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A B S T R A C T

Small lakes on the Yunnan-Kweichow Plateau of Southwest China are significant carbon sinks, and highly sen-
sitive recorders of global climate change and human disturbance. However, the lack of robust sediment chro-
nologies makes it challenging to unravel the dynamics of dissolved organic matter (DOM) accumulation in these 
sedimentary successions, and the driving mechanisms of change over historical timescales. In this paper, we 
constructed a robust chronology (1850–2019 CE) based on radioactive lead (210Pb) for Xihu Lake, and used 
elemental analysis, optical spectroscopy, Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR 
MS) and stable carbon isotopic measurements to evaluate long-term variations in the abundance, source and 
composition of sedimentary DOM. We found that DOM abundance increased after 2000 CE due to intensive 
socio-economic activities and climatic warming within the watershed. Stable carbon isotopic results are 
consistent with spectral parameters, suggesting the additional DOM abundance was mainly derived from annual 
input from autochthonous aquatic plants. These autochthonous sources shifted the DOM pool into saturated and 
S-containing aliphatic compound and protein-like fluorescence component, which had higher bio-lability and 
mineralization potential. After successive mineralization for hundreds of years, sedimentary DOM underwent a 
transition characterized by reduced bio-lability and increased persistence with time gradients. More oxygenated, 
aromatic and high-molecular-weight DOM fractions were preserved in deeper and older sediments, which 
became a key component of lake carbon sinks. Furthermore, massive diagenetic transformations resulted in an 
increasing tendency in diversity and richness of molecular assemblage. This work provides a comprehensive 
understanding of historical inputs, degradations and preservations of sedimentary DOM, and offers new insights 
into our understanding of DOM dynamics from a paleolimnological perspective.

1. Introduction

Inland lakes serve as crucial biogeochemical reactors in the regional 
and global carbon cycles (Cole et al., 2007). They receive substantial 
organic carbon (OC) inputs from catchment areas and aquatic photo-
synthesis, and emit carbon dioxide (CO2) and methane (CH4) into the 
atmosphere (Tranvik et al., 2009; Bastviken et al., 2011; Raymond et al., 
2013). A fraction of OC is deposited in lake sediments, where it 

undergoes degradation. Inland lake sediments exhibit a higher carbon 
burial capacity than ocean sediments, containing 820 Pg of OC (Cole 
et al., 2007). However, previous studies suggest that approximately 50 
% of OC in lake sediments could be stilled mineralized via microbial 
metabolism under anaerobic conditions (Jonsson et al., 2001; Song 
et al., 2021). The sequestration and release of carbon in lake sediments 
are critical for regulating carbon budgets and influencing climate 
change (Tranvik et al., 2009). With intensifying global warming and 
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extreme weather events, the complex dynamics of sedimentary carbon 
pools and their driving mechanisms have attracted increasing 
attentions.

Dissolved organic matter (DOM) refers to a kind of heterogeneous 
organic mixtures, which are ubiquitous in natural environments and 
mediate carbon and nutrient transfer among the lithosphere, hydro-
sphere and atmosphere (Stubbins et al., 2010; Nebbioso and Piccolo, 
2013). Lake sediments accumulate diverse aromatic and aliphatic DOM 
fractions from both autochthonous and allochthonous sources (Chen and 
Hur, 2015). In recent years, global climate changes and increasing 
anthropogenic activities have significantly altered sedimentary proper-
ties. Decreasing precipitation and the construction of dams and weirs 
have reduced the input, transport and sedimentation rate of allochtho-
nous substances, thereby limiting recalcitrant DOM finally trapped in 
lake sediments (Tranvik and Jansson, 2002). Meanwhile, rapid indus-
trialization and urbanization have increased nutrient loading and 
anthropogenic effluents in lakes, leading to widespread eutrophication 
(Toming et al., 2013; He et al., 2022). These changes have promoted the 
production of low-molecular-weight and labile autochthonous com-
pounds, activating the remineralization of sedimentary DOM (Stedmon 
and Markager, 2005; Bai et al., 2022). Consequently, the quality and 
quantity of sedimentary DOM reflect the integrated outcomes of coex-
istent processes, including original inputs, biotic degradation and 
spontaneous transformation, posing challenges to understanding DOM 
dynamics across chronological sequences.

To reconstruct the historical dynamics of sedimentary DOM, this 
study employed paleolimnological approaches and multiple comple-
mentary analytical techniques. Radionuclides (210Pb, 226Ra and 137Cs) 
were used to establish recent chronologies with precise dating (Sanchez- 
Cabeza and Ruiz-Fernández, 2012). UV–visible absorption spectroscopy 
and three-dimensional excitation-emission matrix fluorescence spec-
troscopy (EEMs), combined with parallel factor analysis (PARAFAC) 
modeling and established spectral parameters, have been widely applied 
to characterize chromophoric DOM (CDOM) and fluorescent DOM 
(FDOM) (Helms et al., 2008; Murphy et al., 2013). Fourier transform ion 
cyclotron resonance mass spectrometry (FT-ICR MS) coupled with 
electrospray ionization (ESI) provided high-resolution molecular char-
acterization of DOM across different environments (Kellerman et al., 
2014; Hendrickson et al., 2015). Previous reports indicated DOM mol-
ecules in lake sediments exhibit highly aromatic and unsaturated 
properties (H/C < 1.5) and are enriched of N- or S-containing formulae 
due to sulfurization and biodegradation (Schmidt et al., 2011; Chen 
et al., 2023). Heteroatomic DOM serves as an essential nutrient source 
for the benthic communities, regulating the biogeochemical cycling of 
key elements within sediments. Recently, conceptual framework and 
tool of meta-metabolome ecology have been successfully applied to FT- 
ICR MS dataset to assess the phylogenetic α-diversity and potential 
transformation of molecular assemblages (Danczak et al., 2020). It 
provides new insights on the relationships between DOM chemistry and 
assembly mechanisms, and predicts spatiotemporal transformation of 
DOM molecules. Additionally, stable carbon isotope ratio (δ13C) com-
bined with Bayesian mixing model enables the quantification of source 
contributions for organic mixtures (Parnell et al., 2013).

