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The export and transformation of riverine dissolved organic matter (DOM) at the river-sea interface are critical to understanding carbon budgets in tropical regions, yet remain underexplored in small watersheds. This study analyzed dissolved organic carbon (DOC), chromophoric (CDOM), and fluorescent DOM (FDOM) over five cruises from summer 2021 to summer 2022 in the Suixi Estuary-Zhanjiang Bay continuum, a eutrophic tropical transition zone in the northwestern South China Sea. Seasonal variations were pronounced for DOM in the continuum and two endmembers. Freshwater DOM, dominated by terrestrial organic materials, was closely tied to soil leaching and erosion, correlating with precipitation patterns. Conversely, seawater DOM, enriched in protein-like FDOM, varied with the West-Guangdong Coastal Current and its associated primary production. Linear decreases in DOM with increasing salinity indicate that conservative mixing largely shapes DOM distributions in the continuum, especially for humic-like FDOM. Non-conservative processes, including flocculation, phytoplankton production, and microbial transformation, variably alter DOM components across seasons. The Suixi River in summer contributed considerably but disproportionately to the annual DOM flux (47-59%), due to intense soil leaching processes that mobilize refractory terrigenous DOM. The deviation observed in the Suixi River’s DOC-CDOM relationship from that of global rivers, coupled with a distinctive single-peak pattern between the carbon-specific absorption coefficient and water yield in global rivers, highlights the critical role of watershed nature in influencing river-exported DOM composition. The notably high DOC and CDOM yields for the Suixi River further emphasize the importance of small, tropical rivers in shaping the estuarine and coastal carbon budget.
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1 Introduction

Estuarine and coastal areas play a crucial role in regulating the carbon cycle by controlling the nature and magnitude of terrigenous carbon entering the ocean (Bauer et al., 2013; García-Martín et al., 2021). Dissolved organic matter (DOM), a major reduced carbon pool in these regions, is critical for ecological and biogeochemical functions (Bauer and Bianchi, 2011; Dai et al., 2022). DOM mainly originates from allochthonous sources such as river runoff (Spencer and Raymond, 2024), groundwater discharge (McDonough et al., 2022), atmospheric deposition (Safieddine and Heald, 2017), and anthropogenic activities (Guo et al., 2014), as well as autochthonous production through in situ biological activities (Carlson et al., 2024). Given the heterogeneous nature of climate, geography, hydrodynamics, biogeochemical backgrounds, and human pressures, the source, sink, transport, and transformation of DOM in estuarine and coastal areas vary significantly across both temporal and spatial dimensions (Guo et al., 2007, 2014; García-Martín et al., 2021). This variability introduces substantial uncertainties in quantifying the carbon budgets on regional and global scales (Bauer et al., 2013).

River runoff is a major source of allochthonous DOM to the ocean, contributing approximately 260 to 300 Tg C/yr globally (Spencer and Raymond, 2024; Liu et al., 2024). Small rivers, though often overlooked, typically exhibit higher concentrations of dissolved organic carbon (DOC) and contribute significantly to the global flux, especially in tropical regions (Raymond and Spencer, 2015). Tropical rivers have displayed an increasing trend in DOC output over recent decades driven by rising terrestrial organic carbon inputs, even as the global riverine DOC flux generally declines (Li et al., 2019a). Despite their importance, the dynamics of DOC transport by tropical rivers—particularly smaller ones—and their impact on estuaries and coastal bays are not well-studied. This gap is significant considering the vast number of these rivers, their marked seasonality, and their high sensitivity to climate change and human activities (Liu et al., 2024; Spencer and Raymond, 2024).

Riverine DOM, originating from soil and vegetation (i.e., terrigenous DOM), aquatic biological production, and anthropogenic inputs, exhibits considerable diversity in quality, quantity, and biogeochemical reactivities (Li et al., 2019a). Terrigenous DOM, rich in highly unsaturated compounds like lignin phenols and humic acid (Lehmann and Kleber, 2015; Osterholz et al., 2016), predominates in riverine transport to estuaries and coastal bays (Wen et al., 2021). Biological activities (e.g., phytoplankton production, microbial metabolism) could contribute both simple bio-labile molecules (e.g., amino acids, carbohydrate, Rochelle-Newall and Fisher, 2002; Medeiros et al., 2015) and complex bio-refractory molecules (humic substances, Romera-Castillo et al., 2010; Jiao et al., 2024), accounting for ~20% of riverine DOM flux in Chinese rivers (Wen et al., 2021). Anthropogenic inputs could contribute substantial bioavailable DOM to estuarine and coastal systems, especially in regions experiencing increased human activities (Guo et al., 2014; Tzortziou et al., 2015; Wen et al., 2021). Optical analyses results have shown that terrigenous and microbial-derived DOM in abundant in chromophore (i.e., chromophoric DOM, CDOM) and humic-like fluorophores (i.e., fluorescent DOM, FDOM) (Guo et al., 2011, 2014), while the bio-labile DOM components from primary production and anthropogenic inputs are more enriched in protein-like fluorophores (i.e., FDOMP, Guo et al., 2014; Romera-Castillo et al., 2010; Tzortziou et al., 2015). Qualitive optical parameters, such as spectral slope, carbon-normalized absorption coefficient, humification degree, and freshness, provide insights into the source, nature, fate of DOM from land to sea (Helms et al., 2008; Hansen et al., 2016). The optical information has demonstrated a high potential for photochemical and microbial degradations of riverine DOM, thereby influencing its biogeochemical transformation in estuaries and coastal bays (Fichot and Benner, 2014), as well as the actual flux of DOM to the sea (Liu et al., 2024).

