns with the conclusion of a previous 

study that investigated shallow estuaries (Begum et al., 2021). Proteins consist of 

nitrogen-enriched molecules with low aromaticity. Additionally, the concentrations of 

low molecular weight organic compounds can impact the rate of denitrification (Begum 

et al., 2021; Luo et al., 2022). The collective terrestrial inputs establish the positive 

correlation between carbon emissions and DOM in freshwater lakes (Deirmendjian et 

al., 2020). In this study, terrestrial lignin was predominant in the river DOM of Lake 

Taihu basin (Fig. 3.8; Tables 3.2 and 3.3). The structural complexity and relative 

stability of lignin make it highly resistant to degradation (Smith et al., 2013). This study 
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revealed a weak positive correlation between lignin content and both dissolved CH4 and 

CO2 concentrations (Fig. 3.12). The degradation of lignin is influenced by a multitude 

of environmental factors and microbial processes (Zhang et al., 2018; Song et al., 2020). 

Numerous studies have demonstrated that co-metabolic effects in eutrophic lakes 

promote the decomposition of refractory substance (Ma et al., 2020), and microbial-

produced enzymes (such as lignin enzymes) play crucial roles in the decomposition of 

lignins (Hall et al., 2015). The rivers in the Taihu Basin harbored a diverse array of 

microbial species, presenting a favorable environment for lignin decomposition (Fig. 

3.9). Overall, the DOM content and components in Lake Taihu basin were likely to be 

closely related to the generation of GHGs, but the complexity of the components may 

obscure the relationships between GHGs and their underlying drivers. 

 

Fig. 3.12. The correlation analysis between compound components of DOM and 

indexes. 

3.4.4 Potential effects of multiple carbon sources on sediment carbon 

pool 

The presence of multiple carbon sources created potential instability in lake 

sediments (Fig. 3.12). This study showed that the sources of organic carbon to the rivers 
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of the Lake Taihu basin were complex (exogenous and endogenous) (Table 3.2). The 

input of diverse carbon sources, such as terrestrial organic matter, aquatic plant material, 

and algal biomass, can exert a substantial influence on both the quantity and 

composition of organic matter in river sediments (Wang et al., 2022). The organic 

carbon components and nutrient availability in the sediment carbon pool play vital roles 

in determining microbial activity, which in turn can impact the stability of the carbon 

pool (van der Kooij et al., 2017). Microbial activity, driven by the availability of organic 

carbon, drives the decomposition and transformation of organic matter in sediments 

(Wan et al., 2023). The mixed metabolism of cyanobacteria-derived DOM and 

sediment-released DOM showed that the input of exogenous organic carbon into the 

lake led to the instability in the sediment carbon pool. This, in turn, stimulated the 

mineralization of organic carbon, leading to a significant increase in carbon emissions 

(Fig. 3.10). Previous studies have proposed that the microbial co-metabolic processes 

induced by the mixing of multiple carbon sources promote metabolic efficiency, 

ultimately leading to the intensification of GHGs emissions (Ma et al., 2020; Deng et 

al., 2022). 

Here, the CO2 emission flux patterns in the Lake Taihu basin exhibited significant 

instability, characterized by a notably high fluxes of CO2 emissions (Fig. 3.13). The 

variety of sources of DOM has been shown to significantly influence the oxidation-

deoxidation environment in lake sediments (Zhao, et al., 2022). Specifically, a rich 

variety of DOM inputs in organic matter can complicate the oxidation-deoxidation 

environment of sediments and exacerbate the degradation and release of organic carbon 

(Mostofa et al., 2018). It has been shown that the mixing of organic carbon from 

multiple sources can induce co-metabolic processes in lake basins, particularly the 

multi-source mixing of DOM (Ma et al., 2021; Deng et al., 2023). This mechanism may 

have contributed to the increased carbon emissions from the lake ecosystem 

investigated here (Fig. 3.13). Co-metabolism can shift the roles of sources and sinks in 

the lake sediment carbon pool, further intensifying the instability in the sediment carbon 

pool (Ma et al., 2022). Microbial activity plays a leading role during organic carbon 

mineralization (Wasswa et al., 2022). Clearly, multi-source inputs of DOM into shallow 

lakes intensifies the degradation and release of carbon in sediment carbon pools, 

potentially contributing to increased emissions of carbon from lakes. 
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3.5 Summary 

The variety of sources of carbon in lake basins result in complex DOM 

compositions, which can potentially drive instability in sediment carbon pools. In this 

study, the nutrient load in Lake Taihu basin during winter was relatively low and the 

water environment was aerobic. Exogenous inputs increased the carbon concentration, 

especially the DOM concentration. The mixing of multiple sources of organic carbon 

enhanced the carbon emission efficiency, induced co-metabolic processes, and drove 

drastic changes in sediment carbon pool. The organic carbon content in Lake Taihu 

basin consisted predominantly of humic acid, with lignins being the predominant 

compound. This was related to the decomposition of terrestrial plants and some aquatic 

plants in winter. These observations were further supported by the analysis of carbon 

and nitrogen isotopes in the sediments. The concentrations of dissolved CH4 and CO2 

in the Lake Taihu basin were positively correlated with organic matter concentrations, 

and increases in the organic carbon load promoted carbon emissions. The elevated 

concentrations and intricate nature of DOM instigated processes of microbial organic 

carbon mineralization, ultimately contributing to the destabilization of the sediment 

carbon reservoir within the lake basin. These findings offer crucial insights into 

assessing the impact of diverse DOM sources on carbon emissions and the overall 

carbon emissions within freshwater lakes. 

 

Fig. 3.12. A conceptual diagram of multi-source DOM and its potential mechanism on 

sediment carbon pool in lake basin. 
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4. Increased GHG emissions potentially driven by particulate organic 

carbon from oxic water of eutrophic lakes 

4.1 Background 

Lakes are transitional zones of permanent or periodic flooding between aquatic 

and terrestrial ecosystems and play an important role in the circulation of substances 

(Gudasz et al., 2010; Bastviken et al., 2011). Organic carbon (OC) in lake ecosystems 

mainly includes dissolved organic carbon (DOC) and particulate organic carbon (POC) 

(Ye et al., 2015; Shi et al., 2018). In particular, POC is an important component of the 

regional and global carbon cycle, and its biogeochemical process is key in defining the 

global carbon cycle and carbon, i.e., CH4 and CO2 fluxes in freshwater lakes (Chanudet 

et al., 2020). 

OC sources in freshwater lakes are autochthonous and allochthonous (Ankit et al., 

2022). Autochthonous OC is mainly derived from aquatic plants and their degradation 

(De Kluijver et al., 2014; Yan et al., 2017). Allochthonous OC is mainly produced by 

terrestrial plants, degradation of soil organic matter, and humification (Solomon et al., 

2015; Mitrovic et al., 2016). Various indices, such as the ratio of POC to chlorophyll-a 

(chl-a), the carbon isotopic composition (δ13Cpoc), and the carbon to nitrogen ratio have 

been used to analyze the OC sources in freshwater lakes (Xu et al., 2015; Ma et al., 

2022). Although it has been demonstrated that the trophic state of a lake leads to an 

uncertain estimate of the OC source and concentration, the relationship between the 

sources and concentrations of OC and the trophic state of lakes has not been e entirely 

revealed (Park et al., 2009; Wen et al., 2022). Lake eutrophication is a severe ecological 

problem, leading to an increase in OC concentration (Pelechata et al., 2016; Jiang et al., 

2022). A high level of primary productivity, triggered by eutrophication, results in 

cyanobacterial blooms in eutrophic lakes (Isles et al., 2017). The accumulation of 

cyanobacteria rapidly increases POC in the surface sediment and overlying water (Zhao 

et al., 2021; Zhou et al., 2022a). Cyanobacterial residue on the sediment surface forms 

a “cyanobacterial detritus mat” that is suspended by wind and eddies, particularly in 

shallow lakes (Persaud et al., 2014). In eutrophic lakes, cyanobacterial-derived 

suspended particulate matter is an important POC component, conveying organic matter, 

and contributing to the change in the microenvironment (Ochs et al., 2010; Ye et al., 

2015; Shi et al., 2017). POC participates in the carbon cycle as a carbon source and 
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eventually produces CH4 and CO2 (Bueno et al., 2020). Additionally, POC tends to 

adhere to aerobic heterotrophic microbes and inorganic ions (NH4
+, Fe2+, and HS-) 

(Ochs et al., 2010; Zhou et al., 2019). Due to the oxidation of organic matter, the 

dissolved oxygen (DO) concentration in POC is significantly lower than that in the 

surrounding water (Ochs et al., 2010). Therefore, migration and transformation of POC 

create a micro-anaerobic environment inside, and such a redox condition changes the 

emission of CH4 from the lake (Nakayam et al., 2018).  

The global CH4 emission flux from freshwater lakes is about 63.9 Tg/yr (Bastviken 

et al., 2011; Wang et al., 2022), and is expected to increase (Sepulveda-Jauregui et al., 

2018). It is important to comprehensively understand the complex process of CH4 

emissions from lake sediments into the water column, including OC mineralization, 

carbon migration, and oxidation to accurately estimate CH4 flux (Roland et al., 2017). 

In addition, a unique phenomenon, e.g., the paradoxical supersaturation of CH4 in 

oxygenated surface waters, a.k.a., the methane paradox, should be understood (Repeta 

et al., 2016). The significant correlation between CH4 emissions and OC concentrations 

in freshwater lakes, particularly the POC concentration, has attracted attention (Lennon 

et al., 2006; Zhou et al., 2020). Although autochthonous and allochthonous POC 

promote CH4 production, the contribution of POC from autochthonous sources to CH4 

production is more significant in eutrophic lakes (Gudasz et al., 2012). Most 

autochthonous POC contains complex organic substances that can be degraded quickly, 

resulting in a low burial efficiency (Dai et al., 2005). The decomposition rate of 

allochthonous POC, particularly terrestrial POC, is slow, as it usually has a relatively 

high proportion of refractory organic matter (Grasset et al., 2018). Algae-derived POC 

accounts for a large proportion of OC and has a significant effect on the carbon cycle 

of eutrophic lakes (Jiang et al., 2015; Lammers et al., 2016). This propensity makes 

CH4 emission fluxes under eutrophic conditions significantly higher than those under 

oligotrophic and mesotrophic conditions (Zhou et al., 2023), indicating that the trophic 

state is an important factor affecting the CH4 emission flux, which leads to an increase 

in the concentration of POC in the overlying water (Xing et al., 2005; Zhou et al., 2020). 

In addition, recent studies have highlighted that CH4 emissions from lakes are derived 

from overlying water that is highly oxygenated with POC (Ochs et al., 2010; Lenhart 

et al., 2016). The microenvironment created by abundant POC is a significant redox 

interface that provides extra space for CH4 production (Zhou et al., 2019; Xu et al., 
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2020). Ignoring the presence of POC results in an underestimate of CH4 production and 

flux (Stackpoole et al., 2017). Additional descriptions regarding the composition and 

sources of POC and their effects on CH4 production and flux in freshwater lakes are 

needed considering the intensification of eutrophication (Palma-Silva et al., 2014; 

Vincon-Leite et al., 2019). 

Given the necessity for the POC effect on the production and flux of CH4, for 

proposing a new perspective for methane paradox in eutrophic lakes. This study aimed 

to track the sources and composition of POC and to clarify the effect of POC on CH4 

emissions from freshwater lakes. Thus, the dissolved CH4 and CO2 concentrations in 

the overlying water and the emission fluxes from 18 shallow lakes in different trophic 

states were investigated along the Yangtze River basin. The concentrations of total 

phosphorus (TP), total nitrogen (TN), chlorophyll-a (chl-a), POC, and dissolved 

organic carbon (DOC) in the overlying water were synchronously analyzed. In addition, 

the δ13C values of POC were determined in the overlying water to attain insight into the 

POC sources. These findings will help with the analysis of OC sources and estimating 

the carbon emissions in lakes of different trophic states. 

4.2 Materials and methods 

4.2.1 Study site and sample collection 

Typical freshwater lakes along the Yangtze River basin were selected. The trophic 

states of the lakes in this basin vary greatly, and many lakes are in various states of 

eutrophication (Huang et al., 2016). Eighteen shallow freshwater lakes (<7 m deep) in 

the middle and lower reaches of the Yangtze River basin were selected based on the 

trophic level index (TLI) (Fig. 4.1). These lakes were classified into five trophic states, 

including oligotrophic (TLI < 30), mesotrophic (30 ≤ TLI < 50), eutrophic (50 ≤ TLI < 

60), middle-eutrophic (60 ≤ TLI < 70), and hyper-eutrophic (TLI > 70). All samples 

were collected from three sampling sites in each lake during July 2021, according to 

GB/T 14581-93 (China). The water depth at each sampling site was < 7 m; 5 L of water 

and 50 mL of gas were collected at each sampling site. 
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Fig. 4.1. The sample locations in different trophic state lakes along the Yangtze River. 

 

Fig. 4.2. The TLI values of different lakes along the Yangtze River in July 2021. The 

vertical dashed lines at TLIs of 30, 50, 60, and 70 represent the thresholds of 

oligotrophic-mesophilic, mesophilic-eutrophic, eutrophic-middle-eutrophic, and 

middle-eutrophic-hyper-eutrophic states. 

The in situ DO and oxidation-reduction potential (ORP) in the overlying water 

were measured with a multiparameter sensor (YSI ProfessionalPlus, A Xylem; YSI Inc., 

Yellow Springs, OH, USA). An aerobic state of the shallow lakes in this study was 

defined as a DO concentration level > 2 mg/L (Diaz et al., 2001). Triplicate overlying 

water samples (30 cm below the water surface) were collected to measure nutrient 

concentrations. The headspace balance method was adopted to measure dissolved CH4 
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and CO2 concentrations. A water sample (300 mL) was gently and slowly poured into 

a 500 mL anaerobic bottle, and the excess gas was removed with 200 mL N2 gas 

(99.999%). After 5 min of vigorous shaking, the headspace gas was extracted with a 

syringe and injected into an airbag (E-Switch, China) for storage. Gas flux samples 

were collected with a light-shielded floating static chamber. 

4.2.2 Chemical analytical methods 

The overlying water samples were used to determine the concentrations of total 

TP, TN, DOC, and chl-a. The TP concentration was measured using an ammonium 

molybdate spectrophotometric method after digestion with K2S2O8 and NaOH (Ebina 

et al., 1983). The TN concentration was measured by an ultraviolet spectrophotometry 

method using a UV-Visible spectrophotometer (UV-6100, Mapada, Shang Hai Shi, 

China). The DOC concentration in the water was analyzed using a carbon analyzer 

(Anlaytik HT1300, Jena, Germany). Water samples for chl-a measurements were 

filtered through Mili CA membranes (0.45 µm pore size) at low pressure. Then, the 

filters were frozen and extracted using 10 mL of 95% acetone at −20℃. The optical 

densities of the extracts were determined at 630, 645, 663, and 750 nm using a UV-vis 

spectrophotometer (UV-6100, Mapada) with a 1 cm matched cell. The accuracy of the 

TN, TP, TOC, and chl-a concentrations was ±0.1 mg/L. 

The overlying water samples (each 500 mL) were vacuum-filtered with a grade 

GF/F glass fiber filter membrane, which had been burned at 450℃ for 4 h, and the filter 

membrane was weighed with a 0.1 mg analytical balance before filtration. The filtered 

glass fiber filter membrane was frozen and then dried in a vacuum freeze dryer 

(Biosafer-10A, Nanjing, Jiangsu, China) after 24 h. The dried glass fiber filter 

membrane was fumigated with concentrated hydrochloric acid for 24 h to remove 

particulate inorganic carbon. The filter membrane was washed with deionized water 

and adjusted to neutral pH. POC concentrations were analyzed using a carbon analyzer 

(AnlaytikJena HT1300). The δ13C values of POC were determined using an organic 

elemental analyzer (FLASH 2000, Thermo Fisher, Monza, Italy) (Xu et al., 2015). 

