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A B S T R A C T   

As the largest reactive organic carbon pool, dissolved organic matter (DOM) plays an important role in various 
biogeochemical processes in lake ecosystems. Recently, climate change-induced extreme events (e.g., floods and 
droughts) have significantly modified the hydrological patterns of lakes worldwide, and regulated the quality 
and quantity of DOM. However, the responses of DOM chemistry to hydrological alteration in lakes remain 
poorly understood. Here we investigated the influences of hydrological alteration on sources, composition, and 
characteristics of DOM in Poyang Lake, the largest freshwater lake in China, using a combination of bulk 
chemical, optical and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) techniques. 
Results show various sources of DOM (autochthonous, allochthonous, and anthropogenic inputs) and significant 
variations in DOM chemistry across four hydrological periods (the retreating, dry, rising, and flooding periods) in 
Poyang Lake. During the retreating, rising, and flooding periods, DOM was characterized by higher aromaticity, 
humification degree, and recalcitrance, and exhibited pronounced allochthonous signatures. In contrast, DOM 
contained more S-containing molecules and aliphatic compounds during the dry period, displaying relatively 
stronger autochthonous features. Terrestrial inputs and the lignin-CHOS formation process are likely the primary 
underlying mechanisms shaping the differences in DOM chemistry in Poyang Lake. Our research demonstrates 
the significant impacts of hydrological alteration on DOM dynamics, and provides an improved understanding of 
DOM biogeochemical cycles and carbon cycling in large aquatic systems under global climate change.   

1. Introduction 

Dissolved organic matter (DOM) constitutes a complex mixture of 
organic compounds with various origins (terrestrial or aquatic primary 
producers) and compositions (e.g., lignin-derived polyphenols, lipids) 
(Zark and Dittmar 2018; Liu et al., 2022). As the largest reactive and 
exchangeable organic carbon pools, DOM plays a pivotal role in carbon 
cycling, nutrient export, and food web dynamics in aquatic ecosystems 
(Li et al., 2023; Lynch et al., 2019). The reactivity, environmental be-
haviors, and fate of DOM in lakes are intricately associated with its 
quantity and quality, which are potentially influenced by external 

environmental changes (e.g., hydrology, climate) occurring at various 
spatial and temporal scales (Kellerman et al., 2014; Ejarque et al., 2018). 
In recent years, climate change has led to an increase in the frequency 
and intensity of extreme events globally, particularly floods and 
droughts, which have profound impacts on established hydrological 
patterns of lakes (Rohde 2023; Woolway et al., 2020). Therefore, tracing 
and investigating the variations in DOM chemistry in response to hy-
drological changes are essential steps toward comprehending its 
far-reaching ecological and environmental impacts on lake ecosystems. 

Hydrological alteration greatly impacts inflows, water level and 
extent, and physicochemical parameters (e.g., water retention time), 
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and likely further constrains the sources and transformation processes of 
DOM in lakes. Previous studies have reported that the rapid increases in 
inflows, water level and extent stimulate inputs of terrestrial organic 
matter to lakes (Zhou et al., 2020; Zhou et al., 2023a), while during 
droughts, lakes mainly receive groundwaters and accumulate more 
autochthonous DOM (Song et al., 2022). Furthermore, because 
allochthonous DOM is usually bio-recalcitrant and photo-reactive, 
whereas autochthonous DOM is more bio-labile and photo-resistant 
(Liu et al., 2022), the primary transformation processes of DOM, 
including microbial and photo degradations, could be altered along with 
the changes of physical-chemical environment, further enhancing the 
heterogeneity and complexity of DOM in lake systems (Zhou et al., 
2023a; Cory and Kling 2018). For instance, with increasing water 
retention time, terrestrial DOM (e.g., aromatic compounds), before 
sedimentation or transport downstream, were converted into small 
molecular compounds (photoproducts, like aliphatics) through the 
photodegradation process (Gonsior et al., 2013; Stubbins et al., 2010) 
and exhibited autochthonous features (Kellerman et al., 2014; Ejarque 
et al., 2018). Therefore, hydrological alteration would complicate the 
sources and transformation processes for lake DOM and potentially 
regulate the quality and quantity of DOM. However, the current 
knowledge of the responses of DOM chemistry to hydrological alteration 
in lakes remains poorly understood and warrants further investigation. 