Previous studies have shown diverse mixing behaviors of DOM in estuaries and coastal bays across different compounds, spatially and temporally (Guo et al., 2011; Osterholz et al., 2016; Massicotte et al., 2017). Allochthonous CDOM and humic-like FDOM (FDOMH) often exhibit conservative mixing behaviors in various estuaries and coastal bays, as seen in the Mississippi and Atchafalaya River plume regions (Chen and Gardner, 2004), Yangtze River estuary (Guo et al., 2007; 2014), Pearl River estuary (Li et al., 2019b), Jiulong River estuary (Guo et al., 2011), among others (Yamashita et al., 2008; Markager et al., 2011; Zhao et al., 2021). Despite their resistance to microbial utilization (Jiao et al., 2024), these components are susceptible to photodegradation in estuaries and coastal environments (Moran et al., 2000), and may rapidly diminish under favorable conditions of residence time and sunlight exposure (Fichot and Benner, 2014). The priming effect may also accelerate the biodegradation of terrigenous refractory DOM in these regions (Letscher et al., 2011; Bianchi, 2011; Zhuang et al., 2021; Spencer and Raymond, 2024). Additionally, abiotic processes (e.g., sorption-desorption, flocculation) can significantly alter DOM level and compositions in estuaries and coastal environments (McCallister et al., 2006; Asmala et al., 2014). Hence, allochthonous inputs, along with biotic and abiotic transformations, substantially shape the composition, flux, and fate of riverine DOM as it travels from land to sea. These dynamics have been extensively studied in major estuaries like those of Yangtze River estuary and Pearl River estuary (Guo et al., 2014; Li et al., 2019b). However, there remains a significant gap in research across the small river-estuary-coastal bay continuum, especially in tropical regions (Spencer and Raymond, 2024).

In this study, DOC, CDOM and FDOM were measured in the Suixi Estuary-Zhanjiang Bay continuum, a typical tropical estuary and semi-closed bay in the northwestern South China Sea, from summer 2021 to summer 2022. Together with the hydrological and environmental parameters, we aim to (1) investigate seasonal variations of DOM in the freshwater and seawater endmembers; (2) elucidate the distributions and mixing behaviors of DOM using a two-endmember mixing model; and (3) compare the composition, sources, and fluxes of riverine DOM with those from other global rivers.




2 Materials and methods



2.1 Study region

Suixi Estuary-Zhanjiang Bay continuum, situated in the northwest South China Sea (SCS), stands as a tropical estuarine and coastal bay heavily influenced by human activities. Geographically, the continuum can be divided into two distinct areas: the upper Suixi Estuary and the lower Zhanjiang Bay (Figure 1). The upper estuary experiences a substantial impact from freshwater discharge, predominantly from the Suixi River, with an average annual runoff of 10.4 × 108 m3. This discharge plays a significant role in shaping the upper continuum’s hydrology. In addition, the upper continuum serves as a central hub for oyster breeding activities and is burdened with significant pollution (Lao et al., 2022). Conversely, the lower Zhanjiang Bay is strongly influenced by seawater intrusion from the northwestern South China Sea (SCS), through a narrow channel (~2 km wide), consistently affected by the West-Guangdong Coastal Current (WGCC) persists outside Zhanjiang Bay year-round. During the summer months, this intrusion may intensify pollutant retention within the bay (Lao et al., 2023a). In recent years, there has been a noticeable surge in the discharge of industrial sewage, aquaculture wastewater, and ship navigation wastewater into Zhanjiang Bay, contributing significantly to its pollution load (Zhang et al., 2021). Additionally, the bay’s slow water exchange rate promotes nutrient accumulation, exacerbating eutrophication and further degrading water quality (Liang et al., 2024). Consequently, the complex interaction of seasonal variations in river discharge, intrusion of the SCS waters, and human activities results in significant fluctuations in the hydrology, environment, and ecology of Zhanjiang Bay.




Figure 1 | Map of sampling stations in the Suixi Estuary-Zhanjiang Bay continuum. WGCC represents the West-Guangdong Coastal Current.






2.2 Field observation and sample collection

Five seasonal cruises were conducted in Zhanjiang Bay, located in the northwestern SCS, on the following dates: June 26-30, 2021 (Summer 2021); September 29-October 3, 2021 (Autumn 2021); December 7-10, 2021 (Winter 2021); March 19-21, 2022 (Spring 2022); and June 23-25, 2022 (Summer 2022). Temperature and salinity were measured at twenty-three stations using a calibrated SBE 37 CTD unit (Seabird, USA). Surface water samples (0.5m depth) were collected at all stations using a Niskin bottle, from the upper Suixi River to the offshore SCS. Bottom water samples were obtained at the depth of 1m above the seafloor. Water samples were first collected for dissolved oxygen (DO) analysis. Samples for inorganic nutrient analyses were filtered through MF-Millipore™ filters (0.45 μm) and stored frozen until analysis. Samples for chlorophyll a (Chl-a) and DOM analyses were filtered immediately through pre-combusted (500°C, 5 h) GF/F filters (nominal pore size ∼0.7 μm) under a gentle vacuum. Filter membranes for Chl-a samples were stored frozen until analysis. Filtrates were transferred into pre-combusted glass vials with Teflon-lined caps and stored frozen for analyses of DOC, CDOM and FDOM. Analyses of DO and ammonium were completed within 8 hours, and other analyses were conducted within 24 hours of sampling.




2.3 Measurements of environmental parameters

The DO concentrations were determined using the Winkler titration method (Carpenter, 1965), achieving a precision of 0.07 mg/L. Chl-a was extracted from samples using 90% aqueous acetone, shielded from light, and incubated at 4°C for 24 hours. The Chl-a concentrations were measured with a precision of 0.3 μg/L using a Turner Trilogy fluorometer (Welschmeyer, 1994). The concentrations of nitrate ( , nitrite  , and soluble reactive phosphate (SRP) were determined using a San++ continuous flow analyzer (Skalar, Netherlands). Ammonium (NH4+-N) concentration was measured via spectrophotometry. Dissolved inorganic nitrogen (DIN) was calculated by summing the concentrations of  ,  , and NH4+-N. The nitrogen-to-phosphorus ratio (N/P, mol/mol) was computed as the ratio of DIN to SRP, providing additional insights into the nutrient dynamics. The detection limits for DIN and SRP were 0.05 μmol/L with an analytical precision was better than ± 2%.