Gas flux samples were collected every 10 min for 1 h using a light-shielded floating 

static chamber (38.5 cm × 30.5 cm × 18.5 cm), which provides unbiased water-gas 

exchange measurements (Peng et al., 2022). The CH4 and CO2 emission fluxes (F), 

estimated by the static chamber method, were calculated as follows: 
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𝐹 =
𝑉

𝐴
×

𝑑𝐶

𝑑𝑡
 

Where F is the CH4 and CO2 emissions fluxes (μmol·m-2·h-1); V is the static chamber 

volume (m3); A is the static chamber surface area (m2), and dC/dt is the slope of the gas 

concentration changing with time during sampling (μmol·m-3·h-1). 

Gas samples collected from the 18 lakes were measured by gas chromatography 

(GC-2014, Shimadzu, Tokyo, Japan). Five mL of gas sample was withdrawn from the 

microsystem. The chamber and FID detector temperatures were 55℃ and 200℃, 

respectively. The carrier gas flow rate was 2 mL/min in 99.999% high-purity nitrogen. 

High-purity hydrogen and air were used as gases at flow rates of 40 and 400 mL/min, 

respectively. The detection limits were 0.2 ppm for CH4 and 4.0 ppm for CO2 with an 

error range of ±1%. 

4.2.3 Statistical analysis 

The Statistical Package for the Social Sciences 18.0 (SPSS 18.0; SPSS Inc., 

Chicago, IL, USA) was used for the statistical analysis. The correlation analysis was 

carried out using bivariate correlation analysis. A p-value < 0.05 was considered 

significant. 

4.3 Results 

4.3.1 The physicochemical environment and the trophic indices of the 

lakes 

The 18 lakes investigated in this study were in different trophic states (oligotrophic, 

mesotrophic, eutrophic, middle-eutrophic, and hyper-eutrophic), indicating the 

presence of eutrophication in the shallow lakes along the Yangtze River basin (Fig. 4.2). 

The redox conditions in the overlying water of the lakes were aerobic overall. In the 

hyper-eutrophic lakes (Lake Taihu, Lake Chaohu, and Lake Dianshan), DO 

concentrations in the overlying water were 3.11, 2.92, and 3.17 mg/L (Fig. 4.3) with 

corresponding ORPs of 176.80, 168.20, and 86.80 mV (Fig. 4.4), respectively. The 

water temperature ranged from 26.5 to 32.4℃ in the lakes (Fig. 4.5). 

The TP, TN, and chl-a concentrations in the overlying water were significantly 

different (Figs. 4.6 and 4.7). The TP and TN concentrations in the hyper-eutrophic lakes 
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were much higher than those in lakes of the other trophic states (oligotrophic, 

mesotrophic, eutrophic, and middle-eutrophic). The TP concentrations in Lake Taihu, 

Lake Chaohu, and Lake Dianshan, classified as hyper-eutrophic, were 0.69, 0.59, and 

0.58 mg/L, respectively, displaying much higher TP concentrations than those in the 

other lakes (Fig. 4.6). The TN concentrations showed the same tendency as the TP 

concentrations, in which the highest TN concentration appeared in hyper-eutrophic 

Lake Taihu. The TN concentrations in Lake Taihu, Lake Chaohu, and Lake Dianshan 

were 6.34, 3.67, and 2.39 mg/L, respectively. The chl-a concentrations were distributed 

differently from the other trophic indices and varied widely among the lakes (Fig. 4.7). 

The chl-a concentrations were 124.80, 28.10, and 30.40 µg/L in Lake Taihu, Lake 

Chaohu, and Lake Dianshan, respectively. 

 

Fig. 4.3. The DO concentrations of overlying water in the investigated lakes in July 

2021 along the Yangtze River.  
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Fig. 4.4. The Eh of overlying water in the investigated lakes along the Yangtze River 

in July 2021 

4.3.2 The POC, DOC, and δ13Cpoc concentrations in the overlying 

water 

The POC and DOC concentrations in the overlying water of the lakes were similar 

(Fig. 4.8). The POC concentrations in the hyper-eutrophic lakes were higher than those 

in the other trophic state lakes. The highest and lowest POC concentrations were 25.01 

mg/L and 1.98 mg/L in Lake Taihu (hyper-eutrophic) and Lake Poyang (oligotrophic), 

respectively. The DOC concentrations in the hyper-eutrophic lakes were much higher 

than those in the other trophic state lakes. The POC concentrations in a hyper-eutrophic 

state were 18.80, 15.90, and 22.30 mg/L in Lake Taihu, Lake Chaohu, and Lake 

Dianshan, respectively. The DOC concentration in Lake Datong (middle-eutrophic) 

was the lowest among all of the investigated lakes, reaching 2.05 mg/L. The δ13Cpoc 

values of the lakes ranged from−30.28‰ to −21.14‰ (Table 4.1). The highest δ13Cpoc 

value was −21.14‰ in Lake Daye (mesotrophic), while the lowest δ13Cpoc value was 

−30.28‰ in Lake Shijiu (mesotrophic). 

4.3.3 Dissolved CH4 and CO2 concentrations in the overlying water 

The dissolved CH4 concentrations across all lakes ranged from 0.05 to 2.44 µmol/L 

and were correlated with TLI in the lakes (R2 = 0.67) (Fig. 4.9). The dissolved CH4 
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concentrations in the overlying water of the hyper-eutrophic lakes, i.e., Lake Taihu, 

Lake Chaohu, and Lake Dianshan, were 2.11, 1.01, and 2.44 µmol/L, respectively. The 

lowest dissolved CH4 was 0.05 µmol/L in Lake Huangda, classified as mesotrophic. 

The dissolved CO2 concentrations were positively correlated with TLI, and dissolved 

CO2 ranged from 4.05 to 98.90 µmol/L (R2 = 0.43) (Fig. 4.9). In the hyper-eutrophic 

lakes, the concentration of dissolved CO2 in Lake Taihu was 98.90 µmol/L, higher than 

Lake Chaohu at 76.50 µmol/L. The lowest dissolved CO2 concentration was 4.05  

µmol/L in Lake Huangda, which was similar to the dissolved CH4.  

Table. 4.1. The δ13Cpoc values, and the concentrations of POC, and DOC in overlying 

water of the investigated lakes along the Yangtze River basin 

Lake name δ13Cpoc (‰) POC (mg L-1) DOC (mg L-1) Trophic state 

Lake Taihu -27.45 ± 2.1 25.0 ± 1.4 18.8 ± 2.3 Hyper-eutrophic 

Lake Chaohu -23.69 ± 1.6 18.4 ± 0.8 16.0 ± 1.2 Hyper-eutrophic 

Dianshan -23.04 ± 0.2 18.9 ± 2.1 22.3 ± 2.1 Hyper-eutrophic 

Lake Datong -26.9 ± 0.1 10.6 ± 1.3 2.1 ± 0.7 Middle-eutrophic 

Lake Longgan -24.51 ± 1.1 13.6 ± 1.1 10.7 ± 3.5 Eutrophic 

Lake Honghu -28.97 ± 0.2 4.3 ± 0.5 12.1 ± 0.4 Eutrophic 

Lake Gehu -26.63 ± 0.01 11.7 ± 0.8 10.5 ± 0.02 Eutrophic 

Lake Futou -27.54 ± 0.6 9.6 ± 0.6 2.5 ± 0.9 Mesotrophic 

Lake Huangda -28.2 ± 0.2 5.5 ± 0.4 2.7 ± 0.7 Mesotrophic 

Lake Daye -21.14 ± 1.0 10.9 ± 1.1 9.7 ± 0.8 Mesotrophic 

Lake Shengjin -30.27 ± 0.7 9.2 ± 1.0 2.8 ± 0.2 Mesotrophic 

Lake Shijiu -30.28 ± 0.5 9.4 ± 1.6 2.3 ± 0.3 Mesotrophic 

Lake Liangzi -26.98 ± 0.6 6.7 ± 0.5 2.2 ± 0.5 Mesotrophic 

Lake Chihu -29.42 ± 1.3 6.9 ± 1.1  7.7 ± 0.7 Mesotrophic 

Lake Caizi -28.17 ± 1.1 6.6 ± 1.3  4.6 ± 0.7 Mesotrophic 

Lake Dongting -29.65 ± 0.4 3.8 ± 0.3 2.3 ± 0.2 Mesotrophic 

Lake Poyang -27.76 ± 0.5 2.0 ± 0.1 3.7 ± 0.2 Oligotrophic 

Lake Baidang -28.07 ± 0.4 8.5 ± 1.6 7.3 ± 1.1 Oligotrophic 

 

 4.3.4 CH4 and CO2 emission fluxes 

 All of the lakes acted as a carbon emission source, and the carbon emission fluxes 

(CH4 and CO2) were noticeably different across the lakes (Fig. 4.10). The CH4 emission 

fluxes ranged from 13.60 to 929.90 μmol·m-2·h-1 in the lakes. The CH4 emission fluxes 

were 929.90, 830.90, and 563.60 μmol·m-2·h-1 in hypereutrophic Lake Taihu, Lake 

Chaohu, and Lake Dianshan, respectively (Table 4.2). The lowest CH4 emission fluxes 

of 17.20 and 13.60 μmol·m-2·h-1 were observed in the oligotrophic lakes, i.e., Lake 

Poyang and Lake Baidang, respectively. The CO2 emission fluxes showed a similar 

tendency as the CH4 emission fluxes (Fig. 4.10). The CO2 emission fluxes of hyper-

eutrophic Lake Taihu, Lake Chaohu, and Lake Dianshan were 7.20 × 103, 3.20 × 103, 
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and 2.70 × 103 μmol·m-2·h-1, respectively, which were higher than the less eutrophic 

lakes. The lowest CO2 emission flux was 0.34 μmol·m-2·h-1 in mesotrophic Lake Caizi. 

 

Fig. 4.5. The temperature of overlying water in the investigated lakes along the 

Yangtze River in July 2021. 

 
Fig. 4.6. The TN and TP concentrations of overlying water in the investigated lakes 

along the Yangtze River in July 2021. 
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Table. 4.2. The CH4 and CO2 emission flux of the investigated lakes along the 

Yangtze River basin 

 

4.4 Discussion 

Lakes are generally considered hot spots for CH4 emissions. The CH4 emissions 

range from 8 to 48 Tg/yr worldwide, accounting for 6–16% of total natural CH4 

emissions (Tranvik et al., 2009; Bastviken et al., 2011). With the input of exogenous 

nutrients (carbon, nitrogen, and phosphorus), the freshwater lakes investigated in this 

study were faced with severe eutrophication (Figs. 4.2 and 4.6). Eutrophication leads to 

cyanobacterial blooms (Fig. 4.7), and the decay of cyanobacteria promotes an increase 

in the POC concentration (Fig. 4.8), which likely destabilizes the carbon cycle in 

eutrophic lakes. POC was mainly derived from an endogenous source in the lakes we 

investigated (Table 4.1); cyanobacterial-derived carbon is likely the primary source of 

POC in shallow lakes with severe eutrophication (Ye et al., 2015; Shi et al., 2017). The 

increased POC concentration resulted in a significant increase in carbon production and 

emissions from the lakes (Figs. 4.11 and 4.12), particularly for dissolved CH4 (R
2 = 

0.51). The higher concentration of dissolved methane in oxic water in this study 

represents the typical methane paradox (Bartosiewicz et al., 2022). From the 

relationship among dissolved CH4, DO, and POC concentrations, we hypothesized that 

the co-occurrence of a high concentration of POC potentially increases methane 

emissions from oxic waters of eutrophic lakes, which provides a new perspective to 

Lake name CH4 (μmol/m2∙h) CO2 (μmol/m2∙h) Trophic state 

Lake Taihu 929.9 ± 106.6 7222.5 ± 1197.3 Hyper-eutrophic 

Lake Chaohu 830.9 ± 122.3 3180.8 ± 568.4 Hyper-eutrophic 

Lake Dianshan 563.6 ± 90.6 2668.6 ± 50.2 Hyper-eutrophic 

Lake Datong 483.6 ± 36.1 1969.8 ± 318.8 Middle-eutrophic 

Lake Longgan 353.8 ± 4.1 1318.3 ± 60.0 Eutrophic 

Lake Honghu 388.2 ± 111.2 1217.6 ± 221.8 Eutrophic 

Lake Gehu 201.4 ± 55.1 1098.2 ± 116.8 Eutrophic 

Lake Futou 188.5 ± 5.7 812.7 ± 20.6 Mesotrophic 

Lake Huangda 205.4 ± 9.3 667.1 ± 10.5 Mesotrophic 

Lake Daye 64.2 ± 10.4 415.7 ± 67.3 Mesotrophic 

Lake Shengjin 42.1 ± 15.3 342.3 ± 38.9 Mesotrophic 

Lake Shijiu 42.6 ± 4.9 41.4 ± 5.8 Mesotrophic 

Lake Liangzi 42.2 ± 2.9 139.5 ± 19.9 Mesotrophic 

Lake Chihu 52.42 ± 11.8 1476.3 ± 224.1  Mesotrophic 

Lake Caizi 26.4 ± 5.0 0.3 ± 0.3  Mesotrophic 

Lake Dongting 34.7 ± 3.4 26.9 ± 2.8 Mesotrophic 

Lake Poyang 17.2 ± 5.6 468.7 ± 116.3 Oligotrophic 

Lake Baidang 13.6 ± 2.9 5.7 ± 0.6 Oligotrophic 
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explain the emergence of the methane paradox (Fig. 4.13). 

The concentration and source of POC in the lakes were affected by many factors, 

including the trophic state, hydrological conditions, and temperature change (Sakai et 

al., 2013; Jiang et al., 2022). The decomposition of cyanobacteria generates a large 

amount of POC, and the cyanobacterial residue settles to the sediment surface and forms 

a “cyanobacterial detritus mat” (Qi et al., 2020). Shallow lakes are susceptible to wind 

and wave disturbances, which resuspend the sediment and organic debris (Sun et al., 

2016). The δ13Cpoc ranged from −42‰ to −24‰, indicating that the POC was mainly 

derived from endogenous sources, and cyanobacterial decomposition will release a 

large amount of POC (Long et al., 2009; Zhou et al., 2019). In this study, the δ13Cpoc of 

the lakes ranged from −30.28‰ to −21.14‰, indicating that the POC was mainly from 

endogenous sources due to cyanobacterial growth in these shallow lakes along the 

Yangtze River basin (Table 4.1). The relationship between the POC concentration and 

TLI index underscores that intensifying eutrophication in shallow lakes increases the 

POC concentration (R2 =0.84) (Fig. 4.11). In eutrophic lakes, the CO2 source is 

restricted by the change in the lake environment with cyanobacterial-derived carbon as 

the main source of POC (Goni et al., 2003). The primary productivity of a lake is low 

at the early stage of eutrophication, and most of the CO2 absorbed by cyanobacteria 

originates from the atmosphere (Goni et al., 2003; Dalu et al., 2016). The 

cyanobacterial-derived POC participates in the carbon cycle of the lakes, which 

contributes to the production and flux of CH4 and CO2 emissions from the lakes into 

the atmosphere (Wang et al., 2019; Liu et al., 2021). In the lakes we investigated, the 

DO concentrations were > 2 mg/L (Fig. 4.3), and were accompanied by a higher 

concentration of dissolved CH4 (Fig. 4.9), particularly in the severely eutrophic lakes. 

