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Reservoir artificial flood discharge is a
critical driver for the compositional and
functional shifts of dissolved organic
matter in river mouth

Check for updates

Donglei Niu 1,2, Yang Tan1, Chao Ma 3, Yulin Qi3,4, Yanan Li5, Yanfang Li1 & Jianhui Tang1,6

While dam-based regulation modifies the natural transport rhythm of riverine materials, the effects of
artificial flooding on river mouth dissolved organicmatter (DOM) dynamics remain poorly constrained.
The Water-Sediment Regulation Scheme in the Yellow River provides a unique snapshot. Distinct
organic matter signatures were observed between the water release and sediment flushing phases
using optical and molecular techniques. Here we show that during water release phase, rapid
discharge of upper-layer water from Xiaolangdi Reservoir increased the proportion of bio-labile DOM
in theYellowRivermouth.Conversely, during sediment flushingphase, resuspension and then release
of bottom sediments from the reservoir enhanced aromatic DOM components. Although the relative
abundance and composition of particulate organic matter remained unchanged during water release
phase, it increased during sediment flushing phase. These findings demonstrate that reservoir
operations reconfigure river-ocean carbon flows, emphasizing the need to integrate dam
management strategies into global carbon cycling models.

Riverine dissolved organic matter (DOM) serves as a critical nexus in the
global carbon cycle, transporting ~250–260 Tg C annually from terrestrial
ecosystems to coastal oceans1. In recent years, with intensifying human
activities, 63% of the world’s rivers have been fragmented by dams, sig-
nificantly altering their natural material transport rhythms2,3. While reser-
voirs exhibit stratification patterns similar to natural lakes, their ecological
environments differ markedly due to artificial discharge regulation4–6.
Reservoirs exhibit stronger terrestrial signatures inDOMcompared to non-
reservoir water bodies7. These enhanced terrestrial DOM signatures, char-
acterized by higher aromaticity and refractivity, promote organic carbon
burial efficiency in reservoirs8,9. During the impoundment period, the
properties and composition of reservoir DOM exhibit distinct vertical
stratification due to the intrusion of mainstream water10. Surface layers are
dominated by photodegradation and autochthonous production, yielding
labile, low-molecular-weight compounds; intermediate depths show ter-
restrial DOM enrichment with high aromaticity; while benthic zones

accumulate microbially transformed refractory DOM. The vertical strati-
fication in reservoirs combined with dam interception effects has modified
riverine material transport and transformation processes in downstream
areas8,11,12. However, the specific impacts of reservoir discharges on organic
matter dynamics at the river mouth remain poorly understood.

TheYellowRiver, recognized as theworld’smost sediment-laden river,
delivers ~1.6 Gt of sediment annually to the Bohai Sea13. Its lower reaches
form a characteristic elevated channel with minimal tributary input, pro-
viding an ideal setting to directly observe the impacts of reservoir discharges
on the composition and properties of DOM in downstream (Fig. 1). Since
2002, the Yellow River Conservancy Committee has implemented the
Water-Sediment Regulation Scheme (WSRS), an artificial flood event
jointly operated by theXiaolangdi, Sanmenxia, andWanjiazhai reservoirs to
mitigate sedimentation and flooding risks by releasing reservoir clear water
and flushing deposited sediments13. During WSRS, the river’s discharge
surges from ~500 to 3000m³ s–1, while suspended sediment concentration
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(SSC) increases by 60-fold (from 0.5 to 30 kgm–³), drastically reshaping
hydrodynamic conditions14. Consequently, the particulate organic carbon
(POC) and dissolved organic carbon (DOC) fluxes during WSRS were
50–80% and ~30% of the annual flux, respectively15,16. After that, because of
the release of sediment deposited in the Xiaolangdi Reservoir (XR), the
content of black carbon and ancient organic carbon components sig-
nificantly increased compared to non-WSRS periods17. Previous investiga-
tions have documented WSRS-induced changes in sediment morphology,
nutrient fluxes, and pollutant transport18–20, yet the concurrent impacts on
DOM chemistry, particularly its molecular composition and reactivity,
remain poorly understood. This knowledge gap limits our ability to predict
how anthropogenic hydrological interventionsmay perturb the river-ocean
carbon continuum21, especially in the context of increasing dam construc-
tion globally22.

To bridge this gap, we employed a multi-technique framework inte-
grating optical spectroscopy, stable carbon isotopes (δ¹³C), and ultrahigh-
resolution Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICRMS).While excitation-emissionmatrix fluorescence spectroscopy
with parallel factor analysis (EEM-PARAFAC) provides rapid insights into
DOM sources (e.g., humic-like vs. protein-like components)23, FT-ICRMS
resolves thousands of molecular formulae, enabling unprecedented char-
acterization of polyaromatic hydrocarbons and other key groups that gov-
ern DOM reactivity24. This multi-proxy approach offers unprecedented
resolution to decode how artificial flood events reshape DOM chemistry in
turbid river systems.