The Yunnan-Kweichow Plateau of Southwest China hosts numerous 
lakes across various elevations. These lakes range in surface area from 1 
km2 to 310 km2, with average water depths spanning from 1 m to 89.6 
m, and trophic states varying from oligotrophic to highly eutrophic 
levels (Lu and Sun, 2023; Yang et al., 2024). While previous studies have 
focused on large lakes with highly ecological service and socioeconomic 
functions (Fu et al., 2006; Li et al., 2022), little is known about the 
sedimentary DOM dynamics of small lakes on the Yunnan-Kweichow 
Plateau. Due to their limited water volume and surface area, small 
lakes are more vulnerable to natural and anthropogenic disturbances. 
Xihu Lake, a shallow and small freshwater lake, serves as a critical 
drinking water source for local residents, agricultural irrigation and 
industrial production. The dual pressure of global climate changes and 

intensified human activities, which vary in temporal and spatial scales, 
may significantly alter the carbon budget of Xihu Lake by influencing 
the accumulation and degradation of sedimentary DOM. Therefore, the 
primary objectives of this study were to (1) elucidate the sources, dis-
tribution and composition of sedimentary DOM over the past century; 
(2) explore environmental, anthropogenic and biotic effects on DOM 
chemo-diversity; and (3) clarify the production, degradation and pres-
ervation of DOM across different sedimentary periods.

2. Material and methods

2.1. Site description and sample collection

The study site was located at Xihu Lake (100◦01′ ~ 100◦03′E, 26◦00′ 
~ 26◦01′N, surface area: 3.1 km2, maximum water depth: ~12.30 m), a 
freshwater plateau lake near Dali city, Yunnan province, China (Fig. 1). 
The lake water is primarily fed by precipitation and surface runoff, with 
approximately 4.33 % of its outflow discharging into Erhai Lake, the 
second largest freshwater lake on Yunnan-Kweichow Plateau, via the 
Luoshijiang River. In recent decades, rapid population growth and 
agricultural and tourism development have led to increased nutrient 
accumulation in Xihu Lake. The continuous nutrient loading of nutrient 
has stimulated algae growth and elevated primary productivity, ulti-
mately resulting in eutrophication and pollution over the past two 
decades.

In August 2019, a sediment core (length: 68 cm, diameter: 8.4 cm) 

Fig. 1. Location of sampling site at Xihu Lake, China.
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was collected from Xihu Lake (location: 100◦02′E, 26◦00′N, elevation: 
1935.17 m, water depth: 5.7 m) using a gravity sediment sampler 
(CORER-60, Austria). The core was sliced into 1 cm thickness starting 
from the water-sediment interface, yielding 68 sediment samples. These 
samples were stored in − 4 ◦C incubator and immediately transported to 
the laboratory. All samples were weighed, freeze-dried using a lyophi-
lizer, and stored in black sealed bags for further analysis.

2.2. Laboratory analysis

2.2.1. Sediment dating
Sediment samples were stored in sealed containers for 30 days to 

reach secular equilibrium before radionuclides analysis. The specific 
activities of radionuclides (210Pb, 226Ra and 137Cs) were measured by a 
high-purity Germanium (HPGe) γ-spectrometer (GWL-120-15, 
EG&GORTEC, USA) with a determination time of 40,000 s, and the 
relative detection efficiency was 62 %. The constant rate of 210Pb supply 
(CRS) model was applied to establish the sediment core chronology 
(Text S1) (Sanchez-Cabeza and Ruiz-Fernández, 2012).

2.2.2. Total organic carbon (TOC), total nitrogen (TN) and grain size 
analyses

Total carbon (TC) and total inorganic carbon (TIC) contents were 
detected using a TOC analyzer (Shimadzu TOC-SSM, Japan), and TOC 
content was calculated as the difference between TC and TIC. TN content 
was measured after digestion with persulfate (K2S2O8 + NaOH) at 
121 ◦C by a UV-3600 spectrophotometer (Shimadzu, Japan) (Smart 
et al., 1983). Grain size analysis was conducted using a Malvern Mas-
tersizer 2000 laser particle size analyzer (Malvern Instruments Ltd., UK) 
after organic matter and carbonate removal with 10 % hydrogen 
peroxide (H₂O₂) and 10 % hydrochloric acid (HCl). Sediments were 
classified into clay (< 4 μm), silt (4–64 μm), and sand (> 64 μm) (Folk, 
1966).