Precisely characterizing the impacts of hydrological alteration on 
DOM chemistry remains challenging because of its tremendous chemical 
heterogeneity, various sources, and complex biogeochemical processes 
(Lynch et al., 2019; He et al., 2020a). Recently, Fourier transform ion 
cyclotron resonance mass spectrometry (FT-ICR MS) has shown 
powerful capabilities for elucidating DOM chemistry at the molecular 
level (Kellerman et al., 2018; Nebbioso and Piccolo 2013; He et al., 
2020b). This technique has been widely employed in combination with 
ultraviolet-visible (UV–Vis) absorbance and excitation-emission matrix 
(EEM) fluorescence spectroscopy to provide comprehensive information 
on sources, composition characteristics, and transformation processes of 
DOM across various aquatic systems (Liu et al., 2022; Li et al., 2023; He 
et al., 2020a; Johnston et al., 2020). Therefore, a constellation of these 
approaches can effectively reveal the dynamics of DOM chemistry 
driven by hydrological alteration. 

Poyang Lake, the largest freshwater lake in China and one of the six 
world renowned wetlands, offers a wide range of ecosystem services, 
such as biodiversity conservation, nutrient retention, and carbon 
sequestration (Li et al., 2022; Cheng et al., 2022). The hydrological 
patterns of Poyang Lake alter significantly throughout the year because 
of the influences of both climate change and human activities. Specif-
ically, the water level and extent in Poyang Lake fluctuated ranges from 
8 to 22 m and 907.7 to 3752.7 km2 respectively under different hy-
drological conditions (Li et al., 2019; Feng et al., 2012). Accordingly, the 
lake basin alternates between water-covered and land-covered, and the 
morphology of the lake water body changes back and forth between a 
small, shallow form to a large, deep one (Zhao and Liu 2017). Along with 
these alterations, the inflows, water retention time, and water quality in 
Poyang Lake present significant seasonal variations (Li et al., 2020; 
Huang et al., 2022a). Hence, Poyang Lake provides an ideal setting to 
evaluate the impacts of the hydrological alteration on DOM chemistry. 
Although previous studies have investigated seasonal variations in DOM 
composition in Poyang Lake, they have primarily focused on DOC con-
centrations and their optical properties (Huang et al., 2022b, Yao et al., 
2015), while the spatiotemporal dynamics of DOM chemistry at the 
molecular level and its connections with hydrological alteration remain 
poorly understood. 

In this study, a combination of bulk chemical analysis, spectroscopy 
methods (UV–Vis and EEM), and FT-ICR MS technique were applied to 
characterize the dynamics of DOM chemistry driven by hydrological 
alteration in Poyang Lake. Overall, the main objectives are to: 1) 
investigate the sources, composition, and characteristics of DOM in 
Poyang Lake; 2) unravel the variations in DOM chemistry across 

different hydrological periods; 3) explore the potential mechanisms by 
which hydrological alteration regulates DOM chemistry. 

2. Materials and method 

2.1. Lake description and hydrological data 

Poyang Lake (28◦4′–29◦46′N, 115◦49′–116◦46′E) is located in the 
middle and lower reaches of the Yangtze River with a watershed area of 
162,225 km2 (Fig. 1a). The lake primarily receives the majority of water 
from five tributaries (the Xiushui River, the Ganjiang River, the Fuhe 
River, the Xinjiang River, and the Raohe River) and exchanges water 
with the Yangtze River through a northern outlet known as Hukou 
(Wang et al., 2022). Given the significant variations in hydrological 
conditions, the hydrological patterns of Poyang Lake are separated into 
four distinct periods: the rising period (from March to May), the flooding 
period (from June to August), the retreating period (from September to 
November), and the dry period (from December to February) (Huang 
et al., 2022b, Xu et al., 2023). The lake basin is characterized by a 
subtropical humid monsoon climate, with average annual temperatures 
ranging from 16.6–18.0 ◦C and average precipitation between 
1400–1600 mm (Xu et al., 2022). 

The hydrological dynamics at Hukou station are influenced simul-
taneously by both the Poyang Lake and the Yangtze River, as the station 
is positioned at their intersection zone. Daily variations of water levels 
and flow at the station served as representative indicators for Poyang 
Lake. The daily variations of water level and flow at the Hukou station 
from Sep. 2021 to Aug. 2022 are presented in Fig. 1b. Notably, signifi-
cant differences exist in the average water level and flows across the four 
distinct periods, with the most pronounced disparities occurring in the 
dry and flooding periods. For example, the average water level during 
the flooding period stood at 14.91 m, while it dropped to just 9.06 m in 
the dry period. Our samples were collected in Oct. 2021, Jan. 2022, Apr. 
2022, and Jul. 2022 (denoted by a five-pointed star in Fig. 1b) and can 
effectively represent the retreating, dry, rising, and flooding periods, 
respectively. 