This study aims to address how the WSRS regulates the composition
and properties of DOM at the Yellow River mouth. By coupling reservoir
management strategies with estuarine carbon dynamics, our findings not
only advance mechanistic insights into DOM transformations in reservoir-
dominated systems, but also provide insights for explore the linkage
between reservoir-induced DOM dynamics and carbon sequestration.

Results
Variations of POC and DOC concentrations during WSRS
DuringWSRS, distinct temporal patterns were observed in POC and DOC
dynamics. POC exhibited a moderate increase during water release phase
(WRP), followed by a sharp rise in sediment flushing phase (SFP), whereas
DOC concentrations showed irregular fluctuations without discernible

trends (Fig. 2b). Pre-WSRS baseline measurements show average values of
363m³ s–1 for water flow (WF), 0.69 kgm–³ for SSC (Fig. 2a), 4.18mg L–1 for
POC, and 20.33mg L–1 for DOC (Fig. 2b). On June 23rd, at the initiation of
WSRS, WF surges from 340 to 1310m³ s–1, culminating in the peak dis-
charge of 3970m³ s–1 by July 02nd. Concurrently, SSC and POC displayed
slight increases (4.49 ± 1.03 kgm–³ and 14.96 ± 3.79mg L–1, respectively)
during WRP (June 23rd–July 09th). On July 10th, a marked hydrological
shift occurred, characterized by a rapidWFdecline from3935 to 2500m³ s–1

and a dramatic SSC escalation from 4.69 to 31 kgm–³ at Lijin station,
demarcating the onset of sediment transport from XR. This transition
coincided with a substantial POC amplification, reaching a maximum
concentration of 146.21mg L–1. Strong positive correlations were identified
between SSC and POC throughout the observation period (p < 0.001),
whereas DOC exhibited no statistically significant relationships with either
SSC or POC (p > 0.05) (Supplementary Fig. S2). Further, the lack of cor-
relation between temporal changes in DOC concentration and chromo-
phoric DOM (CDOM) and fluorescent DOM (FDOM) abundance
(Supplementary Fig. S2), optical indices, and FT-ICR-MS parameters sug-
gests that fluctuations in DOC concentration reflect contributions from
fractions of dam-regulated DOM that are non-chromophoric, non-fluor-
escent, or undetectable by FT-ICR-MS. This further highlights the critical
importance of research into the composition and characteristics of DOM.

DOM content and composition during WSRS
Contrasting dynamics of organic matter fractions were observed between
WRP and SFP. Specifically, the molecular composition and optical prop-
erties ofDOMunderwent significant transformations (Figs. 2 and3). EEMs-
PARAFAC identified three fluorescent components in DOM: two humic-
like substances (C1 and C2) and a protein-like component (C3) (Supple-
mentary Fig. S2; Table S2), all showing temporal trends consistent with total
FDOM intensity (Fig. 2g). C1 dominated the DOM pool (52.9 ± 1.6%),
followed by C2 (29.6 ± 2.2%) and C3 (17.5 ± 3.0%). Notably, the relative
abundances of CDOM and FDOM were significantly elevated in SFP
compared to WRP (p < 0.05, Fig. 2e–g).

FT-ICR MS resolved an average of 7722, 7442, and 8394 molecular
formulae in DOM during pre-WSRS, WRP, and SFP, respectively, with
molecular complexity peaking on July 10th (8418 formulae) during max-
imal SSC (Fig. 3a). CHO compounds constituted the dominant molecular

Fig. 1 | Study area and temporal variations of
water and sediment in the Xiaolangdi and Lijin
station. a Locations of Yellow River Basin in China
and the sampling site (★) in YRM. The basin relief
dataset is provided by National Cryosphere Desert
Data Center, available at http://www.ncdc.ac.cn.
b Daily water flow (WF) and suspended sediment
concentration (SSC) at Xiaolangdi and Lijin station,
separately. Real-time data is available at http://www.
yrcc.gov.cn/zxfw/sqsz/. Lijin

Sanmenxia

Wanjiazhai

Xiaolangdi
Huayuankou

(a)
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class (61.48 ± 5.76%, 2395 ± 110 formulae), followed by CHOS
(21.58 ± 5.94%, 1,653 ± 256 formulae), a proportion markedly exceeding
global riverine averages (~10%)25 and regional counterparts like the Pearl
River (8.9%)26 and Yangtze River (5–15%)27. This high CHOS abundance
strongly implicates anthropogenic influences, likely linked to industrial or
agricultural sulfur inputs24. Conversely, nitrogen-containing compounds
(CHON) accounted for only 13.29 ± 1.61% (2703 ± 142 formulae), a pro-
portion significantly lower than that in the Yangtze River (20–25%)28 and
the Pearl River (~20%)26. This might be due to the low nutritional status29

consistent with the Yellow River’s limited autochthonous production
(Supplementary Fig. S6a).