This result was consistent with the definition of the methane paradox (Bartosiewicz et 

al., 2022). Current explanations for the methane paradox include diffusion from 

terrestrial sources and micro-anaerobic environments in aerobic water (Tang et al., 2014; 

Fernandez et al., 2016). These explanations assume that the methane paradox is 

premised on a sufficient source of OC and a high abundance of microorganisms 

(Mizandrontsev et al., 2020). Therefore, the carbon source provided by the 

cyanobacterial-derived POC in eutrophic lakes significantly contributed to the creation 

of the methane paradox (Table 4.1; Fig. 4.8). 

Recent reports underscore that carbon emissions from shallow lakes to the 
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atmosphere have increased significantly (Wen et al., 2016; Yan et al., 2017). An in situ 

investigation showed that the intensification of lake eutrophication further promoted 

the carbon emission capacity of freshwater lakes (Figs. 4.9 and 4.10). Furthermore, this 

study determined that the dissolved concentrations and emission fluxes of CH4 (R
2 = 

0.51; 0.67) and CO2 (R2 = 0.44; 0.68) were positively correlated with the POC 

concentration, respectively (Fig. 4.12). CH4 is a product of OC mineralization, and the 

composition of OC plays a decisive role in the mineralization rate (Clayer et al., 2020). 

Compared with the POC of allochthonous sources, the POC of autochthonous sources 

has a relatively simple organic structure, which results in faster conversion of 

autochthonous POC into CH4 in an anaerobic environment (Grasset et al., 2018). CH4 

is released into the atmosphere from lakes by ebullition, diffusion, storage, and plant-

mediated emissions (Bastviken et al., 2011). In hyper-eutrophic lakes, some of the CH4 

was dissolved when the CH4 was discharged through the overlying water, which 

significantly increased the amount of dissolved CH4 in the overlying water (Fig. 4.9). 

The aerobic environment and the high concentrations of dissolved CH4 in the methane 

paradox resulted from this process (Fig. 4.13). Furthermore, due to the inhibitory effect 

of a high O2 concentration and light, dissolved CH4 is easily oxidized up to 50%, and, 

in extreme cases, up to 90% in overlying water (Yao et al., 2016; Thottathil et al., 2019). 

Therefore, the dissolved concentration and emission flux of CO2 also represents the 

production of CH4. This previous finding supports the increase in dissolved CO2 and 

CO2 fluxes observed in this study (Figs. 4.9 and 4.10), which was the final product of 

OC mineralization. The high CO2 emission concentration indicates that microorganisms 

are highly active, thus the cyanobacterial-derived POC promotes the organic metabolic 

processes of microorganisms, particularly anaerobic microorganisms (Zhou et al., 

2019). Although the growth of cyanobacteria absorbs CO2, large amounts of CO2 are 

released into the atmosphere from lakes (Goni et al., 2003). Studies have shown that 

the micro-anaerobic environment in oxic water induces the OC mineralization process, 

including the production of CH4 and CO2 (Schulz, et al., 2001). The formation of this 

micro-anoxic environment also affects the distribution of NO3⁻ concentration and 

induces the nitrification process, leading to an increase in N2O emissions (Xia et al, 

2017). Because microorganisms attaching to the POC surface oxidize the organic matter 

in POC, a gradient of DO concentration is created inside and outside POC (Xia et al, 

2017). The micro-anaerobic environment caused by POC in the aerobic water layer 
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provides an anaerobic environment for the organic metabolism of anaerobic 

microorganisms, which is an important reason for the occurrence of the methane 

paradox. 

A concept is herewith proposed to clarify the sources of POC and their effect on 

carbon cycling, including a new perspective on the methane paradox (Fig. 4.13). 

Anthropogenic activities lead to eutrophication in freshwater lakes, which induces 

cyanobacterial blooms. The cyanobacterial-derived carbon increases the POC 

concentration, which mainly originates from autochthonous sources in shallow lakes. 

Methanogenesis occurs when the concentration of POC reaches a particular level (>10 

mg/L), and forms a sufficient micro-anaerobic environment in the overlying water 

(Bizic-Ionescu et al., 2019; Zhou et al., 2019). Although the overlying water 

environment is primarily aerobic, the local anaerobic environment still provides the 

possibility for oxidation of CH4. CH4 and CO2 produced in these micro-anaerobic zones 

within and on the surface of POC migrate into the aerobic water. Hence, POC positively 

contributes to methane paradox, which leads to carbon emission increased. These 

results reveal the main sources and functions of POC in lakes, which are of significance 

for estimating the lake carbon emission and predicting the climate warming trend. 

 

Fig. 4.7. The chl-a concentrations of different lakes overlying water in summer along 

the Yangtze River 
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Fig. 4.8. The POC and DOC concentrations of overlying water in the investigated 

lakes along the Yangtze River in July 2021. 

 

Fig. 4.9. The dissolved CO2 and CH4 concentrations of overlying water in the 

investigated lakes along the Yangtze River in July 2021. 
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Fig. 4.10. The CH4 and CO2 flux in the investigated lakes along the Yangtze River in 

July 2021. 

4.5 Summary 

In this study, the OC concentrations, particularly POC, in the lakes were positively 

correlated with the increased trophic state, and the cyanobacterial-derived carbon 

contributed greatly, particularly POC. The intensification of lake eutrophication 

increased the concentration of POC in the overlying water, which was mainly derived 

from autochthonous sources. Cyanobacterial-derived POC provided a sufficient carbon 

source for the anaerobic metabolism of microbial organic matter, which maintained 

microbial activity at a high level and promoted the concentration flux of CH4 and CO2. 

Therefore, the increase in POC concentration caused by cyanobacterial-derived carbon 

significantly promoted the emissions of CH4 and CO2 from the shallow lakes as 

eutrophication intensified. In this study, high POC concentrations in the oxic overlying 

water of lakes in the middle and lower reaches of the Yangtze River were observed to 

be accompanied by high dissolved CH4 concentrations, revealing that the presence of 

POC may be cause of the methane paradox. These findings are important for evaluating 

the effect of POC on carbon emissions and the balance of freshwater shallow lakes. 
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Fig. 4.12. Correlation analysis between POC concentration and dissolved CH4, 

dissolved CO2 (a), CH4 flux, CO2 flux (b), DOC concentration, chl-a concentration 

(c), respectively. 
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Fig. 4.13. A conceptual diagram of POC enhances CH4 concentration in the oxic 

water of eutrophic lakes 

  



67 

 

5. Migration of GHG production hotspots in sediment of eutrophic 

lakes driven by cyanobacteria decomposition 

5.1 Background 

Lakes are recognized as significant natural contributors to global GHG emissions. 

It is estimated that lakes worldwide annually emit 8-48 Tg of CH4 and 60-840 Tg of 

carbon dioxide (CO2) annually into the atmosphere (Bastviken et al., 2004; Bastviken 

et al., 2008; Raymond et al., 2014). Previously, it has been identified bottom sediments 

as key zones for CH4 and CO2 production, primarily due to anaerobic conditions and 

the substantial accumulation of organic carbon (Einzmann et al., 2022). However, 

recent studies suggest that the decomposition of cyanobacteria induced by 

eutrophication significantly alters the physical and chemical properties of surface 

sediments (Zhou et al., 2022a). Changes in the characteristics of lake surface sediments, 

particularly resulting from eutrophic processes, have emerged as important factors that 

affect the accurate estimation of lake carbon emissions (Qi et al., 2020). 

Surface sediments conventionally exhibit relatively higher oxygen concentrations 

compared to bottom sediments and are not traditionally considered primary zones for 

CH4 production (Comer-Warner et al., 2019; Einzmann et al., 2022). However, several 

studies have proposed that eutrophication-induced cyanobacterial blooms lead to a 

significant accumulation of cyanobacterial residues on the sediment surface. This 

accumulation forms a “cyanobacteria detritus mat”, creating a suitable environment for 

methanogenic archaea to thrive on the surface sediments (Qi et al., 2020). Importantly, 

in comparison to decomposition processes involving aquatic plants, cyanobacterial 

residues typically contain more easily accessible forms of organic carbon, including 

low molecular weight organic acids, sugars, amino acids, and lipids. These forms 

provide resources for methanogenic archaea, leading to a faster decomposition rate 

(Villacorte et al., 2015; Bao et al., 2023). When cyanobacteria decompose, the 

introduction of cyanobacteria-derived carbon into lakes triggers co-metabolic effects, 

accelerating the breakdown of recalcitrant carbon, particularly in surface sediments 

where interactions occur between cyanobacteria-derived carbon and recalcitrant carbon 

(Deng et al., 2022). This co-metabolism markedly increases the mineralization rate of 

organic carbon, contributing substantially to CH4 and CO2 emissions from lakes (Ma et 

al., 2020; Deng et al., 2023). Furthermore, the accelerated decomposition of organic 
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carbon, driven by microbial activity, leads to a reduction in oxygen concentrations and 

significantly intensifies the rate of carbon metabolism in surface sediment (Qi et al., 

2020; Ma et al., 2024). Therefore, surface sediments may exhibit heightened activity in 

CH4 and CO2 production processes. 

The emission of CH4 from lakes into the atmosphere is influenced by both CH4 

production and oxidation processes (Verpoorter et al., 2014; Zhou et al., 2022b). CH4 

and CO2 generated through the mineralization of organic carbon in sediments are 

emitted into the atmosphere through various pathways, including ebullition, water 

column release, diffusive emission, and plant-mediated emission (Bastviken et al., 2004; 

Davidson et al., 2015). In lake ecosystems, as CH4 produced in bottom sediments moves 

towards the surface sediments, between 50% and 90% of it is consumed through 

oxidation processes. This reduces the CH4 concentration by the time it reaches the 

surface sediments (Alanna et al., 2017). The presence of increasing oxygen 

concentrations during its upward movement in sediments is a crucial factor that 

promotes methane oxidation (Hu et al., 2024). Methane oxidation plays a vital role in 

mitigating the greenhouse effect in lakes, as it converts most of the CH4 into CO2, 

resulting in increased CO2 emissions (Miller et al., 2016; Yan et al., 2023). However, 

the formation of the cyanobacteria detritus mat on the surface sediment creates an 

anaerobic environment that inhibits the methane oxidation process in the surface 

sediments (Emerson et al., 2021; Perez-Coronel et al., 2022). While some research 

suggests anaerobic oxidation as a potential pathway for methane oxidation, aerobic 

oxidation processes primarily govern this mechanism in eutrophic freshwater lakes 

(Yang et al., 2019). Cyanobacteria residues consume and deplete oxygen from the 

surface sediments, potentially reducing methane oxidation losses (Cerbin et al., 2022). 

Traditionally, bottom sediments have been identified as hotspots for CH4 production, 

as evidenced by in-situ experiments showing significantly higher CH4 concentrations 

compared to the surface (Li et al., 2018; Einzmann et al., 2022). Nevertheless, changes 

in the lake’s environmental conditions have led to surface sediments also being 

recognized as important sites for CH4 production, indicating increased transmission 

efficiency (Murase et al., 2005; Xiao et al., 2017). Factors such as temperature and 

pressure, which are influenced by depth, play a role in determining the efficiency of gas 

transport (Gudasz et al., 2010; Emilson et al., 2018). Therefore, variations in the depth 

of areas with high CH4 and CO2 production can significantly alter the capacity to emit 
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carbon in lakes. 

This study examines the influence of eutrophication on sediment carbon pools and 

explores the underlying mechanisms. The study collected water, sediment, and gas 

samples from seven lakes with varying trophic levels in the highly developed regions 

of the middle and lower reaches of the Yangtze River. Field investigations were 

conducted to measure the concentrations of dissolved CH4 and CO2, as well as their 

release fluxes in the overlying water. In addition, measurements of dissolved CH4 and 

CO2 concentrations were taken at different depths in the sediment pore-water. 

Furthermore, a series of microcosms were established using cyanobacteria, water, and 

sediment samples collected from the typical eutrophic Lake Taihu, to evaluate the 

impact of cyanobacterial carbon on the mineralization of organic carbon within the 

sediment. These findings provide valuable insights for accurately assessing the 

equilibrium of the lake sediment carbon pool and the associated carbon emissions in 

the context of increasing eutrophication conditions. 

5.2 Materials and methods 

5.2.1 Study site and sample collection 

Seven shallow freshwater lakes (depth＜7m) located within the Yangtze River 

basin were selected and classified into three categories: mesotrophic (30＜TLI＜50), 

eutrophic (50＜TLI＜60), and hyper-eutrophic ((TLI＞70)) based on the Trophic Level 

index (TLI) (Figs. 5.1 and 5.2). In July 2021, three sampling sites were designated in 

these lakes, all located over 300 m from the lake shore. Gas, water, and sediment 

samples were collected, with the water depth at each sampling point not exceeding 5 

meters. Additionally, to simulate a typical eutrophic lake environment, samples of water, 

sediment, and cyanobacteria were collected from Lake Taihu to establish microcosmic 

systems. Detailed information about the lakes can be found in Table 5.1. 

The gravity core sampler was be used to collect the sediment core at a depth of 0 

to 24 cm, divided into 12 layers at 2 cm intervals. Overlying water samples from each 

lake were systematically collected 30 cm beneath the surface, in triplicate, to assess 

nutrient concentrations and concentrations of dissolved CH4 and CO2. Cyanobacteria 

were harvested from the cyanobacterial accumulation area using a plankton net with a 

mesh size of 250. Gas samples were systematically gathered at 10-minute intervals over 
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a period of one hour using light-shielded floating static chambers (38.5 cm × 30.5 cm 

× 18.5 cm), a method validated for delivering accurate assessments of water-gas 

exchange. 

 

Fig. 5.1. Sampling sites in different trophic state lakes along the Yangtze River. 

 

Fig. 5.2. The TLI values of different lakes along the Yangtze River. The vertical 

dashed lines at TLIs of 30, 50, and 70 represent the thresholds of oligotrophic-

mesophilic, mesophilic-eutrophic, middle-eutrophic, and hyper-eutrophic states. 
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5.2.2 Microcosm system 

The microcosm system consisted 156 plexiglass columns (8 cm diameter, 70 cm 

height), divided into four groups based on cyanobacterial density: K (no accumulation), 

A (4 cm), B (8 cm), and C (12 cm), each with three replicates. Each column contained 

in-situ lake water (20 cm) and sediment (20 cm), with varying cyanobacteria amounts. 

The cyanobacteria within the microcosmic system were labeled using NaH13CO3 (98 

at. %13C) inorganic salts. The δ13C value of cyanobacteria before cultivation was -

22.72‰, which decreased to -18.28‰ after cultivation. Before addition, cyanobacteria 

were washed to remove residual salts. Nitrogen gas was introduced into the headspace 

of the plexiglass columns for 20 minutes to ensure that the carbon in each treatment 

group originated solely from within the microcosm system. The rubber plug was sealed 

and further secured with silicone sealant, with a gas extraction pipe aperture reserved 

within the rubber plug. All samples were incubated in the dark at a constant temperature 

of 28±1°C in a water bath to simulate environmental conditions in Lake Taihu during 

algae blooms. Destructive sampling was conducted on days 0, 5, 10, 15, 20, 30, 40, 50, 

70, 100, 140, 180, 270, and 360 over one year. 

5.2.3 Chemical analytical methods 

The microcosm system utilized a gravity core sampler to collect sediment core 

samples from depths of 0-20 cm, which were then divided into 5 layers with intervals 

of 4 cm each. The sediment core samples obtained in the field and microcosm were 

freeze-dried using freeze-drying machines (Biosafer-10A, China). After freeze-drying, 

the sediment samples were acidified with 1 mol/L hydrochloric acid and subsequently 

dried in an oven at 60 ℃ for 8 hours. The dried sediments were analyzed for total 

organic carbon (TOC) using a TOC analyzer (AnlaytikJena HT1300, Germany) in 

accordance with EPA 9060A guidelines, with an accuracy of TOC concentration to 

within 1%. 