2.2. Sample collections and procedure 

A total of 24 samples were collected based on topography from 6 
sites (L1–L6) in the four different periods to investigate variabilities of 
DOM chemistry in Poyang Lake during the hydrological alteration 
(Fig. 1a). All water samples were collected at a depth of approximately 1 
m using a 2 L Nalgene bottle (pre-cleaned with pH = 2 HCl-acidified 
ultrapure water) and transported back to the lab on ice within 6 h. 
The pre-treatment process of samples was completed on the sampling 
day, and each water sample was divided into two aliquots. The first 
aliquot was filtered sequentially through 0.7 μm and 0.45 μm glass fiber 
(pre-combusted at 450 ℃ for 4.5 h, GF/F, Whatman), then the filtrates 
were acidified to pH = 2 with hydrochloric acid and stored at 4 ◦C in the 
dark before further analysis. The other aliquot was stored at -20 ◦C in the 
dark and measured within two days. 

2.3. Bulk geochemical and optical measurement 

Water dissolved oxygen (DO) and electricity conductivity (EC) con-
centration were measured in situ using YSI ProPlus equipment (DS5X, 
Hach). Suspended solids (SS), total nitrogen (TN), total phosphorus 
(TP), and chlorophyll a (Chl a) were determined using the corresponding 
spectrophotometric method according to standard methods for moni-
toring surface water and wastewater (China) (Han et al., 2020). Dis-
solved organic carbon (DOC) concentration was analyzed by 
high-temperature catalytic oxidation on a total organic carbon 
analyzer (TOC-L CPN, Shimadzu). The detailed procedures for the above 
analysis can be found in the Supplementary information. 

The Ultraviolet-visible (UV–Vis) absorption and fluorescence 
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excitation-emission matrices (EEM) spectra for DOM samples were 
determined with Agilent 8543 UV–Vis spectrophotometer and Hitachi F- 
4700 fluorescence spectrometer, respectively, at room temperatures (25 
℃). Detailed procedures for the measurements and calibration of the 
UV–Vis and EEM spectra can be sourced from our previous study (Xu 
et al., 2023). Various optical parameters commonly employed to eval-
uate the origin, aromaticity, and humification degree of DOM samples 
were calculated (Liu et al., 2022; Li et al., 2023). These include the 
absorption coefficient at wavelengths of 254 (a(254)) and 350 nm (a 
(350)), the specific ultraviolet absorption of DOC at 254 nm (SUVA254), 
fluorescence index (FI), humification degree (HIX), and biological index 
(BIX). Specific equations for calculating these parameters and their 
interpretation have been reported previously (Li et al., 2023; Fellman 
et al., 2010). 

2.4. Solid-phase extraction of DOM and FT-ICR MS analysis 

All DOM samples (0.3–0.5 L, depending on the DOC concentration) 
were extracted using 500 mg, 6 mL Agilent Bond Elut PPL cartridges 
based on an established solid-phase extraction method as previously 
described (Dittmar et al., 2008). Ultrahigh-resolution mass spectra 
analysis of extracted DOM was measured on a 15-tesla Bruker SolariX 
FT-ICR MS equipped with an electrospray ionization source (ESI, Apollo 
II) in negative ionization mode. The entire measuring process and cali-
bration followed have been described previously (Cao et al., 2015). Peak 
identification was performed with Bruker Data Analysis software, and 
molecule formulas were validated by setting stringent chemical con-
straints:1) mass measurement error < 0.5 ppm; 2) element counts: 12C ≤
100, 1H ≤ 200,16O ≤ 50, 14N ≤ 3, 32S ≤ 1; 3) signal to noise ratio (S/N) ≥
4; 4) 0.2 < H/C < 2.3, 0.1 < O/C < 1.2, N/C < 0.5, S/C < 0.2; 5) − 10 ≤
DBE–O ≤ 10 (DBE was short for double bond equivalent); 6) nitrogen 
rule (Xu et al., 2022; Kamjunke et al., 2017; Fu et al., 2019). Note that 
the lower H/C threshold value of 0.2 instead of the alternatives (e.g., 0.3 
or 0.33) was chosen to identify larger numbers of reasonable formulas. 
Although it might introduce a few questionable formulas, the limitations 
have no significant influence on the overall results. The relative peak 
intensity, normalized to the sum of the peak intensity of assigned mo-
lecular formulas in each sample, was used to semi-quantitatively char-
acterize the composition of DOM samples (Wang et al., 2021a). The 
intensity-weighted parameters, including elements (C, H, O, N, S), mo-
lecular weight (m/z), formulas classes (CHO, CHOS, CHON, CHONS), 
atomic ratios (H/C, O/C), DBE, and modified aromatic index (AImod) 
were calculated to reveal the basic characteristic of DOM (He et al., 
2020a). Moreover, inter-sample rankings analysis was performed to 

reveal the differences in DOM quality with detailed descriptions in 
Supplementary information. 