POM content and composition during WSRS
Three fluorescent components were identified in POM through EEMs-
PARAFAC analysis: two humic-like substances (C4 and C5) and one
protein-like component (C6) (Supplementary Fig. S3). Components C4
(41.15 ± 8.78%) and C5 (34.54 ± 8.24%) exhibited spectral similarities to
DOM-derived C2 and C1, respectively, but with blue-shifted excitation/
emission maxima, a pattern indicative of photodegradation-induced
molecular modification30. The protein-like component C6 accounts for
24.31 ± 16.14% of total fluorescence (Fig. 2d). Chromophoric POM (C-
POM)andfluorescentPOM(F-POM)abundanceswere stable duringWRP
but rose sharply in SFP, correspondingwith SSC trends (Fig. 2c, d).Notably,
C-POMandF-POMintensitieswere approximately oneorderofmagnitude
lower than CDOM and FDOM (Fig. 2e–g), respectively, a phenomenon
consistent with previous studies31.

Principal component analysis of DOM during WSRS
Principal component analysis (PCA) of 22 DOM parameters (including
optical and molecular parameters) was employed to elucidate the temporal
variations in DOM composition during the WSRS. The first two principal
components (PC1 and PC2) collectively accounted for 66.9% of the total
variance (Fig. 4). PC1 (47.8%) exhibited strong positive loadings for aro-
maticity index (AI), humification degree (HIX), and oxygen-rich com-
pounds (O/C), aromatic compounds (polyphenols+polycyclic aromatics,

Polys+PCAs), but negative loadings for hydrogen-rich aliphatics (H/C),
freshness indices (biological index (BIX),fluorescence index (FI)), and labile
compounds (saturated compounds+unsaturated aliphatic compounds,
SAT+UAC). Critically, samples segregated along the PC1 axis: WRP
samples (623, 627, 702, 704) clustered in the negative PC1 domain with
higherH/C,CHO,highlyunsaturatedcompounds (HUC), andSAT+UAC,
whereas SFP samples (710, 711) occupied the positive PC1 domain with
elevated O/C, Poly+ PCAs, HIX, AI, double bound equivalent (DBE), and
CHOS. This demonstrates that DOM in WRP is characterized by auto-
chthonous features and high hydrogen saturation, while DOM in SFP
displays stronger terrestrial signatures with enhanced humification and
aromaticity.

Discussion
DOM source dynamics and chemical evolution under WSRS
As the terminal segment of rivers before entering the sea, estuaries typically
contain organic matter from multiple sources including terrestrial, auto-
chthonous, and anthropogenic inputs32. The δ13C values of SPE-DOM
ranged from –27.2‰ to –26.5‰ (Supplementary Fig. S5b), indicating the
main resources are metabolism or residue of aquatic macrophytes and C3

plants33. Optical parameters provided preliminary evidence for multiple
sources ofDOMinYellowRiverMouth (YRM). TheFI range (1.26–1.71) in
YRM suggests mixed allochthonous and autochthonous DOM inputs
(Supplementary Fig. S5c). This classification follows established thresholds:
FI > 1.9 indicates autochthonous (microbial or algal), FI < 1.4 indicates
allochthonous (terrestrial), and FI 1.4-1.9 indicates mixed sources34. SR
(Fig. 2f, 0.29-1.40) andHIX (Fig. 2h, 1.09–3.17) values further revealed that
DOM in YRM originated from sources exhibiting a wide range of aroma-
ticity and humification degree35,36. Consistent with established molecular
metrics37, the wide AI (Fig. 3e, 0.25–0.29) and DBE (Fig. 3f, 8.10–8.91)
ranges, reflecting aromaticity and unsaturation, support diverse DOM
sources in YRM.

Humic-like component C1 and C2 are widely distributed in rivers,
estuaries and coastal zones, showinghigh spatial variability38,39. In this study,
these two compounds are primarily derived from terrestrial sources

(a)

(b)

(d)

(c)

Date (MM/DD)

Fig. 2 | Variations duringWSRS. 0623 is the first day of water release phase (WRP)
and 0710 is the first day of sediment flushing phase (SFP) at Lijin station during
observation. The blue line in (e), (f), (g), and (h) represents WF at Lijin station, and
the gray line indicates SSC in the water body. The different colors in (e), (f), and (h)
represent pre-WSRS (June 21st and June 22nd), the first half of the water diversion
stage (June 23rd–July 1st), the second half of the water diversion stage (July 2nd–July
9th) and the sediment regulation stage (July 10th–July 12th) respectively. a The data