In this study, measurements were conducted to assess the CH4 and CO2 emissions 

at the water-gas interface, as well as to determine the concentrations of dissolved CH4 

and CO2 in overlying water. Additionally, measurements were taken to determine the 

CH4 and CO2 concentrations in sediment pore-water of various depths. All gas samples 

were determined by gas chromatography (GC-2014, Shimadzu, Japan). 
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The emissions fluxes (F) of gas (CH4 and CO2) were determined by the static 

chamber method as follows: 

𝐹 =
𝑉

𝐴
 ×  

𝑑𝐶

𝑑𝑡
                              (1) 

Where F is the gas emissions (μmol·m-2·h-1); V is the volume of the static chamber (m3); 

A is the surface area of the static chamber (m2), and dC/dt is the slope of the gas 

concentration changing with time during sampling (μmol·m-3·h-1). 

To collect gas samples from water and measure dissolved CH4 and CO2 

concentrations, 300 mL of water was slowly poured into an anaerobic bottle. Excess 

gas in the headspace was then removed by blowing N2 for 3 minutes. The anaerobic 

bottles were agitated for 5 minutes before withdrawing the headspace gas using a 

syringe. The gas was injected into an airbag (E-Switch, China) for storage and later 

measured by gas chromatography.  

To investigate the concentrations of dissolved CH4 and CO2 at various sediment 

depths, pore-water was extracted from sediment cores and analyzed using the static 

headspace method (Sun et al., 2022). Wet sediment core samples (1g each) were 

collected from different depths in both in-situ and microcosms, and placed in brown 

bottles (30 cm3 in volume), and each sediment layer was sampled in triplicate. 

Subsequently, 20 mL of ultrapure water, previously deoxygenated through 5 min of 

vigorous aeration by N2, was added to each bottle. After sealing, the brown glass bottles 

were shaken for 5 minutes and left to reach water and gas diffusion equilibrium. Finally, 

5 mL of gas was extracted using a syringe and its concentration was measured by gas 

chromatography. The pore-water concentrations of CO2 and CH4 were calculated 

using Eq. (1) as described above. 

The freeze-dried sediment core samples were treated with concentrated 

hydrochloric acid for 24 h to remove particulate inorganic carbon. After the treatment, 

the samples were washed extensively with deionized water to neutralize and adjust the 

pH to a neutral level. The δ13C values of the sediment were determined using an organic 

elemental analyzer (FLASH 2000, Thermo Fisher, Monza, Italy) (Zhou et al., 2023a).  

To investigate the impact of cyanobacterial decomposition on microorganisms in 

the sediment, sequencing and real-time reverse-transcriptase quantitative polymerase 

chain reaction (RT-qPCR) technologies were employed. The microbial communities 

were quantified with sets targeting ArBa515F_806R. Sediment samples were stored at 

-80°C in an ultra-low temperature freezer. Total genomic DNA was extracted using the 

https://www.sciencedirect.com/science/article/pii/S0043135422008636?via%3Dihub#eqn0001
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E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA). The quality of nucleic 

acids was assessed via 1% agarose gel electrophoresis, and concentrations were 

measured with a NanoDrop 2000 UV spectrophotometer (Thermo Scientific, USA). 

Bacterial communities were quantified through 16S rRNA gene analysis, following 

MIQE guidelines. 

5.2.4 Statistical analysis 

Data statistical analysis was conducted using Origin 2023 and SPSS 18.0. Prior to 

analysis, the normal distribution of the data was assessed to establish correlations. The 

Pearson correlation coefficient was employed for bivariate correlation analysis. 

Significant differences among variables were assessed through one-way analysis of 

variance (ANOVA) and independent sample t-tests. 

5.3 Results 

5.3.1 Trophic status and TOC concentration in the sediments of lakes 

The investigated lakes in the field displayed a range of trophic state, with eutrophic 

lakes facing significant ecological challenges (Fig. 5.2). Among them, Lake Taihu, Lake 

Chaohu, and Lake Dianshan were in a hyper-eutrophic state, with Lake Taihu exhibiting 

the highest degree of eutrophication with a TLI of 83.1. The TOC concentration in 

sediments in hyper-eutrophic lakes was notably high, especially in the surface sediment 

layers (Fig. 5.3). The sediments of Lake Taihu had the highest TOC concentration, with 

the surface sediment reaching up to 68.4±114.9 g/kg. As the sediment depth increased, 

the TOC concentration gradually decreased, with a more pronounced trend observed in 

eutrophic lakes. In Lake Taihu, the most significant variation in TOC concentration with 

depth occurred in the range of -10 to -14 cm, where the TOC concentration decreased 

from 52.8±330.1 to 39.7±5.5 g/kg. 
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Fig. 5.3. The TOC concentration (left) and water content (right) in different depths of 

sediment in sediment of the investigated lakes along the Yangtze River. 

5.3.2 Dissolved CH4 and CO2 in the water and their emissions in air-

water fluxes of lakes 

The emissions of CH4 and CO2 in air-water fluxes varied significantly among 

different lakes and displayed a positive correlation with the degree of lake 

eutrophication (Figs. 5.4 and 5.5). In these lakes, the CH4 emissions in air-water fluxes 

ranged from 26.4±5.0 to 929.9±106.6 μmol/m2·h, while CO2 emissions ranged from 

0.3±0.3 to 7222.5±1197.3 μmol/m2·h. Among all investigated lakes, Lake Taihu had the 

highest emissions of CH4 and CO2 in air-water fluxes at 929.9±106.6 and 

7222.5±1197.3 μmol/m2·h, respectively. Conversely, the lowest emissions for CH4 and 

CO2 in air-water fluxes were observed in Lake Caizi at 26.4±5.0 and 0.3±0.3 μmol/m2·h, 

respectively. 

Dissolved CH4 concentrations in the overlying water, ranging from 0.3±0.1 to 

2.1±0.3 μmol/L, showed a positive correlation with the Trophic Level Index (TLI) of 

the studied lakes (Figs. 5.4 and 5.6). In a similar pattern, dissolved CO2 concentrations 

varied from 26.6±0.9 to 98.9±3.9 μmol/L, mirroring the trends observed for CH4. The 

peak concentration of dissolved CH4, recorded at 2.4±0.6 μmol/L, was found in Lake 

Dianshan, while Lake Taihu registered the highest dissolved CO2 concentration at 

98.9±3.9 μmol/L. 
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Fig. 5.4. Correlation analysis between Trophic Level index (TLI) and the CH4, CO2 

flux (left), dissolved CH4, CO2 (right) of the investigated lakes along the Yangtze 

River, respectively. 

 

Fig. 5.5. The CH4 (left) and CO2 (right) flux in the investigated lakes along the 

Yangtze River. 

5.3.3 Dissolved CH4 and CO2 in the pore-water of lakes 

At a spatial scale, the dissolved CH4 and CO2 concentrations in pore-water from 

various lake sediments exhibited significant variation (Fig. 5.7a, b). Lake Taihu stood 

out as having particularly high concentrations of dissolved CH4 and CO2 in its pore-

water. Specifically, the bottom sediment in the lake contained 2.2±0.3 μmol/L of 

dissolved CH4 and 160.1±18.7 μmol/L of dissolved CO2. Furthermore, the 

concentrations of dissolved CH4 and CO2 in the pore-water differed significantly at 

various depths in the sediment, gradually decreasing from the bottom to the surface. 

This decrease showed a strong negative correlation with depth (Fig. 5.7c). In lakes with 

hyper-eutrophic conditions, a slight increase in the dissolved CO2 concentrations in the 

pore-water of surface sediments (-4–0 cm depth) was observed. For instance, at a depth 
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of -4 cm in Lake Dianshan, the concentration of dissolved CO2 measured 88.1±16.7 

μmol/L, while at the surface sediment, it registered at 96±16.8 μmol/L. Additionally, 

the TOC concentration in the sediment played a pivotal role in the production of CH4 

and CO2. There existed a positive correlation between the TOC concentration and the 

concentration of dissolved CH4 and CO2 in the pore-water (Fig. 5.7d). 

 

Fig. 5.6. The dissolved CH4 (a) and CO2 (b) flux in the investigated lakes along the 

Yangtze River, and the correlation between CH4 flux and dissolved CH4 (c), CO2 flux 

and dissolved CO2 (d), respectively. 
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Fig. 5.7. The dissolved CH4 (a) and CO2 (b) concentrations in sediment at different 

depths, correlation analysis between depth and the dissolved CH4, CO2 in sediment 

(c), correlation analysis between Total Organic Carbon (TOC) and the dissolved CH4, 

and CO2 in sediment (d) of the investigated lakes along the Yangtze River. 

 

 

Fig. 5.8. Dynamics of cumulative CH4 (left) and CO2 (right) emissions in the 

microcosms during incubation under different cyanobacteria biomass.  
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Fig. 5.9. Dynamics of average TOC concentration and average δ13C values in 

different depths of sediment at temporal scale (a, b), average TOC concentration and 

average δ13C values in sediment at temporal scale (c, d), initial and final δ13C values 

in sediment (e), and correlation analysis between δ13C values and TOC (f), during the 

incubation under different cyanobacteria biomass in microcosms of each group, 

respectively. 
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5.3.4 Cumulative CH4 and CO2 emissions in microcosms 

During the decomposition of cyanobacteria, the cumulative concentrations of CH4 

and CO2 in the microcosm system showed a continuous increase, eventually reaching a 

plateau (Fig. 5.8). In the initial 100 days of the experiment, there was a rapid increase 

in CH4 and CO2 concentrations, with group C showing the highest increase. At 100 days, 

the concentrations of CH4 reached 7.2±1.5 mol/L, while the concentration of CO2 

reached 4.1±0.2 mol/L. The cumulative CH4 and CO2 concentrations were found to be 

correlated with the initial cyanobacteria biomass. Specifically, the experimental group 

with a higher initial accumulation of cyanobacteria exhibited a greater release of CH4 

and CO2.  

 

Fig. 5.10. Dynamics of TOC concentration in different depths of sediment during the 

incubation under different cyanobacteria biomass in microcosms, respectively. 
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Fig. 5.11. Dynamics of initial and final TOC concentration in surface (left) and 

bottom (right) sediment during the incubation under different cyanobacteria biomass 

in microcosms, respectively. 

 

 

Fig. 5.12. Dynamics of δ13C values in different depths of pore-water sediment during 

the incubation under different cyanobacteria biomass in microcosms, respectively. 
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5.3.5 TOC and δ13C concentrations in sediments in microcosms 

With the gradual decomposition of cyanobacteria, there was a concomitant 

increase in sediment TOC concentration. However, there were discernible differences 

among the experimental groups, indicating substantial variations in TOC concentration 

(Figs. 5.9, 5.10 and 5.11). The concentration of TOC in sediments showed a positive 

correlation with the magnitude of cyanobacteria accumulation, suggesting that a higher 

biomass of cyanobacteria led to an elevated TOC concentration in the sediment. On the 

360th day, Group C displayed the highest concentration of sediment averaging 56.2±14 

g/kg. Throughout the incubation period, the average TOC concentration in sediments 

decreased from the initial 41.1±12.3 to 22.9±1 g/kg in Group K without cyanobacteria. 

The concentration of TOC in surface sediments exhibited a notable increase. In Group 

C, the surface sediment exhibited an average TOC concentration of 79.3±16.6 g/kg, 

whereas the bottom layer displayed a notably lower concentration of 23.6±5 g/kg. 

Cyanobacteria decomposition led to a notable increase in δ13C in the sediment, 

indicating the incorporation of cyanobacteria-derived carbon into the sediment (Figs. 

5.9 and 5.12). In the group characterized by cyanobacteria accumulation, there was a 

noticeable increase in the δ13C value, demonstrating a positive correlation with the 

cyanobacteria biomass. On the 360th day, the average value of δ13C in the sediment of 

Groups K, A, B, and C were -23.32±0.59 ‰, -22.48±0.44‰, -22.25±0.36‰, and -

21.88±0.62‰, respectively. From 70d to 140d of incubation, there was a substantial 

decrease in the δ13C value, reaching its lowest value in Group A at -25.05‰. The 

average δ13C value showed a pronounced decrease as the sediment depth increased, as 

indicated by the TOC concentration in the sediment. 
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Fig. 5.13. Dynamics of average CH4 and CO2 concentration in different depths of 

sediment pore-water (a, b), average CH4 and CO2 concentration in sediment pore-

water during the incubation at temporal scale (c, d) during the incubation under 

different cyanobacteria biomass in microcosms, respectively. 

5.3.6 Dissolved CH4 and CO2 in the pore-water of microcosms 

The dissolved CH4 and CO2 concentrations in pore-water exhibited a substantial 

increase during cyanobacteria decomposition, showing a positive correlation with the 

carbon derived from cyanobacteria (Figs. 5.13, 5.14, 5.15, and 5.16). However, the 

distribution pattern of dissolved CH4 concentration in the sediment pore-water within 

the microcosm system differed from field investigations. In the microcosm system, 

higher concentrations of dissolved CH4 were observed at the surface and bottom layers, 

while lower concentrations were found in the middle layer. In Group C, the average 

dissolved CH4 concentration in the pore-water of surface sediment was 6.93±0.74 

mol/L, whereas in the pore-water of bottom sediment it was 4.71±0.59 mol/L. The 

dissolved CH4 concentration in the pore-water initially increased and reached a peak at 

100 days of incubation. Group C displayed the highest dissolved CH4 concentration, 
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peaking at 8.55±1.01 mol/L when it reached equilibrium. 

 

Fig. 5.14. Correlation analysis of dissolved CH4 and CO2 concentrations in sediments 

with surface δ13C (a, b), correlation analysis of factors affecting dissolved CH4 and 

CO2 in surface and bottom sediment (c), and contribution of cyanobacteria-derived 

carbon on dissolved CH4 and CO2 in surface and bottom sediment (d). 

The cyanobacteria decomposition also resulted in a peak in the dissolved CO2 

concentration in pore-water at 100 days. The average dissolved CO2 concentration in 

the pore-water of sediment for each group was 2.01±0.15, 2.23±0.47, 2.29±0.61, and 

3.22±0.17 mol/L, respectively. Subsequently, the dissolved CO2 concentration 

gradually decreased and eventually stabilized at a certain concentration. The pattern of 

dissolved CO2 concentration in the pore-water of sediment within the microcosm 

system was in contrast to field observations, as the concentration decreased gradually 

with increasing sediment depth. The CO2 concentration in the pore-water of surface 

sediment in each group ranged from 0.68±0.09 to 2.35±0.14 mol/L, with higher 

concentrations corresponding to higher accumulation of cyanobacteria. 
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Fig. 5.15. Dynamics of CH4 concentration in different depths of pore-water sediment 

during the incubation under different cyanobacteria biomass in microcosms. 

5.3.7 Microbial communities in sediments of microcosms 

The cyanobacteria decomposition caused changes in the structure of the microbial 

community in the sediment, resulting in a greater variety of species within these 

communities (Fig. 5.17). The composition of microbial communities in surface 

sediments differed markedly from those in bottom sediments. 

In surface sediments, the accumulation of cyanobacteria led to a higher abundance 

of Halobacterota in the sediment, accounting for 32.3%, 24.1%, and 57.5% of the 

microbial composition in Groups A, B, and C, respectively. In the group without 

cyanobacteria accumulation, there were no significant changes observed in the 

microbial community structure within the sediment. The predominant microorganism 

remained Proteobacteria, initially, representing 24.1% and increasing to 28.5% in 

Group K. 