2.2.3. Dissolved organic carbon (DOC), absorption and fluorescence 
spectroscopy analysis

Sedimentary DOM was extracted by mixing 2 g of freeze-dried 
sediment with ultrapure water at a 1:10 (w/v) ratio, shaking for 24 h 
at 200 rpm and 25 ◦C, followed by centrifugation at 5000 rpm for 15 
min. Supernatants were filtered through 0.7 μm Whatman GF/ F filters 
(pre-burned at 450 ◦C for 6 h) to obtain DOM samples.

DOC concentrations were determined using a TOC analyzer (Shi-
madzu TOC-L, Japan) with a non-purgeable organic carbon (NPOC) 
assay method. The detection limit of TOC-L analyzer was 4 μg C L− 1, and 
measurements were performed with 2–3 injections, maintaining vari-
ance coefficients <2 %.

The UV–vis absorption spectroscopy was performed by a UV-3600 
spectrophotometer (Shimadzu, Japan) between 200 and 800 nm at 1 
nm increments, with ultrapure water as a blank. The path length of the 
quartz cuvette was 1 cm and absorbance precision was 0.001. Detailed 
information of absorbance correction and the calculation of absorption 
coefficient (aλ) can be found in Text S2.

The EEMs was measured using a FS5 spectrofluorometer (Edinburgh 
Instruments) with excitation wavelength (Ex) from 200 to 450 nm (5 nm 
intervals) and emission wavelength (Em) from 250 to 600 nm (1 nm 
intervals). Data were corrected following standard methods (Murphy 
et al., 2010), and fluorescence intensities were converted to Raman units 
(R.U.) (Text S2). Spectral parameter such as carbon specific absorption 
at 254 nm (SUVA254), spectral slope of 275 to 295 nm (S275–295), fluo-
rescence index (FI), biological index (BIX) and humification index (HIX) 
were calculated (Table S1).

2.2.4. Stable carbon isotopic analysis
DOC was firstly oxidized to CO2 using wet-oxidation method 

combining persulfate and heat (Lang et al., 2012; Zhou et al., 2015). The 
isotopic signature of CO2 converted from DOC was then determined by a 

MAT-253 isotope ratio mass spectrometer (IRMS, Thermo Fisher Sci-
entific, Bremen, Germany) coupled with a GasBench on-line high-pre-
cision gas headspace sampler (Thermo Fisher Scientific). USGS 40 (true 
δ13C value: - 26.39 ± 0.09 ‰, L-glutamic acid, NIST) was selected as the 
organic carbon standard in this study. Detailed procedures are presented 
in Text S3.

2.2.5. FT-ICR MS
Thirty-four sedimentary DOM samples (depth interval: 2 cm) were 

extracted using solid-phase extraction (SPE) for FT-ICR MS analysis 
(Dittmar et al., 2008). SPE-DOM samples were analyzed using a negative 
electrospray ionization on a 21-T FT-ICR MS at the National High 
Magnetic Field Laboratory in Tallahassee, Florida, USA (Hendrickson 
et al., 2015; Smith et al., 2018). Details of SPE process, FT-ICR MS 
analysis and data processing can be found in Text S4.

Molecular metrics including H/C, O/C, mass, modified aromaticity 
index (AImod), double-bond equivalent (DBE), and nominal oxidation 
state of carbon (NOSC) were calculated (Koch and Dittmar, 2006; 
Stubbins et al., 2010; LaRowe and Van Cappellen, 2011). Molecular 
compounds were classified as follows: condensed aromatics (CA), 
polyphenolics, highly unsaturated and phenolics with low O/C (L- 
HUPs), highly unsaturated and phenolics with high O/C (H-HUPs), ali-
phatics with low O/C (L-aliphatics), aliphatics with high O/C (H-ali-
phatics), peptide-like and sugar-like (Text S4). The contributions of 
molecular compounds and formulae were calculated by the sum of the 
relative abundances (%RA) of each compound and formula divided by 
the summed relative abundances of all assigned compounds or formulae 
in each sample, scaled to 10,000.

2.3. Statistical analysis

2.3.1. PARAFAC modeling
The PARAFAC modeling was conducted for all corrected EEMs 

dataset using DOMFluor toolbox on MATLAB R2014b (Stedmon and 
Bro, 2008). Residual and split-half analysis and comparisons with the 
OpenFlour database (http://www.openfluor. org) were applied to 
determine fluorescence components (Table S2) (Murphy et al., 2014). 
Fluorescence intensities (Fmax) were used for component quantification.

2.3.2. Bayesian mixing model
The Bayesian mixing model combined with stable carbon isotopes 

were applied to calculate the source contributions for DOC by using 
“MixSIAR” package in R 4.2.0 software (Stock et al., 2018) (Text S5). 
Based on Markov chain Monte Carlo algorithm, the output of Bayesian 
mixing model is a probability distribution (Parnell et al., 2010; Meng 
et al., 2022b). This study obtained the δ13C ranges of autochthonous and 
allochthonous endmembers from other literatures (Table S3), which 
were set as source tracers inputting the MixSIAR model.