Assigned molecular formulas were further classified into various 
compound groups to characterize biogeochemical transformations and 
transport processes of DOM (Kellerman et al., 2018; Seidel et al., 2014). 
These groups are: 1) polycyclic condensed aromatics (AImod > 0.66); 2) 
polyphenolics (0.66 ≥ AImod > 0.50); 3) highly unsaturated and phe-
nolics (AImod ≤ 0.50, H/C < 1.5); 4) aliphatic compounds, including 
unsaturated aliphatic compounds (2.0 > H/C ≥ 1.5, N = 0) and 
peptide-like molecular formulae (2.0 > H/C ≥ 1.5, N > 0); 5) saturated 
compounds (H/C ≥ 2.0, or O/C ≥ 0.9); 6) carboxylic-rich alicyclic 
molecules (CRAMs; DBE/C = 0.30–0.68, DBE/H = 0.20–0.95, DBE/O =
0.77–1.75) (Hertkorn et al., 2006). In addition, the molecular lability 
index (MLBL%) (D’Andrilli et al., 2015) and the island of stability index 
(IOS%) (Lechtenfeld et al., 2014) were calculated to assess the overall 
lability of DOM. 

2.5. Statistical analyses 

Parametric one-way analysis of variance (one-way ANOVA; 
normality of variables) and nonparametric Kruskal-Wallis test (non- 
normality of variables) were used to assess the differences in DOM 
chemistry among the four distinct hydrological periods in Origin 2019. 
Pearson correlation analysis was conducted to explore the relationships 
among DOM chemistry (DOC, optical properties, and molecular char-
acteristics) in R 4.2.0. The significance level was reported as p < 0.05 in 
all statistical analyses. Principal component analysis (PCA) was used to 
further analyze the variations of all DOM samples in R 4.2.0. The loca-
tion of sampling sites was mapped in ArcGIS 10.2. 

3. Results 

3.1. Bulk water chemistry 

The Poyang Lake displayed a wide range of variations in water 
chemistry parameters (Table S1). The Chl a, TN, TP, DO, EC, and SS 
concentrations ranged from 3.01–25.62 mg m− 3, 1.09–4.06 mg L− 1, 
0.075–0.225 mg L− 1, 6.24–15.05 mg L− 1, 0.094–0.197 mS cm− 1, and 
9.67–92.0 mg L− 1, respectively. The alteration of water quality values 
varied, but all presented significant differences across the four hydro-
logical periods (Fig. S1a-f). These results highlight that hydrological 
alteration has intensified the temporal and spatial heterogeneity of the 
lake’s water chemical environment. 

Fig. 1. (a) Study area and sampling sites of Poyang Lake. (b) Daily variations of water level (up) and flow (bottom) from Sep. 2021 to Aug. 2022 at Hukou station in 
Poyang Lake. The heights of red, blue, green, and cyan bars represent the average water levels and flows for the four hydrological periods (the retreating, dry, rising, 
and flooding periods). 
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3.2. DOC concentrations and optical parameters of DOM 

The DOC concentrations in Poyang Lake varied over a wide range, 
spanning from 2.16–5.56 mg L− 1 with significant variations across the 
retreating (2.16–2.80 mg L− 1), dry (3.23–4.95 mg L− 1), rising 
(5.03–5.56 mg L− 1), and flooding periods (3.27–4.45 mg L− 1; p < 0.001; 
Fig. 2a). The values of a(254) and a(350), represent the chromophoric 
DOM (CDOM) concentrations also displayed significant differences 
among the four different periods (Fig. S1g, h). Both the two indexes were 
positively correlated with DOC concentrations (r = 0.55/0.62, p < 0.01; 
Fig. 2b, c). SUVA254 and HIX parameters are commonly used to evaluate 
the aromaticity and humification degree of DOM, they both showed 
significant variations across the four periods (Fig. S1i, l), but no corre-
lation was observed between these two values. BIX, as an indicator of 
autotrophic productivity contribution to DOM, had significantly higher 
values in the dry period (0.97–1.15) compared to the retreating 
(0.78–0.91), rising (0.77–0.92), and flooding periods (0.85–0.95; p <
0.01; Fig. 1k). On the other hand, FI values, generally used to reflect the 
sources of DOM, ranged from 1.47–1.95, 1.75–1.92, 1.60–1.77, 
1.54–1.95 in the retreating, dry, rising, and flooding periods respec-
tively, and were not statistically different across the four periods (p =
0.07; Fig. S1j). 