2.4 Measurements of DOC

DOC concentrations were determined using a TOC-LCPH analyzer operating in high-temperature catalytic oxidation mode (Shimadzu, Japan). A five-point standard curve was established using potassium hydrogen phthalate standards. DOC concentrations were calculated by first subtracting the running blank, determined as the average peak area of Milli-Q water acidified with HCl, from the average peak area of the samples (injected 2–3 times) and then dividing by the slope of the standard curve. The precision of the DOC analysis was maintained at ±1.0 μmol/L, as validated by DOC Consensus Reference Material (CRM) provided by D.A. Hansell from the University of Miami (https://hansell-lab.earth.miami.edu/consensus-reference-material/index.html). The coefficient of variation for DOC analysis, based on replicate measurements, was approximately 2%.




2.5 CDOM and FDOM analyses

The absorption spectrum of CDOM was measured at room temperature using a UV-1780 ultraviolet-visible spectrophotometer (Shimadzu, Japan) equipped with a pair of 10-cm quartz cuvettes (L = 0.1 m). Fresh Milli-Q water was served as a blank, with one Milli-Q water sample analyzed after every 5 samples to monitor any potential shifts in the blank. The spectrophotometer scanned from 800 nm to 240 nm at intervals of 0.5 nm. Absorbance values (Aλ) were corrected by subtracting the Milli-Q water blank and were then converted to Napierian absorption coefficients, denoted as aλ (m-1), using the following formula:



In this study, we report the Napierian absorption coefficients at 350 nm (a350) to quantify CDOM in the Suixi Estuary-Zhanjiang Bay continuum. The choice of a350 is due to its frequent use in studies across the land-sea interface (Massicotte et al., 2017). Additionally, the spectral slope between 275–295 nm (S275-295, μm-1) was determined through linear regression of the natural log-transformed absorption spectra (Helms et al., 2008). For broader comparisons, CDOM absorption coefficients at other commonly used wavelengths (e.g., a254, a280, a300, a325, a355, and a412), along with the spectral slope over the range of 350–400 nm (S350-400), are included in Supplementary Table S1. Furthermore, specific ultraviolet absorbance at 254 nm (SUVA254, m2/g C) was calculated by dividing the decadal absorption coefficient (i.e., A254/0.1) by the dissolved organic carbon (DOC) concentration, expressed in mg/L (Weishaar et al., 2003).

Fluorescence excitation-emission matrices (EEMs) of FDOM were measured using an F-7100 fluorophotometer with a 1-cm quartz cuvette at room temperature (Hitachi, Japan). Emission (em) scans were conducted from 280 to 600 nm at 2-nm intervals, paired with excitation (ex) wavelengths ranging from 240 to 450 nm at 5-nm intervals. Both the em and ex slit widths were set to 5 nm. The inner filter effects were corrected following an absorbance-based method (Kothawala et al., 2013). EEMs were then corrected for blank values and normalized using freshly prepared Milli-Q water. Fluorescence intensity was expressed in Raman unit (RU, Lawaetz and Stedmon, 2009).

A total of 203 calibrated EEMs were decomposed using parallel factor analysis (PARAFAC) on MATLAB 2020b with the DOM Fluor toolbox (Stedmon et al., 2003). The model was constrained to nonnegative values, and robustness was confirmed via split-half analysis. Model validation extended to comparing results with published fluorescent components from the Open Fluor database (https://openfluor.lablicate.com/, accessed August 8, 2024; Murphy et al., 2014), using the Tucker Congruence Coefficient (TCC) (Wang et al., 2022). Four qualitative fluorescence parameters derived from EEMs were employed to characterize DOM regarding sources, composition, and reactivity. The humification index (HIX), calculated as the ratio of the integrated emission spectra from 435-480 nm to that from 300-345 nm with excitation at 254 nm, indicating the degree of DOM humification (Zsolnay et al., 1999). The biological index (BIX), computed as the ratio of fluorescence intensity emitted at 380 nm to that emitted at 430 nm upon excitation at 310 nm, providing insights into the presence of fresh biological material in DOM (Huguet et al., 2009). The fluorescence index (FI), calculated as the ratio of emission intensity at 470 nm to that at 520 nm under an excitation of 370 nm, was used to infer DOM source (Cory and McKnight, 2005). Furthermore, the ratio of humic-like fluorescence to protein-like fluorescence (H/P) was calculated, serving as an indicator of the relative abundance of these components within the DOM pool (Hansen et al., 2016).




2.6 River discharge and precipitation data

River discharge data for the Suixi River was source from Wang et al. (2022). Daily precipitation data for the study region was obtained from the China Meteorological Data Service Centre (https://data.cma.cn/). For this study, the cumulative daily precipitation for the 15 days preceding each of the five cruise was calculated.




2.7 Statistical analyses

To assess the significance of differences in environmental and DOM parameters between surface and bottom waters, as well as across different seasons, a two-tailed t-test was applied (α = 0.05), using IBM SPSS Statistics 23. Additionally, Pearson correlation analyses were conducted to explore relationships between DOM variables and salinity, as well as between non-conservative DOM and environmental variables. These analyses were performed using OriginPro 2024b, with significance levels (p-value) determined by a two-tailed test.





3 Results



3.1 Distributions of hydrological and environmental parameters

The Suixi Estuary-Zhanjiang Bay continuum exhibits significant seasonal variations in water temperature, ranging from 20.4°C to 33.4°C throughout the year (Figures 2A–E; Supplementary Figures S1A–E). The highest temperatures were recorded during the summer and autumn, contrasting with the cooler temperatures observed in winter and spring (Table 1). Surface water temperatures were slightly higher than those at the bottom of the continuum (t-test, p< 0.05), except for summer 2021 (t-test, p > 0.05). Salinity also showed significant seasonal fluctuations, ranging from 0.4 to 33.1, with lower values typically in summer and autumn and higher in winter and spring. (Table 1; Figures 2F–J; Supplementary Figures S1F–J). A significant difference in salinity between surface and bottom waters is evident across all seasons (t-test, p< 0.05). This variation was more pronounced in the upper estuary compared to the lower bay (Figures 2F–J; Supplementary Figures S1F–J).