2.3.3. Molecular dendrogram establishment
Following the protocols established in (Danczak et al., 2020), we 

established a molecular characteristics dendrogram (MCD) by 
computing all possible differences of molecular formulae, and a 
transformation-based dendrogram (TD) by assigning hypothetical mo-
lecular transformation (Text S6). A transformation-weighted charac-
teristics dendrogram (TWCD) was subsequently generated by combing 
MCD and TD (Text S6), which could fuse molecular characteristics and 
transformation relationships. The R scripts for the establishment of 
MCD, TD, TWCD and transformation database are publicly available at 
https://github.com/danczakre/MetaMetabolome_Ecology. Finally, the 
TWCD was used to measure alpha-diversity indices including Faith’s 
phylogenetic diversity (PD) and Richness by “picante” packages in R 
4.2.0 software.
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3. Results

3.1. Chronology and bulk characteristics of sediment

The specific activity of 210Pbex in the sediment core ranged from 1.63 
to 252.84 Bq Kg− 1, with an average value of 58.80 ± 51.35 Bq Kg− 1 

(mean ± standard deviation), showing an exponential decay from the 
surface to bottom (Fig. S1). The chronology of the sediment core was 
from 1850 to 2019 CE. However, no peaks in 137Cs specific activity were 
observed in 1986, 1975 and 1963 CE (Fig. S1), suggesting that the 
vertical distribution of 137Cs specific activity might be influenced by 
sediment rates, post-depositional migration and varying precipitation 
patterns (Ioannidou and Papastefanou, 2006; Drexler et al., 2018).

TOC and TN contents were 22.59–77.29 mg C g− 1 and 1.23–5.98 mg 
N g− 1 during 1850–2019 CE, respectively (Fig. S2). Both TOC and TN 
contents showed an increasing trend from the bottom to the surface of 
the sediment core. Silt and clay were the predominant components of 
the sediment (Fig. S3). The proportion of silt varied between 38.06 % 
and 72.75 %, with an average of 54.29 ± 7.12 %, and the proportion of 
clay ranged from 10.82 % to 53.85 %, with an average of 27.10 ± 12.85 
%. The proportion of sand increased in the surface sediments with a 
drastic fluctuation, which was consistent with the median grain size 
(Fig. S3). These marked increases in TOC, TN contents and median grain 
size were associated with anthropogenic disturbances during this 
period.

3.2. Contents and stable carbon isotope of sedimentary DOC

DOC contents in the sediment core varied from 0.20 mg C g− 1 to 0.88 
mg C g− 1, exhibiting an overall increasing trend over time (Fig. 2a). 
Before 2000 CE, DOC contents were relatively low, with an average of 
0.34 ± 0.07 mg C g− 1. After 2000 CE, DOC contents increased by 1.24 
times (0.42 ± 0.20 mg C g− 1), and reach maximum in 2017 CE. The δ13C 
values were relatively positive before 2000 CE, with a little variation 
(25.41 ± 0.50 ‰), but gradually decreased to an average of − 28.20 ±
1.19 ‰ after 2000 CE (Fig. 2b and Fig. S4). The relative contributions of 
autochthonous and allochthonous endmembers for DOC were calculated 
using Bayesian mixing model combined with δ13C values (Fig. 2c). The 
average δ13C values for autochthonous and allochthonous endmembers 
from previous literatures were − 31.37 ± 2.32 ‰ and − 25.20 ± 2.34 
‰, respectively (Table S3). Allochthonous sources dominated the DOC 
pool, accounting for 86.94 ± 8.85 % (51.93–92.71 %), while 

autochthonous sources accounted for only 13.06 ± 8.85 % (7.29–48.07 
%). Before 2000 CE, a steady source allocation was observed, with 
allochthonous sources contributing predominantly 90.62 ± 1.31 % and 
autochthonous sources contributing 9.38 ± 1.31 %. After 2000 CE, 
autochthonous sources showed a substantial increase, ranging from 
12.82 % to 48.07 %.

3.3. Optical characteristics of sedimentary DOM

The optical characteristics of sedimentary DOM changed signifi-
cantly during diagenesis. CDOM absorption parameters including a254, 
SUVA254 and S275–295 values ranged from 55.49 to 171.50 m− 1, 0.82 to 
1.33 L mg− 1 m− 1, and 0.011 to 0.029, respectively (Fig. 3a-c). Consistent 
with DOC contents, similar temporal patterns were discovered in a254 
values, which were relatively low (86.48 ± 17.02 m− 1) before 2000 CE 
and increasing by 1.10 times (94.94 ± 34.85 m− 1) after 2000 CE. 
SUVA254 values decreased from 1.12 ± 0.07 L mg− 1 m− 1 to 1.02 ± 0.10 
L mg− 1 m− 1 post-2000 CE, while S275–295 values increased significantly 
(0.013–0.029) during the same phase.

The four-component PARAFAC model explained >99.9 % of the total 
EEMs variability, and these components were identified by comparing 
with online spectral library on OpenFluor database (Table S2). C1 (Ex/ 
Em = 355/474 nm), C2 (Ex/Em = 320/394 nm) and C3 (Ex/Em =
<250/440 nm) were categorized as peak C, peak M and peak A, 
respectively. These humic-like fluorescent peaks were associated with 
terrestrial origins, fulvic acids and microbial products. C4 (Ex/Em =
275/304 nm) represented protein-like fluorophores (peak T and peak B) 
related to autochthonous production (e.g., amino acids). The total 
fluorescence intensity (ΣFmax) increased from 3.32 to 6.92 R.U. during 
1850–2019 CE, following a similar trend to DOC contents and a254 
values (Fig. 3d). Humic-like C3 was the dominated fluorescent compo-
nent, accounting for 46.11 ± 2.93 % of all fluorescent components, 
followed by humic-like C2 (21.47 ± 1.37 %) and C1 (20.21 ± 1.53 %) 
and protein-like C4 (12.22 ± 4.79 %). C4 contributed only 10.78 ± 1.25 
% before 2000 CE, but increased markedly to 17.29 ± 8.09 % after 2000 
CE. Fluorescent parameters including FI, BIX and HIX ranged from 1.42 
to 1.69, 0.70 to 0.81, and 1.16 to 5.31, respectively (Fig. 3e-g). Both FI 
and BIX values gradually increased in the surface sediments, but HIX 
values showed a decreasing tendency.