3.3. Molecular diversity of DOM analyzed by FT-ICR MS 

The FT-ICR MS analysis identified a total of 13,702 molecular for-
mulas in the mass range of 100–800 Da in all DOM samples from Poyang 
Lake (Fig. S2; Table S2). 5562, 8050, 9517, and 8437 formulas were 
assigned in the retreating, dry, rising, and flooding period respectively, 
and only 3880 formulas were shared across the four hydrological pe-
riods (Fig. S2, 3; Table S2). The relative abundance of formula compo-
sitions (CHO, CHOS, CHON, and CHONS) showed significant differences 
across the four hydrological periods (p < 0.001; Fig. 3a-d). Specifically, 
the relative intensity of CHO and CHON formulas was significantly 
higher in the retreating (CHO, 66.64–71.36 %; CHON, 20.20–24.90 %), 
rising (70.09–71.92 %; 20.63–22.54 %), and flooding periods 
(70.54–72.65 %; 21.27–21.97 %) than in the dry period (51.40–64.03 
%; 11.31–15.61 %). Conversely, the relative intensity of CHOS and 
CHONS formulas was significantly lower in the retreating (CHOS, 
6.32− 8.47 %; CHONS, 1.99–2.73 %), rising (5.14–7.09 %; 0.92–1.41 
%), and flooding periods (5.13–6.25 %; 0.80–1.43 %) than in the dry 
period (16.38–29.80 %; 3.85–7.55 %; Table S3). 

Molecular parameters highlighted that significantly lower H/C 
occurred in the retreating (1.16 - 1.17), rising (1.18–1.22), and flooding 
periods (1.15–1.18) than in the dry periods (1.22–1.25; Fig. 3e), 
whereas significantly higher DBE and AImod values were observed in the 
retreating (DBE, 8.28–8.57; AImod, 0.28–0.29), rising (8.75–9.38; 
0.27–0.29), and flooding periods (9.26–9.50; 0.29–0.30), in contrast to 

the dry period (7.66–8.21; 0.21–0.25; Fig. 3f, g). In addition, the pro-
portions of compound groups (categorized by O/C, H/C, and AImod) also 
exhibited significant variability in DOM. Highly unsaturated and phe-
nolics (HUPs) had the highest relative abundance (71.77–81.49 %) in all 
DOM (Fig. 3l), followed by aliphatic compounds (6.93–17.61 %; 
Fig. 3m) and polyphenolics (5.72–10.69 %; Fig. 3k), while polycyclic 
condensed aromatics and saturated compounds accounted for less than 
5 % (Fig. 3j) and 2 % (Fig. 3n), respectively. Specifically, significantly 
higher abundances of HUPs and polyphenolics were observed during the 
retreating, rising, and flooding periods, whereas higher proportions of 
aliphatics and saturated compounds in the dry period. For MLBL, IOS, 
and CRAMs values evaluating the overall lability of DOM, the dry period 
had the highest MLBL (13.80–18.34 %; Fig. 3h) and lowest IOS 
(8.57–10.21 %; Fig. 3i) and CRAMs (48.31–59.86 %; Fig. 3o), compared 
to the other three periods. Furthermore, eight representative samples in 
two sites (L1 and L5) were selected randomly to understand the differ-
ences in DOM characteristics across four hydrological periods by inter- 
sample rankings analysis. Obvious variations of DOM molecular 
composition are shown in Fig. S4, the molecular formulas in the ranks 
1–8 (relatively higher molecular relative intensities) displayed relatively 
lower m/z values (< 375 Da) in the retreating and dry periods, and 
higher m/z values in the rising and flooding periods. Those high- 
intensity formulas occupied regions of H/C < 1.2 or O/C > 0.6 for the 
retreating period, O/C > 0.6 for the dry period, H/C > 1.1 and O/C > 0.7 
for the rising period, and H/C < 1.5 for the flooding period, respectively. 

3.4. Principal component analysis of DOM 

Principal component analysis (PCA) was conducted to further 
explore the variations in DOM chemistry among the four hydrological 
periods, utilizing DOC, optical parameters, and FT-ICR MS indices. The 
loadings of the first two principal components (PC1 and PC2) explained 
55.1 % and 19.3 % of the variations of DOM chemistry (Fig. 4). PC1 
showed strong positive loadings for parameters associated with 
aromaticity and recalcitrance (e.g., HIX, AImod, DBE, IOS, CRAMs) as 
well as molecular groups related to terrestrial features (e.g., poly-
phenolics, highly unsaturated and phenolics, CHON). In contrast, the 
negative loadings of PC1 were largely linked to freshly produced DOM 
(e.g., BIX, FI, aliphatics, H/C, saturated compounds, CHOS). DOM in the 
retreating, rising, and flooding periods exhibited higher PC1 scores than 
samples from the dry period, which were characterized by distinct 
negative scores on PC1 (Fig. 4). 