Figure 2 | Seasonal distributions of (A–E) temperature, (F–J) salinity, (K–O) DIN, (P–T) SRP, (U–Y) DO, and (Z–AD) Chl-a in surface waters of the Suixi Estuary-Zhanjiang Bay continuum.




Table 1 | Ranges and mean values (± SD) of hydrological, environmental, and DOM parameters across fiver seasons in the Suixi Estuary-Zhanjiang Bay continuum.



DIN concentrations in the continuum varied widely from 0.3 to 248.5 μmol/L, peaking in autumn 2021 and reaching the lowest in summer 2021 (Table 1; Figures 2K–O; Supplementary Figures S1K–O). SRP concentrations fluctuated between 0.01 and 5.89 μmol/L, with the highest average during summer 2021 and the lowest during spring 2022 (Table 1). Notable differences between surface and bottom DIN levels were observed during winter 2021 and spring 2022 (t-test, p< 0.05), whereas SRP concentrations showed no significant variation between depths across any season (p > 0.05). Both DIN and SRP concentrations generally peaked near the Suixi River in the upper estuary and decrease towards the seaward direction across all seasons (Figures 2P–T; Supplementary Figures S1P–T).

DO concentrations exhibited seasonal variations ranging from 1.93 mg/L to 12.59 mg/L (Table 1), with peaks in the center of Zhanjiang Bay during autumn 2021 and summer 2022 (Figures 2U–Y; Supplementary Figures S1U-Y). In these seasons, surface water DO concentrations were significantly higher than those in bottom water (t-test, p = 0.008 and p = 0.01, respectively), while no significant differences were noted in other seasons (p > 0.05). Chl-a concentrations range from 0.65 μg/L to 64.07 μg/L, peaking during autumn 2021 and summer 2022, with lower concentrations noted during summer 2021 and spring 2022 (Table 1). Significant disparities in Chl-a concentrations between surface and bottom waters were noted in summer 2021 (t-test, p< 0.05). Corresponding to the observed high DO concentrations, elevated Chl-a levels (> 20 μg/L) were observed in the central continuum during both autumn 2021 and summer 2022 in both surface and bottom waters (Figures 2Z–AD; Supplementary Figures S1Z-AD).




3.2 PARAFAC results

PARAFAC analysis identified four major fluorescent components (Supplementary Figure S2), including three humic-like components (C1, C2, C3) and one protein-like component (C4). C1 exhibited excitation/emission maxima at 270/460 nm, aligning with the typical humic-like peak A (Coble, 2007). C2 displayed two excitation maxima at 270 and 355 nm and one emission maximum at 448 nm, spanning the region of both peak A and peak C, characteristic of UVC and UVA humic fluorophores (Coble, 2007). These components, primarily C1 and C2, are initially considered terrestrial-derived humic-like fluorophores (Coble, 2007), widely distributed in land-ocean interface, strongly associated with soil organic materials and microbial activities (Guo et al., 2014; Li et al., 2019b). C3, with excitation/emission maxima at 305/392 nm, originally identified as a marine-derived humic-like component, is also prevalent across various natural aquatic ecosystems. Biological activities (e.g., microbial activities, phytoplankton production) have been demonstrated to the primary autochthonous sources of C3 in seawater (Yamashita et al., 2008; Romera-Castillo et al., 2010). C4, displaying excitation/emission maxima at 275/340 nm, represents a protein-like component consistent with tryptophan-like peak T (Coble, 2007). It is indicative of autochthonous DOM production and anthropogenic input (Yamashita and Tanoue, 2003; Guo et al., 2014; Yamashita et al., 2015). Comparisons with the OpenFluor database confirmed that four FDOM components in this study were consistent with PARAFAC-derived components from previous studies (Murphy et al., 2014). C1, C2 and C3 have 10, 17 and 28 pairs of match-ups, respectively, with a TCC of >0.95 for both excitation and emission (TCCex,em), suggesting a consistent presence across diverse environments (e.g., Li et al., 2015; Dainard et al., 2019; Gamrani et al., 2023). Protein-like C4, with TCCex,em values exceeding 0.95, was matched in 103 previous studies, including various natural aquatic ecosystems (Yamashita et al., 2010; Gao and Gueguen, 2017), plankton community culture experiments (Stedmon and Markager, 2005; Bittar et al., 2015), and wastewater (Cohen et al., 2014; Huang et al., 2024).




3.3 Distributions of DOC and quantitative optical parameters

DOC concentrations in the Suixi Estuary-Zhanjiang Bay continuum displayed significant variability, ranging from 55.4 to 1235.9 μmol/L. The summer of 2021 recorded the highest mean concentration at 327.9 ± 232.0 μmol/L, while the lowest was in the spring of 2022 at 170.4 ± 62.7 μmol/L (Table 1). A statistically significant difference in DOC concentrations between surface and bottom waters was observed only in the summer of 2022 (t-test, p = 0.01), with higher averages in surface waters. The upper Suixi Estuary consistently showed the highest DOC concentrations, which decreased progressively towards the sea across all seasons. Notably high DOC levels were documented in the central region of Zhanjiang Bay during the summers of 2021 and 2022 (Figures 3A–E; Supplementary Figures S3A–E).

Strong positive correlations were found among CDOM absorption coefficients at various wavelengths (i.e., a254, a280, a300, a325, a350, a355, and a412) in the continuum (r > 0.97, p< 0.0001, n = 195). Thus, for simplicity, this study focuses on the a350 results, which ranged from 0.42 m-1 to 7.32 m-1 (Table 1). The average a350 peaked in summer 2022 (3.28 ± 1.64 m-1) and reached its minimum in spring 2022 (1.52 ± 1.21 m-1), with significant difference noted in summer 2022 between surface and bottom waters (t-test, p = 0.003). The highest a350 values were consistently observed in the upper Suixi estuary, diminishing towards the sea throughout the year. (Figures 3F–J; Supplementary Figures S3F–J).