Fig. 2. Historical changes in DOC contents (a), δ13C values (b) and source contributions (c) in the sediment core.
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3.4. Molecular complexity of sedimentary DOM by FT-ICR MS

A total of 22,575 molecular formulae were identified via FT-ICR MS 
from 34 sedimentary DOM samples. The number of CHO, CHOS, CHON, 
and CHONS formulae were 5960, 5936, 8790, and 1889, respectively 
(Fig. S5a). Molecular mass predominantly ranged from 180 to 945 Da, 
showing a normal distribution with a median of 513 Da. These formulae 
distributed across a wide range on the van Krevelen (V–K) plot (O/C: 
0.46 ± 0.18, H/C: 1.26 ± 0.37, Fig. S5b), indicating significant molec-
ular heterogeneity.

CHO formulae accounted for 42.38 ± 5.06 %RA, followed by CHOS 
(36.22 ± 7.91 %RA), CHON (18.07 ± 4.10 %RA) and CHONS (3.34 ±
0.53 %RA) formulae (Fig. S6). The relative abundance of CHO formulae 
increased towards the older layers, while CHOS formulae showed an 
inverse trend. The relative abundance of CHO formulae was higher 
before 2000 CE (43.36 ± 3.26 %RA) compared to that after 2000 CE 
(39.17 ± 7.79 %RA). In contrast, the relative abundance of CHOS 
formulae increased markedly to 60.44 %RA after 2000 CE. In terms of 
molecular compounds, HUPs compound had the highest relative abun-
dance (H-HUPs: 21.83 ± 3.83 %RA, L-HUPs: 32.00 ± 3.73 %RA), fol-
lowed by aliphatics (H-aliphatics: 11.84 ± 3.16 %RA, L-aliphatics: 
20.56 ± 4.98 %RA), polyphenolics (6.50 ± 1.89 %RA), peptide-like 
(4.88 ± 1.07 %RA), CA (1.75 ± 0.59 %RA) and sugar-like (0.64 ±
0.27 %RA) compounds (Fig. S6). After 2000 CE, the relative abundance 
of aliphatics compound increased, particularly L-aliphatics compound, 
while the relative abundance of other compounds either decreased or 
remained unchanged.

To avoid the influence of different proportions of different formulae 
on inherently chemical characteristics, we calculated weight averaged 
(wa) values of all molecular metrics based on their initial values divided 
by the relative intensity of each formula (Fig. 4a-f). The average H/Cwa 

value was relatively higher after 2000 CE, and average values of masswa, 
O/Cwa, NOSCwa, AImod-wa, and DBEwa were relatively higher before 
2000 CE. However, temporal comparisons of these molecular metrics 
had no statistical differences possibly due to the disturbance from 
common formulae (n = 4092) shared by all samples. A transformation- 
weighted characteristics dendrogram was constructed to investigate 
potential transformations and structural organization of molecules 
(Fig. S7). The number of potential transformations changed from 3 to 
588, with 60–80 transformations occurring most frequently (Fig. S8a). 
The number of transformations was minimal in 2019 CE and became 
more abundant before 2000 CE (Fig. S8b). Additionally, the 
dendrogram-based alpha-diversity indices showed a range of 769.07 to 
1066.51for PD and 8083 to 13,359 for richness (Fig. 4g-h). Both PD and 
richness exhibited relatively lower levels after 2000 CE, and reach 
minimum in 2016 CE.

4. Discussion

4.1. Variations of DOM abundance controlled by anthropogenic and 
environmental factors

DOM abundance (DOC, CDOM and FDOM) displayed a two-stage 
temporal distribution pattern, with an accelerated increasing time 
point around 2000 CE. The relationships between socio-economic (total 
population, GDP, per capita GDP and government revenue) and envi-
ronmental factors (temperature, precipitation, grain size, TOC and TN) 
with DOC, CDOM and FDOM contents were analyzed (Fig. S9–10 and 
Table. S4–5). Due to the limitation in historical statistics, meteorological 
data from 1966 to 2019 CE and socio-economic parameters from 1952 to 
2019 CE were obtained from statistical yearbook. DOM abundance was 
significantly positive with GDP (r = 0.44–0.62, p < 0.01), per capita GDP 

Fig. 3. Historical changes in optical characteristics of DOM in the sediment core.
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(r = 0.43–0.62, p < 0.01) and government revenue (r = 0.42–0.61, p <
0.01), but had no significant correlation with total population (p > 0.05, 
Table. S4). From 2000 to 2019 CE, GDP, per capita GDP and government 
revenue increased from 147.21 to 1374.80 × 100 million yuan, 0.44 to 
3.77 × 104 yuan, and 21.00 to 199.27 × 100 million yuan, respectively 
(Fig. S9). Economic developments likely exacerbated watershed erosion 
and deterioration of water quality, leading to a sharp increase in sedi-
mentary DOM in Xihu Lake (Dearing et al., 2008; Yang et al., 2022; Xiao 
et al., 2023). Previous study reported an earlier increase in sedimentary 
DOM abundance around 1980 CE in Dianchi Lake, a eutrophic lake near 
Kunming city (Li et al., 2022). The difference reflected the sequence of 
economic development and the speed of industrialization and urbani-
zation in different regions of China. As the capital of Yunnan Province, 
Kunming city took the lead in entering the stage of industrialization and 
urbanization since the Reform and Opening Up in 1978 CE (Liu et al., 
2012; Meng et al., 2022b). Consequently, DOM abundance in the surface 
sediments of Dianchi Lake was much higher than that of Xihu Lake.