of water flow (WF) and suspended sediment concentration (SSC) from Lijin station;
b particulate organic carbon (POC) and dissolved organic carbon (DOC) con-
centrations during WSRS; c the a350 value of POM, a350-P; d the fluorescence
intensity of POM, F-POM; e the a350 value of DOM, a350-D f the spectral slope of
DOM, SR-D; g the fluorescence intensity of DOM, FDOM; h the humification index
of DOM, HIX-D.
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according to the comparison with Open Fluor (Supplementary Table S2),
correlation with other parameters and the characteristics of YRM (Sup-
plementary Fig. S2) and the implementation process of WSRS (Supple-
mentary Fig. S1). A detailed account of the reasoning is available in
Supplementary Information Section 2, Supplementary Discussion. Further,
FT-ICRMS detection of lignin and tannins, associated with vascular plant-
derivedorganicmatter and lignindegradationproducts, provides additional
evidence for terrestrial organicmatter input (Supplementary Fig. S6f, g)40. In
parallel, the BIX (Supplementary Fig. S5d, 0.88–1.07), an autotrophic

productivity indicator, confirms autochthonous DOM in the YRM41. The
protein-like component C3 is associated with autochthonous production,
such as the degradation of microalgae (Supplementary Table S2)42,43. The
detection of SATandUACbyFT-ICRMS indicated that bacterial and algal-
derived OM contributed to DOM in YRM as well (Fig. 3i)44,45. Notably,
anthropogenic influence was marked by O3S and O5S compounds (Sup-
plementary Table S4). O3S compounds are associated with linear
alkylbenzene-sulfonates (LAS), amajor surfactant group46.O5S compounds
are further linked to sulfophenyl carboxylic acids, aerobic degradation
products of LAS47. Both compound classes, previously documented in
anthropogenically impactedwaters48,49, serve as indicators of anthropogenic
influence.

The WSRS induced a phased transformation in the sources and che-
mical composition of DOM within the YRM. During WRP, elevated BIX
(Supplementary Fig. S5d) and decreased HIX (Fig. 2h) values coupled with
increased SAT+UAC abundance (Fig. 3i) provided complementary evi-
dence for enhanced autochthonous DOM production50. PCA further
revealed that the WRP samples contained DOM richer in hydrogen and
more microbially labile (Fig. 4). Furthermore, van Krevelen (VK) diagrams
of unique molecular formulas for each stage showed that the WRP water
contained a greater number of unique CHON formulas compared to pre-
WSRS periods (Fig. 5). Collectively, these results demonstrate the mediated
of DOM by autotrophic plankton and heterotrophic bacterioplankton51,52.
In contrast, during SFP, the system exhibited reversed trends. Specifically,
terrestrial contributionswere observed to be higher than those duringWRP.
Rebound in humic-like components (C1, C2; Fig. 1g) and plant-derived
markers (lignin and tannins: Supplementary Fig. S6f, g) demonstrated the
terrestrial dominance39,53, while decliningBIX (SupplementaryFig. S5d) and
the relative intensity of SAT+UAC (Fig. 3i) corroborated diminished
autochthonous contributions41,50,54. After that, HIX increased and reached
the highest value during the entire observation process, indicating the
raising humification degree (Fig. 2h). Moreover, both DBE (p < 0.01; in
WRP, 8.32 ± 0.16; in SFP,8.77 ± 0.19) andAI (p < 0.01; inWRP, 0.26 ± 0.01;
in SFP, 0.28 ± 0.01) exhibited similar patterns of change and displayed

Fig. 3 | Variations of SPE-DOM molecular parameters (■ pre-WSRS;
●WRP; ▴SFP). The blue line represents water flow (WF) at Lijin station, and the
gray line indicates suspended sediment concentration (SSC) in the water body.
a formulae;bm/z; cH/C;dO/C; eAromaticity index, AI; fDouble bound equivalent,

DBE; g CHO%; h CHOS%; i (Saturated compounds + unsaturated aliphatic com-
pounds) %, (SAT+UAC) %; j Highly unsaturated compounds%, HUC%;
k (Polyphenols+polycyclic aromatics)%, (Poly+PCAs) %; l Carboxylic-rich ali-
cyclic molecules%, CRAM%.

Fig. 4 | Principal component analysis (PCA) of DOM samples based on optical
and molecular parameters. Gray arrows represent variable loadings. Symbols
represent sample scores on the first two principal components: pre-WSRS (red
squares), WRP (blue circles), and SFP (orange triangles).
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higher values in SFP (Fig. 3e, f), indicating a higher aromaticity degree of
DOM55,56. Furthermore, O3S and O5S levels remained stable duringWSRS
(Supplementary Table S4), indicating consistent anthropogenic DOM
contributions.