The intensities of three humic-like components (C1, C2 and C3) demonstrated strong correlations (r > 0.97, p< 0.0001, n = 195), ranging from 0.08-1.17 RU, 0.01-0.61 RU, and 0.02-0.55 RU, respectively. The peak mean intensity of C1 was recorded in autumn 2021 (0.53 ± 0.35 RU), with the lowest occurring in spring 2022 (0.31 ± 0.24 RU). Conversely, the highest mean intensities for C2 and C3 were observed in the summer of 2022, whereas their lowest values were noted in the summer of 2021 (Table 1). The protein-like C4 intensity ranged from 0.01 to 0.47 RU, peaking in winter 2021 (0.20 ± 0.09 RU) and showing the lowest value in summer 2021 (0.12 ± 0.05 RU). The significant differences between surface and bottom waters were detected only in summer 2022 for all components (t-test, p values ranging from 0.002 to 0.006). The intensities of three humic-like components (C1, C2, and C3) were strongly correlated with the a350 (r > 0.83, p< 0.0001, n = 195), exhibiting similar distribution patterns throughout the Suixi Estuary-Zhanjiang Bay continuum (Figures 3K–Y; Supplementary Figures S3K–Y). However, the intensities of protein-like C4 showed a positive correlation with DOC concentrations at each season (r: 0.58-0.95, p< 0.0001) and followed a similar distribution pattern across the continuum (Figures 3Z–AD; Supplementary Figures S3Z–AD).




Figure 3 | Seasonal distributions of (A–E) DOC, (F–J) a350, and (K–AD) intensities of four FDOM components in surface waters of the Suixi Estuary-Zhanjiang Bay continuum.






3.4 Distributions of qualitative optical parameters

The spectral slope S275-295 ranged from 12.9 to 22.7 μm-1, showing a contrasting spatial distribution pattern compared to a350 (Figures 4A–E; Supplementary Figures S4A–E). The highest mean S275-295 value occurred in summer 2021, while the lowest was noted in summer 2022. SUVA254 values showed a broad range from 0.24 to 6.74 m2/g C, peaking in autumn 2021, with the lowest values occurring in summers 2021 and 2022 (Table 1). Generally, SUVA254 decreased towards the sea, except in autumn when significantly lower values were recorded in the central continuum (Figures 4F–J; Supplementary Figures S4F–J). HIX varied from 0.88 to 6.22, decreasing from the upper estuary to lower bay, with the highest mean value in summer 2022 (Figures 4K-O; Supplementary Figures S4K–O). Conversely, BIX values ranged from 0.79 to 1.83, gradually increasing towards the sea and recording the lowest mean value in summer 2022 (Table 1; Figures 4P-T; Supplementary Figures S4P–T). FI values, varying from 2.41 to 2.61, showing the minimal spatial and temporal variation (Figures 4U–Y; Supplementary Figures S4U–Y). No significant differences were found between surface and bottom water for all DOM qualitative parameters (p > 0.05).




Figure 4 | Seasonal distributions of (A–E) S275-295, (F–J) SUVA254, (K–O) HIX, (P–T) BIX, and (U–Y) FI in surface waters of the Suixi Estuary-Zhanjiang Bay continuum.







4 Discussion



4.1 Seasonal variability of freshwater and seawater DOM endmembers

Seasonal variations in riverine DOM endmember are well-documented across different climate regions (Guo et al., 2011; Li et al., 2019b; Yang et al., 2019). These variations affect the dynamics of riverine DOM in estuarine and coastal environments (Fichot and Benner, 2014) and introduce uncertainty (~30%) in quantifying global riverine DOM fluxes (Liu et al., 2024). In the Suixi estuary-Zhanjiang Bay continuum, freshwater DOC endmember values ranged from 355 to 708 μmol/L, peaking in autumn 2021 and reaching their lowest in winter 2021 (Table 2). A strong positive correlation was found between DOC and humic-like C1 in freshwater endmembers (r = 0.88, p = 0.05, n = 5). Freshwater endmembers with high levels of DOC and C1 typically exhibited low S275-295 and BIX, alongside high HIX (Table 2), suggesting a predominance of terrestrial organic materials with high humification degrees, low freshness, and high molecular weights in the Suixi River DOM pool (Hansen et al., 2016; Huguet et al., 2009; Helms et al., 2008). Protein-like components constituted only 10-18% of the total fluorescence intensity in freshwater DOM pool (Table 2), underscoring the dominance of natural terrestrial inputs. This is consistent with the high-productivity tropical forests and wetlands surrounding the Suixi River watershed (Zhong et al., 2022). Soil leaching and erosion, driven by high annual precipitation (~1800 mm, Chen et al., 2021), are likely the main contributors to the river’s high terrigenous DOM content. This is supported by a strong correlation between the freshwater DOC and C1 endmember values and 15-d cumulative precipitation prior to each cruise (r > 0.96, p< 0.05, n = 4), except for spring 2022. A short residence time of DOM in soil environments, driven by high precipitation, may limit its mineralization, thereby facilitating rapid transport to the river and maintaining high DOC levels in the riverine endmember.


Table 2 | Seasonal variations in DOM and nutrient endmember values for freshwater and seawater in the Suixi Estuary-Zhanjiang Bay continuum.