In bottom sediments, Proteobacteria was the dominant species; however, the 
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proliferation of cyanobacteria resulted in a decrease in its abundance. The final 

abundance figures for Proteobacteria were 29.3%, 22.3%, 19.5%, and 19.7% of the 

microbial composition in Groups A, B, and C, respectively. Similar to surface sediments, 

no significant changes were observed in the microbial community structure within the 

bottom sediment in Group K. 

 

Fig. 5.16. Dynamics of CO2 concentration in different depths of pore-water sediment 

during the incubation under different cyanobacteria biomass in microcosms. 
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Fig. 5.17. The initial and finial community structures of microbial in the surface (left) 

and bottom (right) sediment under different cyanobacteria biomass in microcosms. 

5.4 Discussion 

5.4.1 Status of carbon emissions in lakes 

Lakes, as significant natural sources of carbon emissions, release an estimated 117-

212 Tg/y of CH4 and 60-840 Tg/y of CO2 into the atmosphere (Rosentreter et al., 2021; 

Raymond et al., 2014). As vital components of freshwater ecosystems, lakes play a 

crucial role in counterbalancing continental carbon sinks through CH4 emissions, 

accelerating climate change and altering aquatic environments (Bastviken et al., 2011; 

Soued et al., 2022). The increasing eutrophication of lakes is believed to be a potential 

factor contributing to this phenomenon (Beaulieu et al., 2019; Zhou et al., 2022b). 

Currently, several studies have established bidirectional positive feedback loops 

between the escalation of lake eutrophication and the amplification of climate warming 

(Yan et al., 2017; Zhou et al., 2022a). Climate warming leads to higher temperatures, 

which in turn boosts the growth rates of cyanobacterial blooms by enhancing water 

body stability and prolonging thermal stratification duration (Ho et al., 2019). As 

cyanobacteria proliferation, their massive accumulation and subsequent decomposition 

accelerate CH4 emissions by fostering an anaerobic reducing environment and 

enhancing the organic carbon mineralization process (Zhou et al., 2024). The average 
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emissions of CH4 and CO2 from the hyper-eutrophic lakes examined in this study were 

774.8 and 4357.3 μmol/m2·h, respectively, significantly higher than the 47.7 and 30.8 

μmol/m2·h in mesotrophic lakes (Figs. 5.4 and 5.5). Elevated eutrophication levels in 

lakes also result in increased concentrations of dissolved CH4 and CO2, indicating that 

various sources of organic carbons contribute to more intense organic carbon 

mineralization processes in eutrophic lakes (Zhou et al., 2023b). Our findings verify a 

rise in dissolved CH4 and CO2 concentrations in surface waters, particularly in lakes 

experiencing severe eutrophication, with average dissolved concentrations of 1.85 and 

78.7 μmol/L, respectively (Figs. 5.4 and 5.6).  

Current comprehensive research has confirmed the significant role of carbon 

derived from cyanobacteria, accelerating the release of carbon emissions and likely to 

strengthen further in the future (Torres et al., 2011; Zhou et al., 2023a). Studies on the 

positive effects of cyanobacteria-derived carbon on CH4 and CO2 have focused on 

increasing the supply of organic matter, creating an anaerobic environment, and 

promoting more active microbial activity (Paerl et al., 2013). However, with the 

continuous input of cyanobacteria-derived carbon in sediments (Zhou et al., 2023b), the 

influence of changes in sediment carbon pool structure and the physical and chemical 

environment on the mechanism of CH4 and CO2 production from organic carbon 

mineralization remains unexplored. Crucially, while methane oxidation in shallow lakes 

is typically vigorous, recent observations reveal an unexpected high in CH4 emissions 

from these environments, which was consistent with the results of this study (Figs. 5.4 

and 5.5). Consequently, it is imperative to thoroughly evaluate the impact of escalating 

eutrophication on the mechanisms of CH4 and CO2 production and emission during the 

organic carbon mineralization process. 

5.4.2 Potential factors influencing carbon emissions in eutrophic lakes 

In freshwater lakes, the transfer of CH4 and CO2 from sediments to the atmosphere 

is a complex process involving generation in sediments, release to overlying water, and 

eventual emission to the atmosphere (Zhou et al., 2023b). The presence of organic 

carbon in lake sediment’s carbon pool is crucial in determining the rate and intensity of 

CH4 and CO2 production during organic matter mineralization (Wik et al., 2016; Peter 

et al., 2017). This study revealed a positive linear correlation between CH4 (R
2 = 0.29) 

and CO2 (R
2 = 0.46) concentrations in field sediments and the organic carbon content 
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in sediments (Fig. 5.7). Sediment bottoms are well-known as hotspots for CH4 and CO2 

production, especially CH4, due to the combination of anaerobic conditions, stable 

temperature and pH, and limited CH4 oxidation (Einzmann et al., 2022). In-situ 

experiments in this study demonstrated that CH4 and CO2 concentrations in sediments 

increase with depth, particularly in lakes with low nutrient levels (Fig. 5.7). As CH4 

moves upward, significant losses occur due to oxygen-induced oxidation processes, 

which are crucial for managing carbon emissions from lakes effectively (Holgerson et 

al., 2016). The release of CH4 and CO2 from sediments into overlying water elevates 

dissolved concentrations of these gases, playing a vital role in regulating GHGs 

emissions (Holgerson et al., 2016). This study noted high CH4 and CO2 concentrations 

in overlying water, positively correlated with increased fluxes of CH4 (R
2 = 0.65) and 

CO2 (R
2 = 0.98) from water to the atmosphere (Figs. 5.4, 5.5, 5.6 and 5.8).  

The escalation of eutrophication is leading to a notable rise in carbon emissions 

from lakes, largely due to higher levels of organic carbon stemming from cyanobacteria 

(Shi et al., 2017; Bartosiewicz et al., 2021). The continuous input of cyanobacteria-

derived carbon disrupts the sediment carbon pool, leading to higher concentrations of 

TOC in the sediment (Figs. 5.9, and 5.10). This study found that the elevated TOC levels 

in the sediment spurred the production and release of both CH4 and CO2 (Figs. 5.7, 5.13, 

and 5.14). Increased organic carbon levels boost the activity of anaerobic 

microorganisms, which are key players in CH4 and CO2 production in sediments, 

promoting the anaerobic breakdown of organic carbon (Deng et al., 2019). It is 

proposed that the microbial co-metabolism of the sediment carbon pool, triggered by 

cyanobacterial organic carbon input, results in higher sediment carbon emissions (Deng 

et al., 2022). This process is driven by the fact that cyanobacteria-derived organic 

carbon alters the composition of the sediment carbon pool (Ma et al., 2022), mainly 

comprising unstable and easily decomposable carbon compounds with high primary 

productivity (Steffenhagen et al., 2012). As a result, metabolic processes and microbial 

activities in the sediment carbon pool become more active (Figs. 5.17 and 5.18). The 

presence of dissolved organic carbon is crucial in the transport of cyanobacteria-derived 

carbon into sediment, influencing the carbon dynamics within the sediment (Duan et 

al., 2022).  

It has been reported that cyanobacteria outbreaks and their subsequent 

accumulation not only elevate organic carbon levels in freshwater lakes but also affect 
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the sediment carbon pool, which is essential for CH4 and CO2 production (Braeckman 

et al., 2019). This impact includes the formation of cyanobacterial detritus mats and 

alterations in the physicochemical environment (Woszcayk et al., 2017). While surface 

cyanobacterial detritus mats have been found in the sediments of eutrophic lakes (Qi et 

al., 2020), more research is necessary to fully comprehend their influence on the CH4 

and CO2 production, particularly in specific areas where CH4 and CO2 are generated. 

Table. 5.1. The sampling conditions of each lake along the Yangtze River basin 

Lake pH DO (mg/L) Temperature (℃) TLI Sediment type 

Lake Taihu 7.81 0.55 27.9 83 Organic 

Lake Chaohu 8.25 2.92 28.2 72.9 Organic 

Lake Dianshan 8.93 3.17 31.7 71.1 Organic 

Lake Honghu 8.27 1.97 31.3 53.4 Organic 

Lake Daye 9.04 2.59 31.8 38.7 Organic 

Lake Chihu 8.49 1.89 32.4 31.2 Organic 

Lake Caizi 8.14 2.61 30.3 30.3 Organic 

 

5.4.3 Effects of cyanobacteria-derived carbon on hotspots for CH4 and 

CO2 

Eutrophication-induced cyanobacterial blooms have a significant impact on 

carbon emissions and the methanogenic zones in sediment. This results in the fromation 

of hotspots for CH4 and CO2 production, driven by the higher concentration of organic 

carbon in surface sediments and the creation of an anaerobic reducing environment 

(Figs. 5.7, 5.13, 5.14, and 5.18). The formation of cyanobacterial detritus mats, 

composed of cyanobacteria-derived carbon on sediment surfaces, plays a key role in 

this process (Yang et al., 2021). Using isotopic tracers, this study illustrated that the 

accumulation of cyanobacteria residues on sediment surfaces led to a marked rise in 

organic carbon concentrations (Figs. 5.9, 5.10 and 5.12). The cyanobacteria-derived 

organic carbon primarily enters the sediment carbon pool through gravitational 

sedimentation (Xu et al., 2015). The continuous influx and migration of cyanobacterial 

carbon into the sediment substantially raised the abundance of 13C in the bottom 

sediment, accompanied by a significant increase in organic carbon concentration (Figs. 

5.9, 5.10 and 5.12). Despite the rising concentration of organic carbon in bottom 

sediments, the levels and isotopic abundance of organic carbon in surface sediments 

remain notably higher, due to the considerable accumulation of surface cyanobacteria 
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residues. With sediment depth increases, there was a noticeable decrease in both the 

concentration and isotopic abundance of organic carbon (Figs. 5.9, 5.10, 5.11, and 5.12).  

The sediment is the primary site for CH4 and CO2 production, as evidenced by 

multiple field studies. These gases decrease as they move upwards from the sediment 

bottom (Einzmann et al., 2022). CH4 and CO2 production in sediment necessitates an 

anaerobic setting, with their production being impeded by the micro-aerobic conditions 

present at the water-sediment interface (Lyautey et al., 2021). Notably, CH4 undergoes 

oxidation in the presence of oxygen, and prior studies suggest that lake methane 

oxidation could potentially mitigate the greenhouse effect by up to 30% (Pimenov et 

al., 2014). However, our study challenges this concept, particularly in scenarios marked 

by substantial cyanobacteria accumulation (Fig. 5.18). Our findings demonstrate a 

significant link between CH4 and CO2 levels, and the quantities and isotopic 

compositions of organic carbon across various sediment depths. Surface sediments 

exhibited significantly higher CH4 and CO2 concentrations compared to bottom 

sediments (Figs. 5.9~5.16). The rich organic carbon content in cyanobacterial detritus 

mats acts as a plentiful carbon source (Figs. 5.13, 5.14 and 5.17), facilitating organic 

carbon metabolism and notably boosting CH4 and CO2 production in surface sediment 

(Figs. 5.9, 5.10, and 5.12). Concurrently, the decomposition of cyanobacterial detritus 

mats leads to low pH, and dissolved oxygen levels, establishing a distinctly anaerobic 

reducing environment at the water-sediment interface (Martinez-Cruz et al., 2018; Qi 

et al., 2020). Within this environment, anaerobic microorganisms flourish and partake 

in metabolic processes involving organic carbon (Figs. 5.17 and 5.18). Additionally, the 

anaerobic conditions further impede the oxidation process of CH4, resulting in 

heightened CH4 emissions (Steinsdottir et al., 2022).  

Cyanobacterial detritus mats may enhance a more prominent co-metabolic effect 

in the surface layer of sediment, potentially leading to the upward movement of 

methanogenic hotspots within sediments (Figs. 5.9~5.14). Recently, the co-metabolic 

effect triggered by cyanobacterial carbon has been identified as a potential mechanism 

to increase lake carbon emissions. The breakdown of resistant organic carbon is a key 

component of this process (Liu et al., 2020; Deng et al., 2023). Shallow lakes tend to 

accumulate substantial amounts of plant debris in their surface sediments, primarily 

composed of resistant organic carbon, which can lead to a higher co-metabolic intensity 

(Deng et al., 2019). Co-metabolism involves the utilization of resistant organic carbon 
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in sediments, facilitating the transition of the lake carbon pool from a source to a sink 

(Ma et al., 2020; Deng et al., 2023). This study revealed a surprising decrease in organic 

carbon concentration in the bottom sediments of the experimental group supplemented 

with cyanobacteria, as opposed to the control group without cyanobacteria, 

demonstrating a co-metabolic effect (Fig. 5.11). Moreover, a rapid reduction in δ13C 

abundance in sediment was observed alongside with peak CH4 and CO2 concentrations, 

potentially indicating the presence of a co-metabolic effect (Figs. 5.8, 5.9, and 5.13). 

The higher carbon content in algal sediments emerged as a key factor leading to 

elevated concentrations of CH4 and CO2 in the surface sediment layer, exceeding those 

found in deeper sediment layers (West et al., 2012). Additionally, this study observed 

that cyanobacteria decomposition significantly increased sediment water content, 

especially in surface sediments. Microcosms containing cyanobacteria had noticeably 

higher water content compared to those without (Fig. 5.19). The release of extracellular 

polysaccharides and mucus by cyanobacteria, followed by subsequent degradation 

processes, significantly contributed to the rise in sediment water content (Xu et al., 

2018). This increase in water content hinders oxygen diffusion, fostering anaerobic 

bacterial growth and organic carbon mineralization, ultimately boosting CH4 and CO2 

production in the sediment (Lu et al., 2021). Therefore, eutrophication-induced 

cyanobacteria significantly contribute to the upward movement of CH4 and CO2 

production hotspots in sediments, enhancing the efficiency of carbon gas emissions. 

These insights contribute to more accurate assessments of lake carbon emissions and 

provide a theoretical foundation for lake management. 

5.5 Summary 

Eutrophication-driven cyanobacterial blooms significantly impact the CH4 and 

CO2 emission capacity of sediments by causing the migration of production hotspots.  

Field investigations in hypereutrophic lakes showed an unusual rise in CH4 and CO2 

concentrations in the surface pore-water layer, which was confirmed by microcosm 

experiments. Cyanobacteria-derived carbon accumulates on the sediment surface, 

altering its physical and chemical properties and increasing water content. This influx 

of organic carbon boosts microbial activity, especially in surface sediments, leading to 

increased CH4 and CO2 production. The cyanobacterial residues create an environment 

with high organic carbon, anaerobic conditions, and elevated water content, enhancing 
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organic carbon mineralization. The migration of CH4 and CO2 hotspots towards the 

surface sediment reduces the travel path for carbon emissions. Additionally, the 

cyanobacterial deposits on the sediment surface hinder methane oxidation and may 

trigger microbial co-metabolism in the surface sediment, resulting in a significant 

increase in carbon emissions in the lake. These findings provide valuable insights into 

the assessment of the impact of cyanobacterial blooms on carbon emissions of the 

sedimentary carbon pool. 

 

Fig. 5.18. A conceptual diagram of the mechanism of cyanobacteria decay changes 

the hot spots of carbon dioxide and methane production along vertical sediment 

profiles in eutrophic lakes.  
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6. Unexpected increase of sulfate concentrations and potential impact 

on GHG emissions in freshwater lakes 

6.1 Background 

During the last few decades, the sulfate (SO4
2-) concentration in freshwater basins 

around the world has increased due to anthropologic activities (Baldwin et al., 2012). 