Hydraulic management control DOM chemistry and carbon
remobilization
Following the initiationofWSRS, clearwaterwas released fromtheXR,with
discharge rapidly increasing from 340m³ s–1 on June 23rd to 1465m³ s–1,
and subsequently peaking at 3990m³ s–1 by July 2nd. The regulation lasted
17 days (June 23rd–July 9th). The clear water flow scoured the downstream
riverbed, transporting coarse-grained sediments to the sea (Supplementary
Fig. S1). During the SFP, although discharge decreased from 3935m³ s–1 to
2500m³ s–1 by July 10th, sediment concentration surged from4.69 kgm-³ to
31 kgm-³ (Fig. 2a), forming a high-density turbidity current57. Notably, the
median sediment grain size during this phase was reduced compared to the
WPR (Supplementary Fig. S8). Numerous reservoir studies have demon-
strated that mid- and deep-layer DOM is predominantly terrestrial-derived
and refractory, while surface-layer DOM is primarily autochthonous and
labile8,10. During reservoir impoundment periods, vertical DOM differ-
entiation is mainly controlled by: primary production and photodegrada-
tion in surface waters, density current-driven intrusion of mainstream
waters into intermediate layers, and microbial degradation in bottom
waters58,59. By integrating thesemechanismswithWSRS operational phases,
we hypothesize that DOM composition and properties in the Yellow River
mouthwere primarily influenced by the release of distinct water layers from
XR. Our observational data strongly support this hypothesis and we
developed a conceptual model to elucidate the mechanistic impacts of the
WSRS on DOM dynamics in YRM (Fig. 6).

During WRP, XR discharged large volumes of clear water reaching
YRM within 3 days (Fig. 1b). Elevated proportions of SAT and UAC
appeared immediately after release (Fig. 3i), despite significantly lower

chlorophyll a (Chl a) concentrations in YRM versus non-WSRS periods
(Supplementary Fig. S5a) indicating reduced primary productivity. This
indicated the source of DOM originated from XR rather than local pro-
duction. From April to October, XR developed thermal stratification, with
the maximum temperature difference between surface and bottom water
layers reaching 12 °C60,61. Prior to the WSRS initiation, prolonged water
impoundment in XR resulted in vertical differentiation of DOM. DOM in
YRM exhibited an increase in bio-labile compounds (such as lipids and
proteins) (Supplementary Fig. S6) and decreases in humification degree
(evidences byHIX, AI, andDBE) (Figs. 2 and 3)55,56,62. The rapid short-term
transport mechanism suppressed in-transit degradation (e.g., photo-
chemical and microbial processes), enabling direct delivery of bioreactive
DOM from the surface of XR to the YRM. Li63 also found that DOM in the
surface waters of XR was influenced by microbial processing and photo-
degradation, and contained a higher proportion of bio-labile components
with lower humification levels.

In the later stage of WRP, the relative abundance of DOM increased
(Fig. 2e–g), accompanied by a rise in HIX (Fig. 2h), which indicated higher
humification degree. The increase of SR (Fig. 2f) and decrease of m/z
(Fig. 3b) indicated the photo-degradation of DOM64,65. Prior to WSRS
implementation, the impoundment period facilitated the vertical stratifi-
cation of organic matter, with bio- and photo-degradation products accu-
mulating preferentially in intermediate water layers, while deep-layerDOM
became increasingly dominated by refractory biodegradation derivatives.
Consequently, as reservoir waters were discharged, YRM DOM progres-
sively exhibited higher humification indices and lower biological reactivity
(Fig. 2h; Supplementary Fig. S5d).

Further, duringWRP, the channel erosion downstream the XRmostly
derived coarser sediment. The increased SSC could promote the exchange
from DOM to POM66,67. Mcknight et al.68 found that 40% of the DOM is
removed by adsorption onto minerals in the Snake River in Colorado
(USA). Zhang et al.69 found a negative correlation between POC and DOC
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Fig. 5 | Van Krevelen diagrams of unique compounds in water SPE-DOM of pre-
WSRS, water release phase (WRP), and sediment flushing phase (SFP). aUnique
CHO compounds, b unique CHON compounds, c unique CHOS compounds, and
d unique CHONS compounds in pre-WSRS, respectively; e unique CHO

compounds, f unique CHON compounds, g unique CHOS compounds, and
h unique CHONS compounds in WRP, respectively; i unique CHO compounds,
j unique CHON compounds, k unique CHOS compounds, and l unique CHONS
compounds in SFP, respectively.
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during WRP, which indicated that the decrease in DOC content was
influenced by the adsorption of coarse sediment on DOC at this time. We
also found a negative correlation between POC andDOC although have no
significance (Supplementary Fig. S2). Thismight because of the influence by
the sample size.