In seawater endmembers, DOM levels were consistently lower (74-91%) than in freshwater endmembers. Differences in CDOM and FDOMH (89-91%) being more pronounced compared to DOC (78 ± 12%) and FDOMP (74 ± 2.5%). This suggests decreased aromaticity and increased bioavailability, as indicated by lower SUVA254 and higher H/P values (Table 2). The seawater endmembers were mainly influenced by the West-Guangdong Coastal Current (WGCC) and tidal activities (Ding et al., 2017; Huang et al., 2021; Lao et al., 2022), contributing to modest variations in seawater salinity endmember values in this study (30.06-32.48, Table 2). In comparison, the variation in DOM within seawater endmembers was pronounced, contrasting with other systems, such as Pearl River and Jiulong River estuaries, which showed minimal variations in their seawater endmembers (Guo et al., 2007, 2011; Li et al., 2019b). In summer 2021, an intensified WGCC transported terrigenous materials from rivers in western Guangdong (e.g., Peral River, Moyang River, and Jian River), which contributed to the relatively low salinity but high H/P and SUVA254 values in seawater endmember (Table 2). Conversely, summer 2022 saw the highest DOC and lowest SUVA254 values in seawater endmembers, indicative of significant contributions from primary production, as evidenced by depleted levels of DIN and SRP (Table 1). The lack of correlation between salinity and DOM within seawater endmembers (p > 0.05) further highlights the importance of in situ biogeochemical transformations in shaping DOM within seawater endmembers. Seasonal variability in both freshwater and seawater DOM endmembers, driven by natural and anthropogenic factors, delineates the complex dynamics of DOM in the Suixi Estuary-Zhanjiang Bay continuum. With reduced runoff and enhanced dredging activity, salinity in the Suixi Estuary-Zhanjiang Bay continuum has risen by 18% over the past two decades (Lao et al., 2022), undoubtedly altering the DOM budget and transformation in the continuum and emphasizing the need for continued research.




4.2 Mixing behaviors of DOM in the Suixi Estuary-Zhanjiang Bay continuum

The transport of dissolved organic matter (DOM) from rivers to the ocean, especially through estuaries and coastal bays, involves complex physicochemical and biogeochemical processes that significantly alter the composition, reactivity, flux, and fate of riverine DOM as it reaches the ocean shelf (Raymond and Spencer, 2015; Spencer and Raymond, 2024).These transformations can be assessed through the relationships between DOM and salinity gradients (Huguet et al., 2009; Fellman et al., 2011; Guo et al., 2011; Vidal et al., 2023). Our findings indicate significant linear decreases in DOC, a350 and FDOM intensities with increasing salinity (p< 0.05), suggesting that conservative mixing of freshwater and seawater is the primary factor shaping the distribution of DOM in the Suixi Estuary-Zhanjiang Bay continuum (Figure 5). However, the R2 values for these linear fits varied substantially across different DOM parameters and seasons, highlighting the complexity of the interactions. The linear fittings between FDOMH and salinity demonstrated the highest R2 values (0.85-0.97 for C1, 0.86-0.98 for C2, and 0.83-0.96 for C3), followed by those between a350 and salinity (0.46-0.99), between FDOMP and salinity (0.22-0.89), and between DOC and salinity (0.25-0.92). Salinity explained over 83% of the variation in FDOMH, indicating that these components were dominated by the conservative mixing of freshwater and seawater endmembers. Non-conservative processes such as flocculation (Guo et al., 2007; Asmala et al., 2014), photobleaching (Moran et al., 2000; Catalá et al., 2013), and microbial activities (Klinkhammer et al., 2000; Yang et al., 2019) appeared to have a relatively small impact on their distributions across all seasons. Conservative mixing accounted for most of the variability in CDOM distribution during winter 2021 and in spring and summer 2022 (R2 ≥ 0.86) but explained only half of the variability in CDOM in autumn 2021 (R2 = 0.46). DOC and protein-like C4, proxies for labile DOM produced by primary production and degraded by microbes but relatively resistant to photobleaching (Yang et al., 2019), exhibited the expected weakest correlations with salinity in the Suixi Estuary-Zhanjiang Bay continuum (Figure 5). This was particularly noticeable in autumn 2021 and summer 2022 (0.22 ≤ R2 ≤ 0.63), periods characterized by higher Chl-a concentrations (Figure 3; Supplementary Figure S3). These diverse mixing behaviors among different DOM components and across seasons demonstrate the substantial modification riverine DOM undergoes when passing through estuarine environments (Spencer and Raymond, 2024), influencing the flux and fate of allochthonous DOM entering the northern SCS.




Figure 5 | Seasonal variations in the relationships between (A–E) DOC, (F–J) a350, and (K–AD) intensities of four FDOM components with salinity across the Suixi Estuary-Zhanjiang Bay continuum. Black solid lines and gray shadows illustrate the linear fits and their 95% confidence bands, respectively. Red dotted lines represent the theoretical mixing lines between freshwater and seawater endmembers.






4.3 Seasonal variations of non-conservative DOM in the Suixi Estuary-Zhanjiang Bay continuum

Beyond assessing DOM behavior through correlations with salinity, a multiple endmember mixing model provides insights into both conservative and nonconservative processes impacting the DOM pool in estuarine and coastal environments (Dittmar et al., 2001; Ya et al., 2015; Jiang et al., 2017). In the Suixi Estuary-Zhanjiang Bay continuum, freshwater discharge from the Suixi River and seawater intrusion from the adjacent northern SCS are the primary allochthonous DOM sources (Lao et al., 2022). Other potential sources, such as submarine groundwater discharge, atmospheric deposition, and sediment release are considered limited based on dual water isotopes (Lao et al., 2023a) and DOM-salinity relationships (Figure 5). Thus, a two-endmember mixing model was utilized in this study:





Here, fFW and fSW represent the fractions of freshwater and seawater endmembers in a given water parcel, respectively, with SalFW and SalSW denoting their salinity values. Salobs and Mobs refer to the observed salinity and DOM parameters. MFW and MSW represent the DOM values of the respective endmember (Table 2). ΔM denotes nonconservative changes in DOM, with positive ΔM values indicating additions to the DOM pool. The relative change in M due to nonconservative processes (%) was calculated as the ratio of ΔM to Mobs. To discuss the effect of nutrients on the nonconservative processes of DOM, ΔDIN and ΔSRP were also calculated using this method.