Climate change can affect carbon inputs to aquatic systems through 
precipitation-induced erosion and temperature-driven hydrophyte 
growth (Tranvik et al., 2009). In Xihu watershed, temperature increased 
from 14.13 to 16.14 ◦C during 1966–2019 CE, showing significantly 
positive correlations with DOC (r = 0.31, p < 0.05) and FDOM contents 
(r = 0.63, p < 0.001, Table S5). This suggested that climate warming 
may stimulate hydrophyte growth, increasing autochthonous DOM 
production by elevating primary productivity (Chen et al., 2012; Zhou 
et al., 2018). However, DOM abundance had no significant correlation 
with local precipitation over the same period. Based on correlation co-
efficients, socio-economic factors were the most important drivers of 
sedimentary DOM abundance. In older layers, particularly before 1940 
CE, lower DOM abundance was associated with minimal human 
disturbance and prolonged mineralization. The significantly positive 
relationship between DOM abundance and TOC contents (r = 0.49–0.73, 

p < 0.001, Table. S5) suggested that DOM burial is regulated by the 
adsorption and desorption of organic matter in sediments. Additionally, 
DOC, CDOM and FDOM contents had some correlations with clay and 
sand (Table. S5), likely influenced by changing hydrological conditions 
in the watershed (Hu et al., 2016; Meng et al., 2022a).

4.2. Qualitative and quantitative apportionment of sedimentary DOM 
sources

Analysis of historical DOC variations suggested that different sources 
contributed to DOC with distinct temporal trends due to anthropogenic 
activities superimposed on environmental variability. Stable carbon 
isotope signature was used to qualitatively identify and quantitatively 
apportion sedimentary DOC sources. The average values of δ13C in this 
study were equivalent to those observed in lakes on Yunnan-Kweichow 
Plateau (− 25.43 ± 2.94 ‰), Qinghai-Tibet Plateau (− 25.77 ± 1.85 ‰) 
and Eastern China (− 25.31 ± 2.71 ‰, Fig. S4) The depth-depended 
fluctuations in δ13C values indicated temporal heterogeneity in source 
conrtibutions. Lake sediments serve as crucial carbon sinks, incorpo-
rating both terrestrial organics (soil and plant residues) and aquatic 
biomass produced in situ. The δ13C values of terrestrial soils generally 
range from − 29 ‰ to − 23 ‰ (Derrien et al., 2018; Wen et al., 2021). 
Terrestrial plants, classified based on their photosynthetic pathways, 
exhibit distinct δ13C signatures: C3 plants range from − 30 ‰ to − 20 ‰, 
C4 plants from − 19 ‰ to − 9 ‰, and CAM plants from − 30 ‰ to − 10 ‰ 
(Lopes et al., 2013; Xu et al., 2019). In freshwater ecosystems, phyto-
plankton, floating and emergent plants typically have lower δ13C values 
than submerged plants (Xu et al., 2019). Phytoplankton, floating and 
emergent plants gengerally prefer to utilize atmospheric and dissolved 
12C-rich CO2 (δ13C ≈ − 7 ‰) during light and photosynthesis. However, 
submerged plants rely on bicarbonate (δ13C ≈ 0 ‰), increasing δ13C 
values to − 20 ‰ (Xiong et al., 2010).

Fig. 4. Historical changes in molecular metrics (a-f) and alpha-diversity indices (g-h) of DOM in the sediment core.
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The δ13C characteristics of sedimentary DOC in this study was cor-
responded to those of terrestrial soils and C3 plants. Xihu Lake is pri-
marily surrounded by forest and agricultural fields with high coverage of 
subtropical evergreen forest plants (e.g., pine, fir and spruce) and crops 
(e.g., paddy, wheat and tobacco). Bayesian mixing model results indi-
cated that allochthonous organics were predominant source for sedi-
mentary DOC pool over the past 150 years. However, agricultural 
fertilizers, industrial and domestic sewage led to increased nutrient 
loading in Xihu Lake. These coupled with climate warming have 
improved the primary production of aquatic plants (e.g., algae, caltrop 
and phragmites) over the past two decades (Williams et al., 2010; Wang 
and Chen, 2018). Therefore, the accumulation of decaying aquatic plant 
residues sustained annual increase in autochthonous contributions since 
2000 CE. Compared with severely eutrophic lakes such as Taihu Lake 
and Dianchi Lake (Meng et al., 2021; Li et al., 2022), the proportion of 
autochthonous material in Xihu Lake’s surface sediments remained 
relatively lower. Moreover, large-scale urban development, including 
the construction of hardened roads, has reduced surface runoff infil-
tration, thereby limiting the transport of allochthonous DOC into the 
lake (Xiao et al., 2023).