Transitioning to the SFP, fine-grained sediments deposited in XRwere
resuspended, releasing organic matter previously sequestered in the reser-
voir bottom63,70. This release corresponded with an increased relative
abundance of aromatic compounds and sulfur-containing compounds
(Fig. 3h–k; Supplementary Fig. S6h). Anaerobic environments (e.g., wet-
lands, sediments, and hypoxic water bodies) serve as critical sites for sulfur-
containing compound formation71. During the SFP, resuspension processes
mobilizedissolved sulfur-containing organics, produced via early diagenesis
in sediment pore waters, into the overlying water column, driving a sig-
nificant increase in the proportion of sulfur-containing compounds
(Fig. 3h). Notably, while total sulfur-containing compounds increased, the
relative abundances of O3S and O5S showed no rise (Supplementary
Table S4). This paradox indicates an emergent source of sulfur compounds.
As highly oxidized sulfonates typically derived from detergent and paper
manufacturing byproducts, O3S and O5S are established tracers of
anthropogenic DOM inputs24. Here, the significant decline in the O3S
+O5S/CHOS ratio during SFP (Supplementary Table S4) confirms that the
sulfur increase originated not from industrial sources but from sediment
resuspension, where disturbance of fine-grained sediments in reservoir
bottoms released pore-water sulfur compounds into the water column,
transporting them to the YRM.VKdiagrams further revealed that sediment
flushing samples exhibited lower H/C and higher O/C ratios (Fig. 3c, d),
indicative of DOM dominated by more oxidized, mineralized organic
material72.WhileDOMreleased from the reservoir would typically undergo
photodegradation and biodegradation during downstream transport, these
processes were likely suppressed during WSRS. High turbidity from sus-
pended sediments reduced light penetration (inhibiting photodegradation)
and limited microbial activity (inhibiting biodegradation)27,73. Conse-
quently, during SFP, DOM exhibited synchronous decreases in BIX, H/C,
SAT+UAC, alongside increases in HIX, O/C, m/z, AI, DBE and Poly

+PCAs (Figs. 2 and 3). These shifts collectively indicate enhanced terrestrial
inputs and reduced autochthonous DOM contributions.

To further verify that the properties of DOM in the YRMare primarily
influenced by water released from different depth layers of XR, we con-
ducted a comparative study on the vertical differentiation of DOM mole-
cular characteristics in various global aquatic ecosystems (rivers, lakes, and
reservoirs) (Supplementary Fig. S9).The results suggest a significantpositive
correlation between DBE and m/z, with all ecosystems (lakes, rivers, and
reservoirs) showing an increasingDBE trend from surface to bottom layers.
These findings further demonstrate that the release of water from distinct
reservoir layers during WSRS directly drives the observed variations in
DOM composition and properties in YRM.

Implications for the global carbon cycle on the estuary
As the dominant form of reactive carbon, DOM plays a crucial role in
regional carbon cycling74. The phased operational dynamics ofWSRS drive
significant shifts in the composition of DOM in the YRM, which will have
cascading implications for ecosystem stability and global carbon cycling.
During the WRP, surface water discharges transport bioavailable organic
matter to the YRM. These compositional shifts disrupt riverine ecosystem
equilibrium, as labile DOM inputs during WRP may exacerbate estuarine
eutrophication through microbial mineralization of substrates like amino
acids and carbohydrates75 a phenomenon corroborated by post-WSRS algal
bloom events76. Labile organic compounds in aquatic systems could play an
important role in controlling the transport of carbon fromwater to the air77.
Bio-degradation will finally generate labile organic carbon in to inorganic
carbon78. The utilization of DOM by microorganisms could release CO2,
which promotes the emission of carbon from thewater to the atmosphere79.

In contrast, the subsequent SFP mobilizes intermediate-depth turbid
plumes enriched with aromatic DOM. The aromatic DOM introduced
during SFP exhibits pronounced photo-lability. After arriving at the river
mouth, aromatic compounds in freshwaterwill be further transported to the
sea. Due to the decrease in water turbidity in this process, the aromatic
compounds could be removed by photo-bleaching80. The oxidative degra-
dation process of organic matter induced by light is irreversible and

Primary production

Microbial 
activity

Degraded DOM

Retention
DOM

Sediment

Photodegradation

Clean

coarse particles 

Dam

Sediment

Diffusion

Muddy

fine particles 

Dam

WRP

SFP
Enrichment of  aromatic and CHOS compounds
High humification and aromaticity degree
Photo -lability, oxygen -rich

Enrichment of  bio-labile DOM
Low humification and aromaticity degree
Bio-lability, hydrogen-rich

Riverine DOM
Anthropogenic DOM

Riverine DOM
Anthropogenic DOM

Upstream and
reservoir water

River mouth before enter the seaDownstreamReservoirUpstream

dam gate

sluiceway

WF: ~3183 m3/s
SSC：4.5 kg/m3

WF: ~1332.5 m3/s
SSC：22.1 kg/m3

Fig. 6 | Sketch diagramofWSRS and the fate of organicmatter.TheWater Release
Phase (WRP) involved discharging water from the Xiaolangdi Reservoir to lower its
water level and erode the riverbed in the lower reaches, which led to a rapid increase in
the flow rate (WF). Subsequently, during the Sediment Flushing Phase (SFP),

floodwater was released from upstream to scour previously deposited sediment from
the reservoir. This process transported the highly concentrated sediment downstream,
resulting in a sharp rise in the suspended sediment concentration (SSC).