ΔDOC ranged from -30 to 685 μmol/L in summer 2021 (163 ± 168 μmol/L), -364 to 114 μmol/L in autumn 2021 (-74 ± 160 μmol/L), -116 to 56 μmol/L in winter 2021 (12 ± 17 μmol/L), -61 to 94 μmol/L in spring 2022 (22 ± 30 μmol/L), and -39 to 227 μmol/L (25 ± 65 μmol/L), respectively. Significant additions of DOC (t-test, p< 0.05) were common but varied greatly across seasons: summer 2021 (102 ± 95%), winter 2021 (7.5 ± 11.7%), spring 2022 (18.0 ± 19.0%), and summer 2022 (10.7 ± 26.9%), despite the overall conservative behaviors of DOC during these seasons (p< 0.0001, Figures 5A, C–E). Although the mean ΔDOC was not significantly different from zero in autumn 2021 (p > 0.05, Figure 6A), negative ΔDOC values (-177 ± 100 μmol/L) were found in the low-salinity waters (salinity< 25, p< 0.0001) and positive values in high-salinity waters (salinity > 25, p = 0.002), indicating remarkable DOC removal in the upper continuum (-50 ± 24%) and addition in the lower bay (25 ± 33%). Phytoplankton production was identified as the primary process responsible for the DOC addition. Positive relationships between ΔDOC and Chl-a in summer 2021 (r = 0.44, p = 0.02) and 2022 (r = 0.87, p< 0.001) support DOM accumulation during actively growing phytoplankton blooms (Søndergaard et al., 2000; Hoikkala et al., 2012; Liu et al., 2024). Maximum DOC addition occurred in area with medium-high salinity (20-30, Figures 5A, E), where nutrient inputs from urban sewage discharge (Zhang et al., 2021), extended water residence times (Cai et al., 2024), and warm temperatures favored phytoplankton blooms (maximum Chl-a > 10 μg/L in summer 2021 and 50 μg/L in summer 2022).




Figure 6 | Seasonal comparison of proportions of nonconservative (A) DIN, (B) SRP, (C) DOC, (D) a350, and (E–H) four FDOM components in the Suixi Estuary-Zhanjiang Bay continuum. An asterisk (*) indicates that the mean value is significantly different from zero at the 0.05 significance level.



Higher Chl-a levels in summer 2022 coincided with greater nutrient removals but did not result in as much DOC addition as in summer 2021 (Table 1, Figure 6), suggesting regulation by other biogeochemical processes. The bio-refractory FDOMH, less directly influenced by primary production than DOC, could offer valuable insights. Substantial removals in FDOMH (-19 ± 20% for C1, -30 ± 19% for C2, -22 ± 22% for C3) were found in summer 2022 (Figures 6D–H), especially in the low salinity region (~ 13), suggesting potential flocculation of DOM in this season (McCallister et al., 2006; Asmala et al., 2014). Although the bulk DOC flocculates more slowly than humic fraction of DOM (Eckert and Sholkovitz, 1976), we speculate that this flocculation may partially offsets the enhanced DOC in summer 2022. Additionally, labile DOC from phytoplankton photosynthesis could have a priming effect on riverine terrigenous refractory DOM, facilitating its partial remobilization for microbial utilization (Bianchi, 2011; Jiao et al., 2011; Spencer and Raymond, 2024). This stimulated microbial degradation likely also contributes to the removal of FDOMH in the Suixi Estuary-Zhanjiang Bay continuum. In contrast, substantial addition of FDOMH (10 ± 25% for C1 and 11 ± 26% for C3) were observed in summer 2021, linked to the in situ production during microbial-mediated degradation of labile carbon, as evidenced by positive correlations between ΔFDOMH and ΔDIN (r: 0.53-0.63, p< 0.005).

In spring, negative correlations were observed between ΔDOC and Chl-a (r = -0.45, p = 0.009), and between ΔC4 and Chl-a (r = -0.49, p = 0.004), suggesting DOC and FDOMP accumulated during declining algal blooms (Lønborg et al., 2009). Previous studies demonstrated that increased primary production facilitated rapid heterotrophic microbial degradation of labile organic matter, with particulate organic matter as the major substrate (Lao et al., 2023b). During the net-anabolic phase of heterotrophic microbial communities, some traditionally defined labile DOM compounds could be released through extracellular release, protist grazing, and viral lysis, decreasing Chl-a and enhancing DOC and FDOMP levels (Kawasaki and Benner, 2006; Lønborg et al., 2009). Concurrently, the net-catabolic phase of microbial activities could release more bio-refractory compounds such as CDOM and FDOMH as the by-products (Xiao et al., 2022), contributing to their significant additions in spring 2022 (15 ± 13% for a350, 18 ± 17% for C1, 8 ± 17% for C2, and 26 ± 34% for C3, Figure 6). This is supported by significant additions of DIN (14.3 ± 16.6 μmol/L, 39 ± 24%, Figure 6A) and SRP (0.59 ± 0.44 μmol/L, 123 ± 134%, Figure 6B), coupled with linear relationships between Δ values for FDOMH and nutrient and DO levels (e.g., ΔC1 vs. ΔDIN: r = 0.44, p = 0.015; ΔC1 vs. ΔSRP: r = 0.86, p< 0.0001; ΔC1 vs. DO: r = -0.69, p< 0.0001). These findings illustrate the prevalence of microbial-mediated transformation from labile biogenic particles to refractory DOM in spring 2022, accompanied by oxygen consumption and nutrient regeneration (Xiao et al., 2022). Precisely due to considerable contributions from both primary productivity and microbial transformation, DOM in spring 2022 in the continuum experienced extensive reworking, resulting in the highest fraction of bio-labile materials, lowest humification degree and molecular weight, and greatest freshness of any season (Table 1).