4. Discussions 

4.1. Multiple sources of DOM in Poyang lake 

Through the analysis of the UV–Vis, EEM, and FT-ICR MS, various 

Fig. 2. (a) Boxplots showing significant variations in DOC concentrations across the four hydrological periods; (b) Relationships between DOC and a(254); and (c) 
Relationships between DOC and a(350). Note: the box horizontal boundaries and inner lines denote the 25th, 50th, and 75th percentiles, respectively; the inner black 
squares are mean values; the whiskers represent 1.5 times the interquartile range and the black circles indicate outliers in (a); the shaded area of red color indicates 
95 % confidence intervals in (b) and (c). 
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sources of DOM, including autochthonous, allochthonous, and anthro-
pogenic inputs, were identified in Poyang Lake. The average values of FI 
(Average ± Standard Deviation: 1.73 ± 0.13), HIX (2.64 ± 0.9), and BIX 
(0.92 ± 0.1) (Table S1; Fig. S1 j-l) were within the specific ranges 
(1.4–1.9, 1.5–3.0, 0.8–1.0 for FI, HIX, and BIX respectively) that indicate 
the presence of both autochthonous and allochthonous sources in DOM 
(Birdwell and Engel 2010). Typically, for inland waters with DOM pri-
marily originating from terrestrial inputs and autogenous production, 
the SUVA254 values fall within the range of 1–6 L⋅mg C− 1 m− 1 (Liu et al., 
2022; He et al., 2020a). Thus, our SUVA254 values (3.35 ± 0.9 L⋅mg C− 1 

m− 1; Table S1) also suggest a mixture of DOM sources. Regarding mo-
lecular groups, terrestrial indicators, such as polyphenolics (7.99 ±
1.50 %; Table S1) and highly unsaturated and phenolic compounds 

(77.56 ± 3.08 %; Table S1), typically derived from vascular plants and 
soil-derived products of lignin degradation (Kellerman et al., 2018; 
Seidel et al., 2015), suggested allochthonous sources in DOM. The 
occurrence of aliphatic compounds (11.39 ± 3.43 %; Table S1), 
including unsaturated aliphatics and peptides, and often originating 
from bacterial and algal metabolites (He et al., 2020a; Wang et al., 
2021b), indicates the contributions from autochthonous sources. Addi-
tionally, strong positive correlations between optical parameters and 
molecular groups (e.g., BIX and aliphatic compounds) further support 
the consistent findings of optical techniques and FT-ICR MS in revealing 
the potential sources of DOM (Fig. 5a-c). 

A series of CHOS formulas belonging to the O3S and O5S classes were 
determined in DOM of Poyang Lake (Fig. 6). These O3S and O5S 

Fig. 3. Boxplots showing significant variations of FT-ICR MS parameters across the four hydrological periods. PCAs and HUPs are short for polycyclic condensed 
aromatics and highly unsaturated and phenolics, respectively. The box horizontal boundaries and inner lines denote the 25th, 50th, and 75th percentiles, respec-
tively; the inner black squares are mean values; the whiskers represent 1.5 times the interquartile range and the black circles indicate outliers. 
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compounds were likely associated with linear alkylbenzene-sulfonates 
(LAS) and sulfophenyl carboxylic acids (SPC), which are the degrada-
tion products of LAS under aerobic conditions (Wang et al., 2021b; 
Gonsior et al., 2011). LAS, as one of the most widely used synthetic 
surfactants, is commonly detected in domestic wastewater and other 
anthropogenically impacted inland waters (Melendez-Perez et al., 

2016). Liu et al. (2022) found that the classes of CHOS formulas in lake 
DOM, which were less impacted by human activity, typically followed a 
normal distribution (like the distribution of CHO formulas in Fig. 6), 
such as Hulun Lake and Daihai Lake (Inner Mongolia, China). In this 
study, CHOS formulas within the O4S and O6S to O14S classes appeared 
to confirm to a normal profile, whereas the O3S and O5S classes showed 

Fig. 4. PCA results of the DOC, optical parameters, and FT-ICR MS indices for DOM. PCAs, Poly and, HUPs were short for polycyclic condensed aromatics, poly-
phenolics, and highly unsaturated and phenolic compounds. 

Fig. 5. The relationships between (a) SUVA254 and HUPs, (b) HIX and polyphenolics, (c) BIX and aliphatics, (d) CHOS and aliphatics, (e) IOS and CRAMs, (f) MLBL 
and IOS, (g) CHOS and MLBL, (h) CHOS and CRAMs, (i) CHOS and IOS. Note: HUPs is short for highly unsaturated and phenolic compounds; the shaded area of red 
color indicates 95 % confidence intervals. 
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Fig. 6. Histograms of CHO and CHOS formulas in DOM across the four hydrological periods (the number of oxygen atoms were between 3 and 14).  

Fig. 7. A conceptual diagram illustrating the influences of hydrological alteration on DOM chemistry in Poyang Lake.  
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a relatively higher abundance. This suggests that Poyang Lake has 
experienced anthropogenic inputs of DOM. In a recent study, a high 
proportion (26.9 %) of tryptophan-like components was identified in 
Poyang Lake’s DOM using PARAFAC modeling analysis. This component 
likely originates from wastewater and further supports the contributions 
of anthropogenic inputs to DOM in the lake (Huang et al., 2022b). 