This increase is particularly significant in eutrophic lakes (Yu et al., 2013). Sulfur (S) 

in lakes primarily comes from various sources, such as the weathering of sulfur-bearing 

rocks, the oxidation of organic sulfur from terrestrial sources within the basin, the 

deposition of atmospheric SO4
2- and SO2 as acid rain, and the discharge of sulfur-

containing wastewater (Ekholma et al., 2020). The rise in SO4
2- concentration leads to 

an intensified occurrence of sulfate reduction, regarded as a critical metabolic pathway 

coupling to anaerobic organic compound degradation (Holmer et al., 2001). In lakes 

with low SO4
2- concentrations, CH4 production is generally the most important process 

in carbon mineralization (Holmer et al., 2001). Nevertheless, as SO4
2- concentration 

continues to rise within the lake (Yu et al., 2013), its impact on both the sulfur and 

carbon cycles remains largely uncertain. 

Currently, freshwater lakes also confront environmental issues, e.g., 

eutrophication (Michalak et al., 2013). Lake Taihu as a representative eutrophic lake on 

a global scale an annual average CH4 flux of 2106.3 mmol ·m-2 · yr-1, which is 

significantly higher than the average in Chinese lakes (531.5 mmol·m-2·yr-1) (Yang et 

al., 2011). Cyanobacterial blooms, a common phenomenon in eutrophic lakes, have 

been recognized as major contributors to CH4 emissions (Paerl et al., 2012; Yan et al., 

2017). Lakes experiencing cyanobacterial blooms emit considerably more CH4 

compared to those without blooms (Zhou et al., 2023). The blooms create an anaerobic 

environment by depleting dissolved oxygen (DO), which promotes the growth of 

anaerobic microorganisms (Shen et al., 2013). The decomposition of cyanobacteria 

releases substantial nutrients that serve as a substrate for the proliferation of anaerobic 

microorganisms (Yan et al., 2017). Additionally, the organic matter derived from 

cyanobacteria alters the microbial community structure, and influences CH4 production 

and emissions (Handley et al., 2013; Shen et al., 2013; He et al., 2019). 

Hydrogenotrophic and acetoclastic methanogenesis are the primary pathways for CH4 
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production in freshwater lakes. It has been observed that the severe cyanobacteria 

accumulation can trigger the emergence of the methylotrophic methane production 

pathway (Zhou et al., 2022a). Consequently, fluctuations in nutrient levels in lakes, 

which impact the availability of substrates and the overall physical and chemical 

environments, introduce uncertainties in predicting CH4 emissions (Zhou et al., 2023).  

Within marine ecosystems, sulfate reduction processes play a significant role in 

regulating CH4 emissions. Anaerobic CH4 oxidation is driven by sulfate reduction, 

which also competes with methanogenesis for available sources of organic carbon 

(Bowles et al., 2014). It is estimated that approximately 29% to 50% of organic carbon 

mineralization in marine sediments occurs through sulfate reduction, resulting in a 

reduction in CH4 production (Zhou et al., 2022b). Consequently, sulfate reduction 

exerts a pivotal factor to mitigate CH4 emissions (Zeng et al., 2019). In oceanic waters, 

SO4
2- concentration is as high as 28 mM (Fike et al., 2015), while generally less than 

800 µM in freshwater lakes, approximately 2~3 orders of magnitude lower than that in 

marine ecosystems. Therefore, the potential inhibitory effect of sulfate reduction on 

CH4 emissions in freshwater lakes is often overlooked (Hausmann et al., 2016). As a 

sulfate concentration increases in eutrophic lakes (Yu et al., 2013), its influence on CH4-

producing processes may exceed previous estimations (Pester et al., 2012). In natural 

systems, the sulfate reduction processes are primarily facilitated by sulfate-reducing 

bacteria (SRB) (Zhou et al., 2022b). These bacteria engage in anaerobic respiration 

using SO4
2- as an electron acceptor and utilize short-chain fatty acids like acetic and 

formic acid, along with other low molecular weight organic compounds and H2 (Holmer 

et al., 2001). In lake sediments, SRB and methane-producing archaea (MPA) compete 

for fermentation resources, as they both have a preference for hydrogen and acetate. 

However, SRB have a higher affinity for these substrates compared to MPA (Li et al., 

1996). Under oligotrophic conditions, the capacity of MPA to utilize these substrates is 

limited, ultimately retarding CH4 production (Zhou et al., 2022b).  

Due to low SO4
2- concentrations typically observed in freshwater lakes, the 

abundance and activity of SRB are generally limited. As a result, this competitive 

interaction between SRB and MPA is often overlooked (Pester et al., 2012). However, 

progression of an increase in SO4
2- concentrations in freshwater lakes accelerates the 

rate of sulfate reduction, leading to higher abundance and activity of SRB. This gives 

SRB a competitive advantage over MPA (Chen et al., 2016). Therefore, it is crucial to 
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investigate the effects of rising SO4
2- concentrations on methane production in 

freshwater lakes.  

This study aims to investigate the effect of increasing sulfate concentration on CH4 

emission and elucidate the underlying mechanisms. The SO4
2- concentrations were 

measured in the overlying water of 9 lakes along the Yangtze River basin. Specifically, 

the data of SO4
2- concentrations in the water column from the typical eutrophic Lake 

Taihu were collected over the past decades and onsite sampling was also implemented 

monthly for one year. To analyze the factors driving CH4 emissions in eutrophic lakes, 

a random forest model was applied. Additionally, based on the observed SO4
2- levels 

and the projected increase in Lake Taihu, a series of experiments were conducted using 

SO4
2- addition microcosms at various concentrations (0, 30, 60, 90, 120, 150, and 180 

mg/L). These experiments aimed to reveal the impact of increasing SO4
2- concentrations 

in the overlying water on CH4 production and emissions in eutrophic lakes, as well as 

to explore the underlying mechanisms. The findings from this study will contribute to 

the accurate assessment of CH4 emission fluxes in eutrophic lakes.   

6.2 Materials and methods 

6.2.1 Study site and sample collection in the field 

Under the dual influence of climate change and human activities, eutrophication 

has become the main ecological problem faced by lakes along the Yangtze River basin 

(Fig. 6.1). In this study, 9 lakes along the Yangtze River basin were selected and the in-

situ investigation was conducted in July 2021. Lake Taihu, the third largest freshwater 

lake in China, is part of the Yangtze River basin. It has an average depth of 1.9 m and 

covers an area of 2340 m2 (Qin et al., 2007; Mao et al., 2021). Over the past 70 years, 

SO4
2- concentration in Lake Taihu has increased from 30 to 100 mg/L (Figs. 6.2a and 

6.3). Rapid urbanization and industrialization discharged sulfur-containing pollutants 

as wastewater, entering the lake ecosystem along with surface runoff and atmospheric 

deposition (Yu et al., 2013). 

This study collected the overlying water from 9 lakes along the Yangtze River 

basin, followed by filtrating the samples via 0.45 μm Nylon filters to determine the 

trophic index level (TLI) status and SO4
2- concentrations. Two specific sites within the 

northwestern region of Lake Taihu were selected in consideration of cyanobacterial 
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bloom accumulation densities. The cyanobacteria accumulation area was located in 

Zhushan Bay (31°25’10’’N, 120°0’40’’E). The open area of the lake was located away 

from the reed zone (31°24’40’’N, 120°1’3’’E). Sampling was conducted at these two 

sites over a period of one year, from May 2020 to April 2021. Overlying water samples 

were collected every month, and sediment samples were collected four times in June, 

September, and December 2020 and March 2021.  

Sediment cores were collected using a gravity core sampler, sealed at the upper 

and lower sides, and sectioned into 2 cm intervals, resulting in a total of 14 layers. 

Overlying water was collected 30 cm below the surface at the two areas. The incubator 

was used to store samples, and transported to the laboratory immediately. The sediment 

was then centrifuged at 1500 rpm using a CT15RT versatile refrigerated centrifuge 

(China) to obtain sediment pore-water.  

 

Fig. 6.1. Distribution of sampling site in the middle and lower reaches of the Yangtze 

River basin, China. 

 To construct the microcosm systems, the sediments and cyanobacteria samples 

were collected from eutrophic Lake Taihu in July 2020. Sediments were collected 

using a Peterson mud picker, while the fine mesh plankton (250 meshes) was used to 

collected and concentrated the cyanobacterial bloom scum. The scum was 

subsequently preserved in an incubator with ice packs and promptly transported to the 

laboratory. Sediment samples were meticulously mixed, homogenized, and sifted 

through a 100-mesh sieve into a polyethylene bag. The high-purity water and Na2SO4 

were used to set up different gradient SO4
2- concentration. The cyanobacteria samples 
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were rinsed and centrifuge at 1500 rpm for 5 minutes using CT15RT multi-function 

refrigerated centrifuge (China), then freeze-dried using biosafety-10a freeze-dryer. 

6.2.2 Set up of microcosms 

The microcosm systems were comprised of a total of 714 anaerobic bottles for 

seven treatments (Φ 75mm, length 180mm, and volume 500 mL), with each treatment 

including three replicates. To synchronize the release of organic matter from 

cyanobacteria decomposition with the sulfate reduction reaction, each anaerobic bottle 

contained sediment (100 g), water (200 mL), and cyanobacteria powder (0.11 g). These 

proportions were based on surface sediment composition, water depth, and a 

cyanobacteria accumulation density 2500 g/m2 in Lake Taihu (Zhang et al., 2021). The 

concentrations of SO4
2- in the seven microcosm systems were calibrated to follow the 

historical trend observed in Lake Taihu over the years, as depicted in Fig. 1a. To avoid 

interference from background SO4
2- levels in the lake water, ultra-pure water was used 

to configure experimental water with initial SO4
2- concentrations of 30, 60, 90, 120, 

150, and 180 mg/L, with an additional control group devoid of SO4
2-. All anaerobic 

bottles were carefully arranged within a controlled biochemical incubator, maintained 

at a precise temperature of 25 ℃ with darkness condition. Nitrogen purging was 

performed to minimize interference from atmosphere. A portion of the sediment was 

used for microbial determination and stored in a refrigerator at -80 ℃. Another portion 

of the sediment was flushed and centrifuged at 5000 rpm for 5 min using a CT15RT 

versatile refrigerated centrifuge (China) to obtain interstitial water. The remaining 

sediment and other samples were kept at 0-4 ℃ for less than 24 hours before analysis. 

6.2.3 Chemical analytical methods 

The concentrations of various parameters were measured using different methods. 

The calibrated probes (MP525, China) were used to determine the pH, DO, and 

oxidation-reduction potential (ORP) of overlying water. The UV-vis spectrophotometer 

(UV-6100, ma pada, China) was used to determine the concentration of total nitrogen 

(TN) (Raveh and Avnimelech et al., 1979). Total phosphorus (TP) concentration was 

assessed via colorimetric analysis following digestion with K2S2O8 and NaOH (Ebina 

et al., 1983). Soil samples designated for total organic carbon (TOC) analysis were 

acidified to achieve a pH below 2.0 and subsequently examined utilizing a multi-N/C 



98 

 

analyzer (HT 1300, Analytik Jena, Germany). Water samples for dissolved total organic 

carbon (DOC) were analyzed with a multi-N/C analyzer (3100, Analytik Jena, 

Germany). All samples from the water column and pore water were subjected to 

filtration through 0.45 µm nylon filters prior to the quantification of SO4
2- and ∑S2- 

concentrations. The concentrations of SO4
2- and ∑S2- were detected using the 

turbidimetric method (Tabatabai et al., 1974), and methylene blue method, respectively 

(Cline et al., 1969). Acid volatile sulfate (AVS) was determined using the zinc cold 

diffusion method (Hsieh et al., 1997). The CH4 and CO2 concentration was determined 

using a gas chromatograph (Agilent,7890B, Germany). 

6.2.4 Biological analysis 

To elucidate variations in sedimentary MPA and SRB, cell copy numbers of MPA 

and SRB in the sediments were determined using real time quantitative PCR (qPCR) 

technology at both 0 and 38 days. The ultra-low temperature freezer was used to store 

the sediment sample at -80 ℃ promptly. Subsequently, total genomic DNA from each 

soil sample was extracted employing the E.Z.N.A. ®Soil DNA Kit (Omega Bio-Tek, 

Norcross, GA, USA), adhering closely to the manufacturer’s protocol. Nucleic acid 

integrity and concentration were evaluated by 1% agarose gel electrophoresis and 

NanoDrop 2000 ultraviolet spectrophotometer (Thermo Scientific, USA), respectively. 

The quantification of MPA and SRB in the sediments was conducted utilizing the 

quantitative polymerase chain reaction (qPCR) methodology. For MPA, the qPCR assay 

utilized primer sets targeting 1106f (5’-TTWAGT CAG GCAACG AGC-3’) and 1378r 

(5’-TGT GCAAGG AGC AGG GAC-3’). For SRB, the qPCR assay utilized primer sets 

targeting DSR1F+ (5’-ACSCACTGGAAGCACGGCGG-3’) and DSR-R (5’-

GTGGMRCCG TGCAKRTTGG-3’). The ABI7300 qPCR instrument (Applied 

Biosystems, USA) was used to perform qPCR experiments, and the ChamQ SYBR 

Color qPCR Master Mix was used as a signal dye. The total volume of each reaction 

mixture was 20 μL, which comprised 2 μL of template DNA and 16.5 μL of ChamQ 

SYBR Color qPCR Master Mix. Standard plasmids containing target functional genes 

were continuously diluted 10 times to construct a standard curve for each gene. All 

agreements adhere strictly to the MIQE guidelines. 

For the assessment of microbial community composition and diversity, the V3-V4 

hypervariable regions of bacterial 16S rRNA genes were amplified using the universal 
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primers MLfF (5’-GGTGGTGTMGGATTCACACARTAYGCWAC AGC-3’) and 

MLrR (5’-TTCATTGCRTAGTTWGGRTAGTT-3’) as described by Zhou et al. (2022a). 

Subsequent to amplification, MiSeq sequencing was conducted on an Illumina MiSeq 

sequencer (Illumina, USA) via the Majorbio Cloud Platform (www.majorbio.com). 

Operational taxonomic units (OTUs) were clustered at a 97% similarity cutoff utilizing 

UCHIME (version 7.0.1090, http://www.drive5.com/uparse/), which also facilitated the 

identification and removal of chimeric sequences. 

6.2.5 Model analysis and statistical analysis 

The potential drivers (TN, TP, DOC, COD, pH, DO, SS, T, water level, and SO4
2-) 

of CH4 emission in Lake Taihu were obtained from “the National Earth System Science 

Data Center” (http://lake.geodata.cn/data/dataresource.html). Previous CH4 emissions 

from Lake Taihu (2011.08 – 2015.03) were studied by Xiao et al., 2017. The random 

forest model was used to analyze these data and identify correlations in the R language 

environment. The steps involved importing data, splitting it into training and test sets, 

training and testing the model, evaluating its feasibility, and ultimately fitting and 

exporting the data. The data statistical analysis was performed with Origin 2023 and 

Social Sciences 18.0 (SPSS 18.0). Bivariate correlation analysis and one-way analysis 

of variance (ANOVA) were conducted. 

6.3 Results 

6.3.1 Spatial and temporal distribution of SO4
2- concentrations in 

water and sediment 

Over the past 70 years, there has been a significant increase in SO4
2- concentrations 

in Lake Taihu, rising from 30 mg/L to over 100 mg/L. This upward trend is expected 

to continue in the future (Fig. 6.2a). The increase in concentrations does not seem to be 

directly influenced by seasonal variations, as there was a sharp fluctuation of 67.4 mg/L 

between the highest and lowest concentrations in 2021, compared to only 38.5 mg/L in 

the 2000s (Fig. 6.2b).  