https://doi.org/10.1038/s43247-025-02920-y Article

Communications Earth & Environment |           (2025) 6:996 6

www.nature.com/commsenv


ultimately leads to the formation of CO2
81. Photodegradation of these

compounds generates CO₂ emissions while yielding refractory
residues10,77,82, creating a dual carbon fate: short-term atmospheric release
and long-term sequestration of photo-resistant macromolecules. This
duality complicates carbon budgeting in coastal zones, where both CO₂
outgassing and recalcitrant carbon burial must be quantified.

The modern river-to-estuary carbon flux is 0.78 ± 0.41 Pg C yr⁻¹, with
0.65 ± 0.30 Pg C yr⁻¹ of this flux outgassed back to the atmosphere through
estuarine processes83. However, their estimates did not account for the
quantitative impacts of anthropogenic interventions, such as hydraulic
engineering projects. Globally, over 60,000 large dams (International
Commission on Large Dams, ICOLD, 2022) likely exert analogous carbon-
climate feedbacks through reservoir drawdowns. The WSRS case study
demonstrates that such operations mobilize aged terrestrial carbon into
fluvial networks16,69, a process hitherto underrepresented in land-ocean
carbon models5. The remobilization of ancient organic matter underscores
the need to integrate reservoir management impacts into global CO₂ flux
assessments. Future strategies must reconcile hydraulic objectives (e.g.,
flood control, sediment scouring) with carbon legacy mitigation, particu-
larly in sediment-laden systems like the Yellow River. Proactive measures,
such as timing SFP to avoid peak sunlight periods or optimizing sediment
grain size thresholds, could minimize unintended carbon emissions while
maintaining ecological resilience in downstream and estuarine habitats.

While this study provides insights into reservoir-regulated DOM
dynamics, certain limitations warrant attention in future work. Specifically,
incorporating in situ degradation assays in subsequent research will estab-
lish a more robust foundation for understanding how WSRS operations
alter DOM composition in the YRM. Additionally, concurrent sampling of
XR during WSRS implementation would further illuminate its role in
shaping estuarine DOM characteristics.

Conclusions
Based on the bulk, optical and molecular parameters, obviously changing
trend in organic matter chemistry can be revealed during the imple-
mentation of WSRS. The concentration of POC and POM keep stabile in
WRP, but increased significantly in SFP. Although DOC fluctuate greatly
during WSRS, the composition and properties of DOM responds to dif-
ferent stages ofWSRS at the spectral andmass spectrometry levels. InWRP,
relative more labile compounds of DOM, with lower aromaticity and
humificationdegreewere observed thanpre-WSRS andSFP.The significant
variation ofDOMchemistrywasmainly caused by the release of freshwater
fromthe surface ofXR.The increasedproportionof labile compounds in the
river mouthmight promote the growth of heterotrophs in the Yellow River
estuary, thereby facilitating the conversion of organic matter to inorganic
carbon. In SFP, relatively more sedimentary organic matter with higher
aromaticity and humification degreeDOMwere observed. These variations
mainly resulted from the re-suspension and release of sediments from XR.
WSRS promoted the release of aromatic compoundswhich vulnerable to be
photo-degraded, directly increased the relative abundance of organicmatter
in the river mouth. After reaching the estuary, because of the decrease of
water turbidity, aromatic compoundsmaybe further utilizedand induce the
proliferation of biological communities or the release of CO2. This study
deepens our understanding of the environmental behavior of DOMduring
WSRS and provides valuable insights for engineering improvement and
protection of estuarine ecosystems. Given that over 63% of global rivers are
dam-regulated, this work serves as a model for assessing the cascading
impacts of hydraulic engineering on coastal carbon cycles.

Methods
Sample collection
Surfacewater sampleswere collected twicedaily (07:00 and17:00) fromJune
21st to July 12th, 2022 (n = 43), at afixed stationdownstreamof Lijin station
(37°45′42.57″N, 118°59′9.14″E), located in the YRM (Fig. 1a). The WSRS
comprises two sequential phases13: (1) theWRP, duringwhich high-velocity
discharges from XR scour coarse sediment (0.035–0.040mm) from the

riverbed, and (2) the SFP, where controlled releases from Sanmenxia
reservoir mobilize fine-grained sediments (0.006–0.010mm) deposited at
the XR bottom to increase reservoir storage capacity (Fig. 1b). Detailed
operational parameters for the 2022WSRS are provided in Supplementary
Information.