4.2. The effect of hydrological alteration on DOM chemistry 

Significant variations in DOM quantity and quality were revealed 
across the four distinct periods, based on the bulk chemical, optical 
properties, and molecular characteristics due to hydrological alteration 
in Poyang Lake. As shown in PCA results, although the chemistry of 
DOM differed between the flooding, retreating, and rising periods, it was 
more similar in these three periods compared to the dry period. During 
the rising, flooding, and retreating periods, higher values were noted for 
HIX, AImod, DBE, CHON, HUPs, and polyphenolics. In contrast, the dry 
period exhibited higher values for BIX, FI, CHOS, and aliphatics. Inter- 
sample rankings analysis further showed that the molecules with 
higher ranks were mainly distributed in the region of HUPs and poly-
phenolics during the retreating, rising, and flooding periods, whereas 
higher rank molecules likely occupied the aliphatic region during the 
dry period. These observations suggest that the DOM in the rising, 
flooding, and retreating periods displayed stronger terrestrial and 
anthropogenic characteristics, with greater humification degree and 
aromaticity. Conversely, the dry period was marked by a greater pres-
ence of autochthonous features. 

The changes in hydrological patterns have significant impacts on the 
inflows, water levels, and physical-chemical parameters in Poyang Lake 
(Fig.1b and Fig. S1a-f), which are likely the main factors in regulating 
the variations of DOM chemistry during the four hydrological periods. 
We present a conceptual diagram to illustrate the variations in DOM 
chemistry across different hydrological periods in Poyang Lake (Fig. 7). 
During the rising, flooding, and retreating periods, the higher water 
levels and inflows of Poyang Lake inundated the surrounding floodplain 
wetlands and introduced more terrestrial DOM inputs to the lake. In-
creases in terrestrial DOM due to hydrological alteration (e.g., water 
levels and inflows) have also been observed in various lakes (Zhou et al., 
2023a; Zhou et al., 2023b). Previous studies have identified potential 
sources of organic nitrogen- and sulfur-containing compounds origi-
nating from human activities, farmland, and livestock production in 
most inland waters (Wagner et al., 2015; Zou et al., 2023). Given the 
Poyang Lake basin is densely populated with a significant amount of 
farmland (Jiang et al., 2019), the increased water level and larger lake 
surface area during these three periods make the lake more susceptible 
to these factors. Consequently, this leads to higher proportions of CHON 
formulas and a non-normal distribution of O3S and O5S classes in the 
DOM. Additionally, since bacterial and algal metabolites were typically 
the primary sources of autochthonous DOM in lakes, the lowest Chl a 
concentration (9.35 ± 1.68 mg/m3, Fig. S1a) during the dry period 
suggests algal productions are likely not the main contributor to the 
significant autochthonous DOM features. Interestingly, DOM in the dry 
period exhibited a higher relative abundance of CHOS formulas. Previ-
ous publications have revealed that reduced sulfur species (e.g., sulfide 
ions), mainly generated by the anaerobic respiration of sulfate-reducing 
bacteria (SRB) in aquatic systems (Chen et al., 2016), could react with 
organic matter through sulfurization reactions to form the organic sulfur 
compounds in reducing environments, like anoxic bottom waters 
(Schmidt et al., 2017; Powers et al., 2021). Melendez-Perez et al. (2018) 
demonstrated that the CHOS formulas can naturally be produced at the 
sediment/water interface through the reactions (sulfide/bisulfide ions 
+ lignin-like CHO → lignin-like CHOS), and the ambient sediments can 
act as heterogeneous catalysts to promote this process. The observed 
higher abundances of S-containing compounds in DOM of surface sedi-
mentary porewater than in the overlaying water likely confirmed this 
process (Valle et al., 2020). Thus, the lower water level and presence of 

mudflats in Poyang Lake during the dry period contributed to the release 
of organic sulfur compounds into the upper layer. Notably, nearly 30 % 
(265 of 858) unique CHOS formulas in the DOM during the dry period 
were distributed in the aliphatics region (2.0 > H/C ≥ 1.5) in the V-k 
diagram (Fig. S3), and a positive relationship between the abundances of 
CHOS formulas and aliphatics were found (r = 0.73, p<0.001; Fig. 4d). 
As a result, the DOM in the dry period exhibited relatively higher 
autochthonous-derived features. Consistently, more abundances of 
autochthonous DOM were also revealed in lakes during extreme 
droughts (Ejarque et al., 2018). 