Both cyanobacterial bloom and DO concentrations demonstrated noticeable 

seasonal fluctuations, but the change of high and low concentration of two indexes with 

contrasting trends (Fig. 6.4). Severe cyanobacterial blooms were prevalent during the 

http://www.majorbio.com/
http://www.drive5.com/uparse/
http://lake.geodata.cn/data/dataresource.html
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summer, coinciding with reduced DO concentrations. On a spatial scale, the SO4
2- 

concentration in the overlying water exhibited significant variations across the surveyed 

lakes along the Yangtze River basin (Fig. 6.2c). Notably, the hyper-eutrophic Lake 

Taihu and the oligotrophic Lake Baidang showcased the highest and lowest SO4
2- 

concentrations at 90.3 mg/L and 12.8 mg/L, respectively, exhibiting the substantial 

difference in SO4
2- concentration. The SO4

2- concentration exhibited a positive 

correlation with the trophic state of the lakes (R2 = 0.52), demonstrating an increase in 

line with eutrophication intensification (Fig. 6.2d). 

 

Fig. 6.2. The distribution of SO4
2- concentration in the long-term trend (1950s-2020s) 

(a), the monthly trend of SO4
2- concentration in Lake Taihu (b), and the lakes with 

different trophic levels along the Yangtze River basin (c, d). 

6.3.2 Quarterly monitoring of SO4
2- in sediment pore-water 

The SO4
2- concentration in the sediment pore-water displayed notable distinctions 

between the cyanobacteria accumulation area and the open lake area in Lake Taihu (Fig. 

6.5). Except for March, the SO4
2- concentration in the sediment pore-water in the 

cyanobacteria accumulation area consistently exceeded that of the open lake area. In 
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June, a pronounced difference in SO4
2- concentration within the sediment pore-water 

was observed between the cyanobacteria accumulation and open lake area, especially 

at a sediment depth of 0-2 cm. This discrepancy reached a maximum value of 38.9 mg/L. 

The SO4
2- concentration in sediment pore-water exhibited a decreasing trend as the 

sediment depth increased. It is worth noting that in the months of March and December, 

there were significant decreases in SO4
2- concentration, with a sharp decrease observed 

at depths of 12-16 cm and 10-12 cm, respectively. 

 

Fig. 6.3. Dynamic changes of CH4 emissions (a) and SO4
2- concentrations (b) in Lake 

Taihu from 2011.08 to 2015.03. (The data of CH4 emissions were from Xiao et al., 

2017, and the data of SO4
2- concentrations were from National Earth System Science 

Data Center in China.) 

6.3.3 Dynamic changes of CH4 emissions and SO4
2- concentrations 

The CH4 emission and SO4
2- concentration in Lake Taihu showed significant 

seasonal variations from 2011 to 2015 (Figs. 6.3 and 6.6). The CH4 emission occurred 

in summer, surpassing levels in other seasons. The highest recorded CH4 emission flux 

was 0.54 mmol· m-2·d-1 in the summer of 2012. In contrast, the SO4
2- concentration 

consistently increased from 2011 to 2015, reaching a maximum recorded concentration 

of 100 mg/L. Interestingly, both the SO4
2- concentration and CH4 emission flux 

decreased in summer. A random forest model was used to analyze the factors 

influencing CH4 emission. The predicted CH4 emission flux exhibited a strong 

correlation (R2 = 0.81) with the actual values, indicating a high level of consistency 

(Fig. 6.6). Both DO and SO4
2- concentration exhibited a negative correlation with CH4 

emission flux, with their influence scores being only smaller than temperature. 



102 

 

 

Fig. 6.4. The dynamics of Chl-a (a), and DO (b) concentrations in the overlying water 

of Lake Taihu. 

 

Fig. 6.5. Seasonal variations of SO4
2- concentrations from 2020 to 2021 in sediment 

pore-water in cyanobacteria accumulation area and the open lake. 

6.3.4 Dynamics of sulfur compound in water and sediment pore-water 

of microcosms 

The microcosms displayed a pronounced reduction in sulfate during the early 
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incubation period, leading to a more rapid decline in SO4
2- concentration in the sediment 

pore-water compared to the overlying water (Figs. 6.7, 6.5 and 6.8). In all the 

microcosms, the SO4
2- concentration in the overlying water reached its lowest level 

after 18 days of incubation and remained stable thereafter. Simultaneously, the ∑S2- 

concentration in the overlying water initially increased, reaching its peak on the 7th day, 

followed by a subsequent decrease. Notably, the highest ∑S2- concentrations were 

measured as 0.61, 1.14, 1.55, 2.15, 3.15, and 3.59 mg/L in the treatments corresponding 

to initial SO4
2- concentrations of 0, 30, 60, 90, 120, 150, and 180 mg/L, respectively 

(Figs. 6.7 and 6.8). 

In sediment pore-water, a notable and sudden decrease in SO4
2- concentration was 

observed. For treatments with initial SO4
2- concentrations below 90 mg/L, the lowest 

concentration was reached on the first day, while the other treatments reached their 

lowest concentrations on the second day (Figs. 6.7 and 6.8). The cumulative ∑S2- 

concentration initially increased and then decreased, eventually stabilizing after 23 days. 

Within the various treatments, the treatment with an initial concentration of 180 mg/L 

SO4
2- exhibited the highest concentration of ∑S2-, which peaked at 0.23 mg/L. 

Throughout the cyanobacteria decomposition, the AVS concentration within the 

sediments exhibited a substantial increase in the microcosms (Fig. 6.9). This variation 

in AVS concentration in the sediment can be characterized by an initial increase, 

followed by a subsequent decrease, and ultimately converging towards a relatively 

stable concentration. The peak value of AVS concentration occurred on the 11th day 

and intensified with increasing initial SO4
2- concentrations in the overlying water. 

Among the treatments with initial SO4
2- concentrations of 0, 30, 60, 90, 120, 150, and 

180 mg/L, the peak AVS concentrations were 4.8, 6.4, 6.9, 7.5, 7.8, 8.2, and 9.1 mg/kg, 

respectively (Fig. 6.9). 
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Fig. 6.6. The fitting of the predicted and actual methane emission (a, b), the weight of 

each influencing factors (c), and the correlation analysis between each index (d) based 

on the Random Forest model analysis. 

6.3.5 Dynamics of CH4 and CO2 in microcosms 

During the cyanobacteria decomposition, there was a substantial increase in CH4 

production and release in the microcosms (Fig. 6.10). Most of microcosms reached a 

relatively stable state by the 38th day, except for the treatment with initial SO4
2- 

concentrations of 150 and 180 mg/L, which achieved stability by the 23rd day. On the 

48th day, the treatments with initial SO4
2- concentrations of 0 and 180 mg/L exhibited 

the highest and lowest CH4 concentrations, measuring 3.9 ×103 and 1.9 ×103 μmol/L, 

respectively. The concentration of CH4 decreased notably as the initial SO4
2- 

concentrations increased. Additionally, the CO2 concentrations in the microcosms 

increased due to cyanobacteria decomposition as shown in Fig. 4. A positive correlation 

was observed between CO2 concentrations and initial SO4
2- levels, with the highest 

concentration reaching a maximum value of 1.7 ×103 μmol/L in the treatment with the 
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highest initial SO4
2- concentration (Fig. 6.10). 

 

Fig. 6.7. The dynamics of the sulfate reduction rate in the overlying water (a), the 

sulfate reduction rate in the sediment pore-water (b), the ∑S2- concentration in the 

overlying water (c), the ∑S2- concentration in the sediment pore-water (d). 

6.3.6 Dynamic changes in microorganisms of sediment in microcosms 

During the cyanobacteria decomposition, there were significant fluctuations in the 

abundance of MPA and SRB, as shown in Fig. 6.11. Initially, the quantity of MPA was 

much higher at 3.16 × 108 copies/g compared to the abundance of SRB at 1.09 × 108 

copies/g. However, as the decomposition progressed, the abundance of MPA decreased 

significantly, except in the control group. Among the treatments, the treatment with an 

initial SO4
2- concentration of 180 mg/L exhibited the largest decrease in MPA 

abundance, with a decrease of 50.2% on the day 38 compared to the initial abundance. 

On the other hand, the abundance of SRB exhibited a positive correlation with the initial 

SO4
2- concentrations. In particular, in the treatment with an initial SO4

2-concentration 

of 180 mg/L, the abundance of SRB experienced the most prominent increase, rising 



106 

 

by 172.7% compared to its initial level by the 38th day. 

 

Fig. 6.8. The dynamics of SO4
2- and ∑S2- concentrations in overlying water (a, b) and 

sediment pore-water (c, d) of microcosm. 

During the incubation period, there were notable shifts in the community structure 

of MPA (Fig. 6.12). The MPA species included Methanomicrobiales, 

Methanobacteriales, Methanomassiliicoccales, and Methanosarcinales. Initially, 

Methanobacteriales were the predominant bacteria, accounting for 20.50% of the 

community. Methanomicrobiales and Methanomassiliicoccales accounted for 15.77% 

and 8.29% of the community, respectively. Conversely, Methanosarcinales exhibited 

the lowest abundance at only 4.61% of the total community. By the 38th day, the 

proportion of Methanosarcinales had decreased across all treatments. In the treatment 

with an initial SO4
2- concentration of 180 mg/L, the relative abundance of 

Methanosarcinales slight decreased from 8.60% to 7.14%. Particularly noteworthy was 

the treatment without SO4
2- at the beginning, which exhibited the most significant 

reduction in the proportion of Methanosarcinales. 
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Fig. 6.9. The dynamics of AVS (a) and highest AVS concentrations (b) in sediments 

of microcosms. 

6.4 Discussion 

6.4.1 Temporal and spatial variations of SO4
2- in freshwater lakes 

In freshwater lakes, we observed a substantial increase in SO4
2- concentrations and 

a trend that exhibited a positive correlation with eutrophication at both temporal and 

spatial scales (Fig. 6.2). Among the surveyed lakes, SO4
2- concentrations exceeded 100 

mg/L, marking a threefold increase compared to levels observed in the 1950s, and 

continue to exhibit an upward trend (Fig. 6.2a). The sulfur in lakes consists mainly of 

the anthropogenic and natural sources, with anthropogenic sources being the main 

contributor (Holmer et al., 2001). It has been reported that human activities are 

responsible for the significant increase in SO4
2- concentrations in freshwater lakes over 

the past few decades (Wu et al., 2019). Of note that the SO4
2- concentration in Lake 

Taihu has exhibited pronounced fluctuations throughout the year when compared to 

conditions two decades ago (Fig. 6.2b). The period from June to September was the 

main season for the breakout of cyanobacterial blooms (Fig. 6.4). After their decay DO 

in the water is rapidly consumed, leading to an anaerobic and strongly reducing 

environment (Bartosiewicz et al., 2021). Consequently, the SO4
2- concentration in the 

water column was obviously reduced (Figs. 6.2 and 6.3). Conversely, in winter, the 

decrease in oxygen consumption by the degradation of fresh organic matter in the 

surface layer of sediments retards sulfate reduction reaction (Pan et al., 2018). In 

addition, the decay of cyanobacteria and other phytoplankton in winter releases ∑S2 
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into the water (Wu et al., 2019). In the absence of cyanobacterial blooms, the water 

undergoes reoxygenation, and a portion of ∑S2- is oxidized to SO4
2-, resulting in an 

obvious increase in SO4
2- in the water during winter (Fig. 6.2). Our findings 

demonstrate that the presence of cyanobacterial blooms is one of the key factors driving 

the sulfate reduction process (Figs. 6.2, 6.5, 6.13 and 6.14). 

Lake sediments serve as primary sites for sulfate reduction and sulfur reoxidation 

(Worner et al., 2019; Sandfeld et al., 2020). Due to wind disturbance and concentration 

diffusion, SO4
2- from the overlying water diffuses into the sediments and participates 

in sulfate reduction as an electron acceptor (Zhao et al., 2021). It has been reported that 

80%-90% of SO2 is re-oxidized and transformed into SO4
2- to sustain sulfate reduction 

(Fike et al., 2015; Wasmund et al., 2017). Cyanobacteria played an important role in 

this process, as they not only altered the physical and chemical conditions at the 

sediment-water interface (Fig. 6.13), but also released organic matter that stimulated 

the growth and activity of microbial communities, thereby influencing the microbial 

community structure (Figs. 6.11 and 6.12). Additionally, the decay and decomposition 

of cyanobacteria released substantial amounts of sulfur compounds, resulting in 

significant variations in SO4
2- concentrations among different areas of the lake 

sediments (Figs. 6.5, 6.7, and 6.8). During the outbreak of cyanobacterial blooms, 

the SO4
2- concentration in sediments, was notably higher compared to other months and 

varied with sediment depth (Fig. 6.5). This could be attributed to the deposition of sulfur 

compounds released during cyanobacteria decay, as well as the potential reoxidation 

processes within the sediments (Wasmund et al., 2017; Jorgensen et al., 2019). It has 

been observed that intense sulfate reduction reactions predominantly occur in the 

surface layer of the sediments, which could contribute to this phenomenon (Wu et al., 

2019). In seasons without cyanobacteria, a relative dynamic equilibrium is established 

between the substances in the water and sediments, resulting in no significant difference 

in SO4
2- concentrations between the cyanobacteria accumulation area and the open lake 

area (Figs. 6.5 and 6.12). 

6.4.2 Potential drivers of sulfate reductions 

The continuously escalating concentrations of SO4
2- and recurrent outbreaks of 

cyanobacterial blooms have had a profound impact on intensifying sulfate reduction 

processes in eutrophic lakes (Zhao et al., 2019). This study postulates that the 
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decomposition of cyanobacteria is a prerequisite for sulfate reduction, as the reaction 

does not occur in the absence of cyanobacterial blooms (Fig. 6.15). During the 

decomposition of cyanobacteria, a large amount of nutrients is released, resulting in 

increases in TP, TN, and DOC concentrations in the water column (Fig. 6.14). These 

nutrients, originating from cyanobacteria decomposition, are crucial substrates for 

microbial growth and metabolic processes (Hansel et al., 2015; Zhu et al., 2021). In this 

study, the experimental microcosms supplemented with cyanobacteria exhibited a 

significant increase in the abundance of SRB (Figs. 6.11 and 6.16). Furthermore, the 

anaerobic environment created as a result of cyanobacteria decomposition provided 

favorable conditions for SRB growth (Fig. 6.13). 

The increase in SO4
2- concentration promoted sulfate reduction, with the reduction 

intensity being positively correlated with the initial SO4
2- concentration (Figs. 6.7 and 

6.8). SO4
2- serves as a crucial substrate for the growth of SRB, which are key 

microorganisms driving the sulfate reduction process. It has been shown that an excess 

of SO4
2- can stimulate SRB activity and increase the abundance of SRB, as reported by 

Gantzer et al. (2003) and Tripathi et al. (2021). Our findings align with these reports, 

showing that SRB abundance is positively associated with the initial SO4
2- 

concentration (Figs. 6.11 and 6.17). SRB obtain energy through SO4
2- metabolism, and 

their continuous growth may disrupt the sulfate reduction equilibrium, as highlighted 

in a recent study (Liu et al., 2022). 

6.4.3 Potential factors in CH4 emissions 

Lakes are recognized as significant natural sources of CH4 emissions, accounting 

for emissions ranging from 8 to 48 Tg·yr-1, which represents approximately 6-16% of 

all natural sources (Bastviken et al., 2004). CH4 emissions in lakes are influenced by 

multiple factors, including substrate availability, water temperature, pH, and nutrient 

levels, and assessments of CH4 emission must consider the synergistic effects of these 

factors (D’Ambrosio et al., 2021). This study not only confirmed the presence of 

numerous potential factors influencing CH4 emissions but also unexpectedly discovered 

that increasing SO4
2- concentrations in eutrophic lakes exert a significant inhibiting 

effect on CH4 emissions (Fig. 6.6). Noticeably, CH4 emissions from eutrophic lakes 

exhibit significant seasonal variations, with remarkably higher fluxes observed during 

the summer months than other seasons (Fig. 6.3b). The elevated temperatures in 
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summer stimulate MPA activities, leading to a significant enhancement in the rate of 

organic carbon mineralization (Fig. 6.3c, d). The cyanobacterial blooms during summer 

serve as a substrate for MPA, contributing to the rise in CH4 emissions (Yan et al., 2017; 

D’Ambrosio et al., 2021). Previous studies have highlighted the existence of mutually 

reinforcing two-way feedback loops between cyanobacterial blooms, climate warming, 

and lake eutrophication (Davis et al., 2009). The decay of cyanobacterial blooms leads 

to the mineralization of cyanobacteria-derived organic carbon, resulting in the release 

of nutrients and CH4 which perpetuates eutrophication and contributes to climate 

warming (Bartosiewicz et al., 2021; Yang et al., 2011). 