Surface water (0–0.5m depth) was collected from a bridge-mounted
platform using precleaned stainless-steel buckets rinsed three times with
in situwater. Immediately after collection (<20min transport time), samples
were filtered sequentially through pre-combusted (450 °C, 4 h) 0.7 μmglass
fiber filters (Whatman GF/F) and 0.2 μm membrane filters (Millipore) to
separate particulate and dissolved fractions. Filtered aliquots for DOM
analysis were stored in acid-washed (5%, 24 h) amber glass bottles at 4 °C
until further processing. Another 800mL filtered water samples were
extracted by solid phase extraction (SPE) cartridge (Agilent Bond Elut PPL,
500mg, 6mL) for SPE-DOM mass spectrum analysis37. Samples were
stored at –20 °C in the dark until laboratory analysis. Detailed methodo-
logical descriptions of the sampling procedures are provided in Supple-
mentary Information.

Physicochemical parameters (including water temperature, salinity,
dissolved oxygen (DO), and pH) were measured on-site using a calibrated
multi-parameter water quality sonde (YSI ProQuatro, USA). Chl a con-
centration was determined by filtering 500mL of water onto GF/F filters,
followed by cold acetone extraction (24 h, 4 °C) and quantification using a
Trilogy fluorometer (Turner Designs, USA) calibrated in the laboratory.

DOM analysis
Both chromophoric DOM (CDOM) and fluorescent DOM (FDOM) were
analyzed via a synchronous absorption-fluorescence spectrometer (Aqua-
log-UV-800-C,HoribaAqualog, Japan).PARAFACwasused todecompose
the EEM dataset into individual fluorescent components84. Various optical
parameters, including the absorption coefficient a350

35, fluorescence index
(FI)34, biological index (BIX)41, and humification index (HIX)41 were
calculated.

Solid-phase extracted DOM (SPE-DOM) was analyzed via a 7 Tesla
FT-ICRMS (SolariX 2XR, BrukerDaltonics, Bremen,Germany) in negative
electrospray ionization (ESI) mode. Prior to analysis, methanol extracts of
SPE-DOMwerediluted toafinalDOCconcentrationof 50–100mgC L–1 to
optimize ionization efficiency. The extraction efficiency of the PPL car-
tridges ranged from 50% to 70%, as determined by DOC recovery72.
Samples were infused at a flow rate of 220 μL h-1, and mass spectra were
acquired over a range of m/z 150–1000 with 256 accumulated scans
per run85. Peaks were retained only if they met the following criteria:
signal-to-noise ratio >8,massmeasurement error < ±0.1 ppm.Double bond
equivalent (DBE=C-0.5H+O.5N+1) and modified aromaticity index
(AI, (1+C-0.5O-S-0.5H)/(C-0.5O-S-N))55,56 were calculated to indicate the
aromaticity of DOM compounds. Assigned molecular formulae were
classified into distinct biochemical categories (e.g., lipids, proteins, carbo-
hydrates) basedon their elemental ratios and functional group signatures, as
detailed in Supplementary Table S3.

The bulk δ13C of SPE-DOM was determined using a Finnigan MAT
253 isotope ratio mass spectrometer (Thermo Scientific, USA). δ13C values
were reported relative to Vienna Pee Dee Belemnite (VPDB) with a preci-
sion of ±0.2‰. Detailed protocols for parameters calculation methods and
molecular formula assignment are provided in Supplementary Information.

POM analysis
Particulate organic matter (POM) was alkali extraction from the filtered
0.7-μm glass fiber according to the procedures described in Osburn et al.31.
Chromophoric POM (C-POM) and fluorescent POM (F-POM) were
quantified using a synchronized absorption-fluorescence spectrometer
(Aqualog-UV-800-C, Horiba Aqualog, Japan). Absorbance spectra and
excitation-emission matrices were acquired under identical instrumental
settings to those used for DOM analysis. Detailed protocols for POM
extraction, spectral processing, and quality control are provided in the
Supplementary Information.
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Data analysis
Temporal variations in DOM characteristics were evaluated using one-way
analysis of variance (ANOVA) with Tukey’s test (α = 0.05). PCA was per-
formedon z-score normalized optical andmolecular parameters to visualize
DOM compositional differences across operational phases (pre-WSRS,
WRP and SFP). Thefigures and diagramswere prepared inArcGIS10.2 and
R4.1.2, and the ± notation represents the standard deviation if not otherwise
mentioned. Details about the instrument calibration and data quality con-
trol can be found in Supplementary Information.

Data availability
The data used in this study are inMicrosoft Excel format and are accessible
via Figshare at DOI: 10.6084/m9.figshare.30121969. The basin relief dataset
(Fig. 1) was obtained from theNational CryosphereDesertDataCenter and
is available at http://www.ncdc.ac.cn. Real-time data of daily water flow and
suspended sediment concentration at Xiaolangdi and Lijin stations are
available at http://www.yrcc.gov.cn/zxfw/sqsz/.
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