Fluorescent parameters further support these findings. The FI value 
can indicate FDOM sources, which has a value of >1.9 for autochtho-
nous inputs and a value of <1.4 for allochthonous inputs (McKnight 
et al., 2001). The FI values ranged from 1.42 to 1.69 (1.48 ± 0.05) be-
tween 1877 and 2019 CE, indicating predominant allochthonous 
contribution to sedimentary FDOM. The BIX values in this study were 
lower (< 0.8), implying limited contributions from freshly autochtho-
nous FDOM fractions (Huguet et al., 2009). Notably, both FI and BIX 
values had significantly positive correlations with autochthonous con-
tributions calculated by Bayesian mixing model (p < 0.001, Fig. S11), 
confirming the enhanced input of aquatic plant-derived organic matter 
in the surface sediments. Fluorescent parameters are primarily sensitive 
to FDOM components and may change upon the occurrence of biogeo-
chemical transformations (Yang and Hur, 2014; Derrien et al., 2018). 
Consequently, the source apportionments based on δ13C values com-
bined with Bayesian mixing model appear to better align with historical 
records of eutrophication in Xihu Lake.

4.3. Production, degradation and preservation of sedimentary DOM 
compositions over the past century

Sedimentary DOM in Xihu Lake exhibited a high abundance of
heteroatomic formulae, with a significant proportion of aromatic and 

aliphatic compounds. Aromatic compounds were preferentially pre-
served under anoxic conditions, while sulfurization of organic matter 
and anthropogenic sewage contributed to the enrichment of S- and N- 
containing compounds in sediments (Chen and Hur, 2015). Due to 

significant variations in DOM sources over time, more heterogeneous 
compositions and structural characteristics of DOM were observed along 
the sediment core. The high abundance of humic-like fluorescent com-
ponents (C1, C2 and C3) and aromatic molecular compounds such as 
HUPs, polyphenolics and CA compounds highlighted the dominant 
contribution of allochthonous DOM. The abundance of these allochth-
onous DOM fractions decreased after 2000 CE, while the protein-like C4 
component and aliphatic compound increased due to enhanced 
autochthonous contribution driven by human activities (Williams et al., 
2016; Liu et al., 2020). Spearman’s correlation analysis (r > 0.30, p <
0.05) between the percentages of four PARAFAC components and the 
relative abundances of molecular formulae enabled to assign the loca-
tion of each PARAFAC component in V–K plot (Fig. 5). Protein-like C4 
component exhibited higher H/C ratios (1.60 ± 0.21) and lower O/C 
ratios (0.40 ± 0.13), which was close to low-oxidized and highly satu-
rated L-aliphatics compounds (Fig. 5b). Humic-like components (C1, C2 
and C3) clustered with HUPs and polyphenolics compounds, charac-
terized by higher molecular weight, greater aromaticity, increased 
unsaturation and humification (Fig. 5b). This study demonstrated the 
consistency between optical technique and FT-ICR MS in DOM charac-
terization, providing a comprehensive perspective on DOM 
compositions.

The pronounced stratification of DOM characteristics along the 
sediment core implied the distinct DOM cycling processes occurring 
during different historical periods. To minimize the influence of com-
mon formulae on molecular traits, we screened out the predominant 
formulae after 2000 CE and before 2000 CE by comparing their average 
relative abundance of each mass peak. The post-2000 CE samples con-
tained a greater number of predominant molecular formulae (n = 1157) 
compared to pre-2000 CE samples (n = 938). These predominant 
formulae had distinct spatial division in V–K plots and significantly 
different molecular structures (Fig. S12–13). Moreover, predominant 
formulae after 2000 CE was mostly consisted of CHO formulae with L- 
aliphatics and L-HUPs compounds. Predonimant formulae before 2000 
CE had a higher relative abundance of CHO, CHON and CHOS formulae 
with H-HUPs, H-aliphatics and peptide-like compounds (Table. S6).

Principal component analysis (PCA) effectively separated the sam-
ples, illustrating temporal variability (Fig. 6). PC1 negative loading 
corresponded to predominant formulae (CHOS%RA) and compounds (L- 
aliphatics%RA and L-HUPs%RA) after 2000 CE, along with sediment 
date, TN, DOC, a254, ΣFmax, S275–295, BIX, C4% and H/Cwa (Fig. 6a). All 
post-2000 CE samples displayed PC1 negative scores (Fig. 6b), indi-
cating that the surface sediments had high DOM abundance and was 
enrich in saturated and aliphatic S-containing molecules and freshly bio- 
labie FDOM components. Human activities and enhanced primary pro-
ductivity increased anthropogenic and autochthonous organics to lake, 
and influenced sedimentary DOM chemistry (D’Andrilli et al., 2015; 

Fig. 5. Spearman’s correlations between molecular formulae and PARAFAC components (a), and V–K plots showing comparison of molecular compounds and 
PARAFAC components based on Spearman’s correlation analysis (b).
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Shang et al., 2022). It could be supported by the significantly relation-
ships between PC1 scores and GDP (Fig. 6c). These bio-labile DOM with 
C–S bonds were prone to demethylation, generating numerous CH4 
emissions from benthic sediments (Bizic, 2021). Previous studies found 
that synthetic surfactant compounds containing O3S and O5S, widely 
used for detergents in China, exhibited high abundance in urban river 
and wastewater (Gonsior et al., 2011; He et al., 2019). The enrichment 
of O3S and O5S compounds in the surface sediments of Xihu Lake also 
supported the intensive anthropogenic signal (Fig. S13h).