The hydrological alteration not only induced changes in DOM 
sources and compositions but also led to differences in lability and 
recalcitrance of DOM. The values of CRAMs and IOS typically represent 
the presence of recalcitrant molecules, whereas MLBL values could 
reflect the proportions of labile molecules (Hertkorn et al., 2006; 
D’Andrilli et al., 2015; Lechtenfeld et al., 2014). Significant relation-
ships were observed between CRAMs and IOS, as well as between IOS 
and MLBL (Fig. 5e, f). Thus, higher CRAMs and IOS values and lower 
MLBL values in the rising, flooding, and retreating periods indicated that 
DOM was more stable during these periods than in the dry period. A 
previous study reported that CHOS formulas are important components 
of the labile DOM pool and are likely to increase the bioavailability of 
DOM in anoxic deep groundwater (Osterholz et al., 2022). In this study, 
CHOS formulas showed a positive correlation with MLBL and negative 
correlations with CRAMs and IOS (Fig. 5g-i), suggesting that a high 
proportion of CHOS formulas may contribute to the DOM lability in the 
dry period. Moreover, as the allochthonous DOM is generally more 
biologically recalcitrant and photoreactive than autochthonous DOM 
(Kellerman et al., 2018), and given that Poyang Lake is a river-connected 
lake with flowing water and relatively higher DO concentrations (more 
than 6 mg/L; Fig. S1d), it provided suitable conditions for microbial 
activity and reduced the impact of photo-degradation. Therefore, these 
factors likely contribute to the preservation of recalcitrant DOM and 
increase its stability during the rising, and flooding, and retreating 
periods. 

4.3. Implications for the global carbon cycle and future considerations 

Lakes constitute the important components in the global carbon 
cycle as both carbon sources and sinks. The quantity and quality of DOM 
are critically associated with carbon emission and burial (Wang et al., 
2021a; Zhou et al., 2018; Begum et al., 2023). Results from this study 
highlight the impact of hydrological alteration on DOM chemistry and 
reactivity in Poyang Lake. At high water levels, elevated terrestrial DOM 
inputs increased the proportions of recalcitrant DOM in the water col-
umn. Allochthonous DOM potentially accounts for the dominant part of 
organic carbon burial (Wang et al., 2021b), and particularly the recal-
citrant compounds (e.g., CRAMs) may combine with metals (e.g., Fe) on 
mineral surfaces (Chassé et al., 2015) and priority to preserved in sed-
iments. Therefore, during flood events, more organic carbon is likely to 
be deposited in sediments and enhancing carbon sequestrations in lakes. 
In contrast, lower water levels facilitate the formation of CHOS for-
mulas, rendering the DOM more autochthonous as well as labile in na-
ture, which may accelerate the mineralization process of DOM in lakes 
(Liu et al., 2022) and likely lead to enhanced CO2 emissions during 
drought events. Overall, with the intensifying impacts of global climate 
change, more frequent extreme events such as floods and droughts could 
potentially alter the transport and transformation of organic matter in 
lakes. Consequently, these changes further influence carbon cycling 
processes on a global scale. 

Some limitations remain in the current study. First, this work mainly 
focused on the DOM chemistry of surface water samples, while vertical 
samples (e.g., middle or bottom water) should be investigated to better 
understand the vertical dynamics of DOM chemistry in Poyang Lake, 
especially during the flooding period. Second, the correlations or casual 
linkages between various DOM chemistry and carbon emission or burial 
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in the context of hydrological alteration have not been established. 
Laboratory incubation experiments to assess the impacts of changes in 
water levels on DOM chemistry in both water and sediments, and to 
capture variations associated with carbon storage or emission should be 
taken into account. Despite the above-mentioned limitations, in the 
context of elevated frequency and intensity of flood and drought events 
worldwide, our study provides novel insights into the impacts of hy-
drological alteration on DOM chemistry and the potential underlying 
mechanisms, which would help to better understand DOM biogeo-
chemical cycle and carbon cycling in large aquatic systems under global 
climate change. 

5. Conclusions 

We investigated the influence of hydrological alteration on DOM 
chemistry in Poyang Lake, the largest freshwater lake in China. Various 
sources of DOM (autochthonous, allochthonous, and anthropogenic in-
puts) and significant variations in DOM chemistry were revealed across 
the retreating, dry, rising, and flooding periods, which were illustrated 
by using bulk, optical and FT-ICR MS techniques. During the retreating, 
rising, and flooding periods, relatively more terrestrial DOM with higher 
aromaticity, humification degree, and recalcitrance was observed, while 
a greater abundance of autochthonous DOM, characterized by increases 
in saturated compounds and aliphatics was identified during the dry 
period. Additionally, CHOS molecules likely contributed to the ali-
phatics and decreased the overall lability of DOM during the dry period. 
This study emphasizes the impacts of hydrological alteration on DOM 
dynamics in large lake systems, further investigations should focus on 
the linkage between carbon emission or storage and DOM chemistry in 
the context of hydrological alteration to understand the role of DOM 
dynamics in carbon cycling. 
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