In this study, CH4 concentrations significantly increased in each microcosm 

system (Fig. 6.10), except for the one without cyanobacteria (Fig. 6.18). The decay and 

decomposition of cyanobacteria can weaken the function of lake sediments as a 'carbon 

sink,' potentially causing a reversal in the lake's ecological succession (Ma et al., 2020). 

Initially, a substantial amount of organic carbon is released into the water. However, in 

the later stages, as CH4 concentrations continued to rise (Fig. 6.10), the organic carbon 

content in the overlying water significantly decreased (Fig. 6.14). The CH4 production 

process is a pivotal mechanism for its release from sediments into the overlying water 

and the atmosphere, with MPA playing a decisive role in this process (Roland et al., 

2017). The contribution to CH4 production comes not only from the substantial release 

of organic carbon, which facilitates the carbon cycle, but also from the anaerobic 

reduction conditions created by cyanobacteria and the released nutrients that promote 

MPA growth (Figs. 6.11 and 6.16). 
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Fig. 6.10. The dynamics of CH4 (a) and CO2 (b) concentrations during the incubation 

in microcosms. 
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Fig. 6.11. The dynamics of SRB and MPA on initial stage and final stage in sediments 

of microcosms (* and ** indicate significant differences at P < 0.05 and P < 0.01, 

respectively). 

6.4.4 The coupling mechanism of sulfate reduction and CH4 

production 

With the continuous increase in SO4
2- concentration, the inhibitory effect of sulfate 

reduction on CH4 production becomes more pronounced (Figs. 6.2, 6.10, and 6.17). 

This study demonstrates that as SO4
2- concentration rose, CH4 concentration gradually 

decreased while CO2 concentration steadily increased (Fig. 6.10). The influence of 

sulfate reduction on CH4 production in marine and estuarine wetland ecosystems is 

primarily attributed to competition for organic carbon sources and the coupling of 

anaerobic CH4 oxidation with sulfate reduction (Bowles et al., 2014). This process leads 

to sulfate reduction becoming the primary metabolic pathway for organic carbon, 

ultimately resulting in CO2 being the main metabolic product of organic carbon 

(Jorgensen et al., 2019). It is important to note that the concentration of SO4
2- in 

freshwater lakes is significantly lower than in the ocean (Fike et al.,2015). Consequently, 

the inhibitory effect of this process on CH4 emissions in freshwater lakes has often been 

overlooked (Kopacek et al., 2006; Cabrol et al., 2020). 
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Fig. 6.12. Microbial community structure of MPA on initial stage and final stage in 

sediments in microcosms. 

 

Fig. 6.13. The dynamics of DO (a), Eh (b) in 90 mg/L SO4
2- with cyanobacteria and 

90 mg/L SO4
2- without cyanobacteria. 
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Fig. 6.14. The dynamics of DOC (a), TN (b) and TP (c) in 90 mg/L SO4
2- with 

cyanobacteria and 90 mg/L SO4
2- without cyanobacteria. 

 

Fig. 6.15. The dynamics of SO4
2- (a), ∑S2- (b) in 90 mg/L SO4

2- with cyanobacteria 

and 90 mg/L SO4
2- without cyanobacteria. 

 

Fig. 6.16. The dynamics of MPA (a), and SRB (b), in 90 mg/L SO4
2- with 

cyanobacteria and 90 mg/L SO4
2- without cyanobacteria. 
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Fig. 6.17. Correlation analysis of each index (a), CH4 and SO4

2- concentration 

analysis (b), and structural equation modeling analysis (c). (“-W” and “-S” represent 

the samples in the overlying water and in the sediment, respectively) 

This study revealed that the competition for substrate between SRB and MPA is 

the primary factor behind the inhibitory effect of sulfate reduction on CH4 emissions 

(Figs. 6.6, 6.17, and 6.19). In lake sediments, SRB and MPA both have a strong affinity 

for common sediment substrates like H2 and acetate, but SRB have a higher affinity for 

these substrates compared to MPA (Usman et al., 2020; Jantharadej et al., 2021). The 

SO4
2 - concentration can influence the growth of SRB, as they utilize H2 and acetate as 

electron acceptors during sulfate reduction (Holmer et al., 2001; Rabus et al., 2004; 

Saxton et al., 2021). In lake ecosystems, methanogenesis primarily occurs through 

hydrogenotrophic and aceticlastic pathways, with MPA utilizing H2 and acetic acid to 

produce CH4 (Preheim et al., 2016). It has been indicated that changes in substrate 

availability and temperature are the primary factors influencing the methanogenesis 

pathway. Specifically, high temperatures and elevated organic matter content tend to 

favor the acetoclastic methanogenesis pathway (Yang et al., 2017). Under favorable 



116 

 

conditions, SRB can decrease the concentrations of these substrates, thus inhibiting the 

growth of MPA (Figs. 6.11 and 6.12), and ultimately suppressing CH4 emissions (Figs. 

6.10 and 6.17). When sulfate reduction is intense, non-competitive substrates like 

methyl compounds become the primary substrates for CH4 production (Zhang et al., 

2016). This finding aligns with previous evidence demonstrating that sulfate reduction 

affects CH4 emissions through various pathways in marine and estuarine wetland 

systems (Pester et al., 2012; Bowles et al., 2014). 

6.4.5 Negative impact of SO4
2- concentrations on CH4 emissions 

In the context of lake ecosystems, the issue of CH4 emissions from eutrophic lakes 

has become increasingly critical due to escalating eutrophication (Zhang et al., 2021). 

Surprisingly, this study, based on data analysis using the random forest model, found 

that the overlooked sulfate concentration in eutrophic lakes has a significant inhibitory 

effect on CH4 emissions (Fig. 6.3). Further investigations showed that this phenomenon 

is likely driven by substrate competition among microorganisms (Figs. 6.10, 6.11, and 

6.12). Moreover, the continuous increase in SO4
2- concentration in eutrophic lakes, 

coupled with the disturbance caused by frequent cyanobacterial blooms, disrupts the 

balance of lake ecosystems (Paerl et al., 2012). It is important to note that neglecting 

the rise in SO4
2- concentrations resulted in an overestimation of CH4 emissions (Figs. 

6.3, 6.10, 6.17 and 6.19). While cyanobacteria decomposition contributes to CH4 

emissions, the release of nutrients and the creation of anaerobic conditions also 

facilitate sulfate reduction (Paerl et al., 2012). Despite the inhibitory effect of rising 

sulfate levels, it only partially offsets the substantial increase in CH4 emissions from 

cyanobacteria decomposition, overall, CH4 emissions still rise (Figs. 6.10 and 6.18). 

This overlooked process is becoming more pronounced as sulfate levels increase rapidly, 

intensifying the inhibitory effect. This study underpinned positive correlation of SO4
2- 

concentration with TLI in freshwater lakes, while SO4
2- concentration was the lowest in 

summer when cyanobacteria outbreaks were severe, underscoring the occurrence of 

intensive sulfate reduction (Figs. 6.2, 6.6, and 6.19). Consequently, we have reason to 

believe that the overlooked sulfate reduction process in freshwater lakes plays an 

important role in slowing down CH4 emissions during periods of high CH4 emissions, 

such as summer. Based on the inhibitory effect of sulfate reduction on CH4 emissions 

found in this study, future studies will prioritize quantifying its impact and evaluating 
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its potential in mitigating CH4 emissions across global freshwater lakes. Additionally, 

when examining the combined impacts of different environmental variables on CH4 

emissions from lakes, sulfate concentration will be incorporated as a crucial factor in 

models utilized for CH4 emission assessments. 

 

Fig. 6.18. The dynamics of CH4 (a), and CO2 (b) in 90 mg/L SO4
2- with cyanobacteria 

and 90 mg/L SO4
2- without cyanobacteria. 

6.5 Summary 

In the present study, we conducted a comprehensive investigation into the temporal 

and spatial dynamics of SO4
2- concentrations within freshwater lakes. Our findings 

reveal a pronounced increase in SO4
2- concentrations, which is closely associated with 

eutrophication processes. We found that cyanobacterial blooms played a critical role in 

stimulating sulfate reduction processes, as their decomposition released nutrients that 

promoted the SRB growth. An increase in SO4
2- concentration further enhanced sulfate 

reduction, as evidenced by a positive correlation between the SRB abundance and the 

initial sulfate concentrations. Interestingly, we also discovered that higher SO4
2- 

concentrations in eutrophic lakes inhibited CH4 emissions. This inhibition can be 

attributed to the competition between SRB and MPA for substrates, with SRB 

demonstrating a strong affinity for substrates at high SO4
2- levels. Our results highlight 

the importance of considering SO4
2- concentrations when estimating CH4 emissions in 

freshwater lakes, as the absence of this parameter may overestimate CH4 emissions. We 

highlight the significance of sulfate reduction as a mitigation strategy for CH4 emissions 

in eutrophic lakes and the necessity for further research to quantify its global impact. 
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Fig. 6.19. A conceptual diagram of sulfate effects on CH4 production during 

cyanobacteria decay processes in eutrophic lakes.  
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7. Conclusion and future study 

7.1 Conclusion 

This study focused on typical lakes in the middle and lower reaches of the Yangtze 

River basin, employing field investigations, laboratory simulations, and modeling 

analyses to explore the current state of GHG gross emissions and their potential 

influencing factors. The driving mechanisms of GHG gross emissions from these lakes 

were elucidated in detail, addressing aspects such as intensified eutrophication, 

increased endogenous carbon, exogenous carbon inputs, the impact of cyanobacteria 

blooms on sediment carbon reservoirs, and the biogeochemical coupling processes of 

carbon and sulfur. The specific findings are as follows: 

(1) Lakes in the middle and lower reaches of the Yangtze River are currently facing 

severe eutrophication, as well as high GHG gross emissions. Eutrophication 

significantly enhances carbon emissions in shallow lakes by increasing carbon 

production potential, dissolved carbon concentrations, and release fluxes, particularly 

for CH4. While DO negatively correlates with carbon release, temperature shows a 

positive correlation. This study indicates that the impact of eutrophication on carbon 

emissions varies across temporal and spatial scales. Due to the omission of seasonal 

variations in dissolved oxygen and temperature, spatial-scale assessments often lead to 

inaccuracies in carbon emission estimates. This study demonstrates that using summer 

data results in an overestimation of gross carbon emissions.  

(2) DOM is the primary form of allochthonous carbon input in eutrophic lakes, with 

diverse sources and a complex structural composition. The multi-source input of DOM 

in Lake Taihu basin destabilizes sediment carbon pools by increasing carbon 

concentrations and promoting GHG gross emissions. Lignins and humic acids dominate 

the DOM composition, derived from terrestrial and aquatic plant decomposition, and 

exhibit a strong correlation with CH4 and CO2 emissions. The decomposition of mixed-

source DOM can induce co-metabolic processes. The microbial mineralization of DOM 

intensifies under these conditions, further contributing to sediment carbon instability. 

(3) This study highlights the role of POC, particularly cyanobacteria-derived POC, in 

driving CH4 emissions and explaining the methane paradox. Cyanobacterial-derived 

POC provided a sufficient carbon source for the anaerobic metabolism of microbial 

organic matter, which maintained microbial activity at a high level and promoted the 
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concentration flux of CH4 and CO2. In this study, high POC concentrations in the oxic 

overlying water of lakes were observed to be accompanied by high dissolved CH4 

concentrations, revealing that the presence of POC may be cause of the methane 

paradox. These conditions intensify CH4 and CO2 emissions and reveal the significant 

contribution of POC to carbon emission. 

(4) Cyanobacterial-derived organic carbon alters the physicochemical conditions and 

storage structure of the sediment carbon pool. Cyanobacteria-derived organic carbon in 

eutrophic lakes leads to the migration of CH4 and CO2 production hotspots from deep 

sediments to surface layers, reducing emission pathways and amplifying GHG gross 

emissions. The increased organic carbon and moisture content in surface sediments 

create an anaerobic microenvironment conducive to microbial activity, intensifying 

biogenic CH4 and CO2 production. Cyanobacterial deposits also hinder methane 

oxidation, further elevating emissions.  

(5) Anthropogenic activities have significantly increased SO4
2- concentrations in 

eutrophic lakes, which play a dual role in carbon cycling. Higher SO4
2- concentrations 

inhibit CH4 emissions by creating competition between SRB and MPA for substrates. 

Cyanobacterial blooms further stimulate sulfate reduction processes by releasing 

nutrients that promote SRB growth. 

7.2 Perspective of GHG gross emission from eutrophic lakes 

(1) The intensification of lake eutrophication disrupts the balance between the roles of 

lakes as carbon sinks and sources. In natural ecosystems, lake primarily function as 

carbon sinks. However, eutrophication and its progression led to increased carbon 

emissions. Although this rise has not yet fully shifted lakes from carbon sinks to carbon 

sources, studies suggest that the escalation of CH4 emissions offset the continental 

carbon sink. With the continued intensification of eutrophication, the carbon sink 

function of lakes is expected to be further diminished, ultimately driving a transition 

from carbon sinks to carbon sources. 

(2) The co-metabolism process induced by cyanobacteria blooms enhances lake GHG 

emissions while, mitigating lake degradation and sustaining ecological functions. The 

decay and decomposition of aquatic macrophytes, as well as the terrigenous litter input 

via hydrology process, leave behind a substantial amount of refractory organic matter 

in lakes. The continuous accumulation of this organic matter can lead to sediment 
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elevation, ultimately contributing to lake degradation, particularly in shallow lake 

systems in the middle and lower reaches of the Yangtze River basin. The co-metabolism 

process induced by cyanobacteria facilitates the mineralization of refractory organic 

matter in sediments. While this process enhances GHG production and emissions from 

lake sediments, it also slows sediment elevation, thereby helping to sustain lake 

ecosystem functions. 

7.3 Limitation and future study 

This study primarily focuses on the current states and potential driving 

mechanisms of GHG gross emissions from typical lakes in the middle and lower 

reaches of the Yangtze River Basin. However, there remain areas that require further 

research in the future, as follows: 

(1) This study focuses on GHG gross emissions, without considering processes such as 

photosynthesis and respiration. Therefore, future research should account for the lake 

carbon sink processes to accurately quantify the net carbon emission flux of eutrophic 

lakes. 

(2) The lakes selected for this study are primarily located in the middle and lower 

reaches of the Yangtze River, which have high baseline values and are significantly 

influenced by human activities, making them somewhat unique. 

(3) The temporal scale analysis in this study mainly focuses on the typical eutrophic 

Lake Taihu, with limited data from other lakes. Future research should develop 

temporal-scale datasets for a wider range of lakes to expand the scope of temporal 

studies. 

(4) This study does not precisely quantify the overall greenhouse gas emissions from 

different lake ecosystems. Future research should integrate machine learning, model 

analysis, and other methods to quantify greenhouse gas emissions across various basins 

and trophic states. 

(5) Future studies should incorporate model analysis and advanced data science 

techniques to quantify the contributions of various drivers to lake greenhouse gas 

emissions. Additionally, they should predict changes in greenhouse gas fluxes and 

trends under future scenarios. 
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