PC1 positive loadings corresponded to predominant formulae (CHO 
%RA, CHON%RA and CHOS%RA) and compounds (H-HUPs%RA, H- 
aliphatics%RA and peptide-like%RA) before 2000 CE, as well as humic- 
like FDOM components (C1%, C2% and C3%), masswa, DEBwa, AImod-wa, 
NOSCwa, O/Cwa, SUVA254, HIX and δ13C (Fig. 6d). All pre-2000 CE 
samples showed PC1 positive scores (Fig. 6e). Due to successive 
mineralization for hundreds of years or longer, the protein-like and 
aliphatic compounds were preferentially degraded, leaving the older 
sediments enriched in oxygenated, aromatic and high-molecular-weight 
compounds from allochthonous sources (Fig. 6f). The “island of stabil-
ity” (IOS) with a specific range of formulae (mass: 360 ± 28 and 497 ±
51 Da, O/C: 0.52 ± 0.10, H/C: 1.17 ± 0.13) was considered to be a 
subset of highly persistent molecules (Lechtenfeld et al., 2014; Keller-
man et al., 2018). The increased abundance of IOS in deeper sediments 
suggested that older sedimentary DOM underwent a transition charac-
terized by reduced bio-lability and enhanced persistence (Fig. S13g). 
Although older sedimentary DOM exhibited overall stability, a slight 
upward trend in some active peptide-like and H-HUP compounds was 
observed. These compounds probably originated from slowly microbial 
reworking of older DOM, and were preserved under anoxic conditions in 
deeper sediments (Jessen et al., 2017; Chen et al., 2023). In addition, the 
presence of CHOS formulae was likely resulted from the early diagenetic 
sulfurization of CHO formulae via abiotic pathways (Schmidt et al., 
2009; Melendez-Perez et al., 2016).

Interestingly, dendrogram-based alpha-diversity indices and poten-
tial transformation co-varied with intrinsic traits of DOM molecules. 
Previous studies reported that microbial metabolism could act as a se-
lection pressure, influencing the structural organization of molecular 
assemblages (Hu et al., 2022; Li et al., 2023). In younger sediments, 
freshly low-molecular-weight compounds could be rapidly mineralized 
or transformed by starved microbial taxa, leading to decreased diversity 
and richness of molecular dendrogram. During early diagenesis process, 
the accumulation of recalcitrant high-molecular-weight and microbe- 
derived compounds might maintain relatively higher diversity and 
richness levels. This hypothesis was supported by significantly positive 
correlations between masswa and PD (r = 0.78, p < 0.001, Fig. 7a) and 
richness(r = 0.86, p < 0.001, Fig. 7b). The evidence that molecular 
assemblage was theoretically subject to microbial processing in sedi-
ments also was reflected by pattern of potential transformations over 
hundred years. The weight averaged number of potential transformation 
was significantly negative with H/Cwa (r = − 0.88, p < 0.001, Fig. 7c) 
and significantly positive with AImod-wa (r = 0.90, p < 0.001, Fig. 7d), 
indicating saturated molecules had less potential transformations and 
aromatic molecules had more potential transformations. DOM mole-
cules after biological transformations and spontaneous chemical re-
actions tended to become more stable, contributing to long-time carbon 
storage in sediments.

5. Conclusion

This study comprehensively examined the abundance, sources, 
intrinsic properties and influencing mechanisms of sedimentary DOM 
over the past century. After 2000 CE, the DOM pool in the surface 
sediments exhibited higher contribution of autochthonous sources, 
characterized by an increasing abundance of freshly protein-like and 
aliphatic compounds that are more biolabile, saturated, and less aro-
matic. These pronounced shifts in DOM chemistry were primarily driven 

Fig. 6. PCA loading and scores of sediment date, TN, DOC, δ13C, spectral parameters, PARAFAC components, molecular metrics and major compositions of pre-
dominant formulae after 2000 CE (a-b), and the relationships between PC1 scores and GDP (c). PCA loading and scores of sediment date, TN, DOC, δ13C, spectral 
parameters, PARAFAC components, molecular metrics and major compositions of predominant formulae before 2000 CE (d-e), and the relationships between PC1 
scores and allochthonous contribution based on Bayesian mixing model (f).
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by intensified anthropogenic activities and enhanced primary produc-
tivity under rapid socio-economic development and climatic warming. 
Over timescales of hundreds of years or longer, continuous mineraliza-
tion led to the microbial degradation of bioavailable DOM fractions, 
resulting in the preferential preservation of high-molecular-weight and 
aromatic organic matter, such as humic-like component and HUPs 
compound, in deeper and older sediments. Moreover, the structural 
organization and potential transformation of molecular assemblages 
were closely aligned with intrinsic properties of DOM molecules. The 
observed decline in molecular diversity and richness was attributed to 
the degradation of low-molecular-weight compounds or their trans-
formation into high-molecular-weight compounds. These transformed 
molecules became increasingly recalcitrant, contributing significantly to 
sediment carbon storage. Future research should focus on identifying 
source-specific markers for sedimentary DOM, and quantifying the in-
teractions between microbial communities and DOM molecules of 
varying sizes and compositions. It will improve our understandings of 
the biochemical processes governing sedimentary DOM and their im-
plications for regional and global carbon cycling.
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