Unlike the visible removal of DOC occurred in the upper continuum during autumn 2021, CDOM and FDOM remained largely unaffected (Figure 5). This pattern suggests that riverine DOM was more efficiently consumed by heterotrophic microorganism, similar to summer 2022 (Bianchi, 2011; Zhuang et al., 2021). Microbial degradation was stimulated by locally produced labile DOC under the conditions of ample nutrients and favorable temperature (Tables 1, 2). Alongside gradual depletion of degradable riverine DOM toward the sea, positive ΔDOC emerges in the lower continuum (Figure 6), most likely resulting from phytoplankton bloom (Figure 2; Carlson and Hansell, 2015). The single-peak pattern of ΔDOC-Chl-a relationship in the lower continuum during autumn 2021 suggests an uncoupling of dissolved and particulate organic materials subjected to microbial decomposition, indicating preferential utilization of locally produced POM (Lao et al., 2023b). In winter 2021, characterized by the lowest river discharge and temperatures (Table 1; Figure 2), the estuarine DOM was the least dynamic, with no significant change in CDOM and FDOM levels (p > 0.05, Figure 6). This stability suggests minimal reworking of riverine DOM, aligning with observations from other seasonal estuaries (Li et al., 2019b; Gao et al., 2020). These findings highlight the substantial seasonal and interannual variations in estuarine DOM dynamics, driven by shifts in endmembers and influenced by both abiotic and biotic processes during water masses mixing (Bianchi, 2011; Vidal et al., 2023). The results underscore the necessity for high-frequency investigations to accurately track the transport and transformation of DOM from small tropical rivers to the coastal seas (Liu et al., 2024).




4.4 Export of riverine DOM by Suixi River and global perspective

The fluxes of DOM (i.e., DOC, CDOM, and FDOM) from Suixi River to the Zhangjiang Bay were estimated as follows (Guo et al., 2014; Li et al., 2019b):



Where F represents the flux of DOM, Q denotes the Suixi River discharge, and C* represents the freshwater endmember values of DOM (Table 2). Annual riverine DOM fluxes were calculated by summing the DOM fluxes from four seasons, using the average of the two summer fluxes as one component. Specifically, the annual DOM flux of the Suixi River was calculated as follows: 3.4 × 1010 g C/yr for DOC, 3.5 × 1010 m2/yr for a350, 6.3 × 109 RU m3/yr for C1, 2.8 × 109 RU m3/yr for C2, 2.5 × 109 RU m3/yr for C3, and 1.7 × 109 RU m3/yr for C4. In summer, the Suixi River accounted for 56% of the annual water discharge, but contributed only 47-49% of the annual DOC and FDOMP fluxes, while providing 59 ± 0.2% of the annual CDOM flux and 51-56% of the annual FDOMH flux. This is attributed to stronger soil leaching and washing processes during summer, which mobilize more refractory terrigenous DOM materials into the Suixi Estuary-Zhanjiang Bay continuum, highlighting the seasonal variation in the composition and flux of riverine DOM transported by small tropical rivers.

DOC concentrations in the Suixi River are moderately high compared to other Chinese and global rivers (Figure 7A, Raymond and Spencer, 2015; Wang et al., 2022; Spencer and Raymond, 2024). These concentrations are only exceeded by the pan-Arctic Rivers, which range from 364-805 μmol/L (Stedmon et al., 2011), and rivers significantly affected by anthropogenic inputs, such as the Hai River at ~868 μmol/L (Xia and Zhang, 2011). However, the DOC levels are comparable to those found in major tropical rivers like the Amazon and Orinoco, as well as North American rivers (Spencer et al., 2013; Raymond and Spencer, 2015). In contrast, the Suixi River exhibits significantly higher concentrations than other Chinese subtropical and temperate rivers including the Yangtze River (116-174 μmol/L, Guo et al., 2014), Pearl River (82-124 μmol/L, Li et al., 2019b), Min River (88-110 μmol/L, Yang et al., 2019), Jiulong River (132-186 μmol/L, Guo et al., 2011), and mountainous Taiwan rivers (32-139 μmol/L, Yang et al., 2013). However, the CDOM levels in Suixi River (a350-based, 6.76 ± 0.83 m-1) align closely with the global average (6.18 ± 5.16 m-1, Figure 7A), resulting in the noticeable deviations from the lineal DOC-a350 relationship observed across global 52 rivers (Figure 7A).




Figure 7 | Relationships between (A) a350 and DOC, and between (B) SUVA350 and the ratio of water discharge to watershed area for global river endmembers. Black line and gray shadow in panel a represent the linear fit and confidence band (95%) for a total of 52 river endmembers in the globe, respectively. Data are listed in Supplementary Table S2.



In terms of DOM quality, the SUVA350 values for the Suixi River (0.48 ± 0.12 m2/g C) fall within the low to moderate range globally (0.64 ± 0.23 m2/g C, Figure 7B). These values were notably lower than those found in large tropical rivers (0.92 ± 0.13 m2/g C), North American rivers (0.71 ± 0.26 m2/g C), and pan-Arctic rivers (0.62 ± 0.12 m2/g C), yet similar to other Chinese rivers (0.47 ± 0.19 m2/g C, Supplementary Table S2). From a global perspective, peak SUVA350 values for river endmembers were observed at moderate water yields (m/yr, Figure 7B). A reasonable explanation is that larger water yield facilitates stronger interactions between river and soil, which in turn promote the release of soil organic carbon enriched in reworked CDOM. Once the soil reworked organic carbon is sufficiently mobilized, the increased water yield can enhance the contribution of labile carbon from net primary production to riverine DOM pool (Tromboni et al., 2022), as reflected by decreased SUVA350 values for river water endmembers (Figure 7B). The ongoing changes in climate (e.g., temperature and precipitation) and intensifying human activities (e.g., land utilization, dam construction) continue to affect the water yields of global tropical rivers (Wu et al., 2023; Vystavna et al., 2024), undoubtedly exert dynamic of riverine DOM composition entering the sea (Liu et al., 2022). Despite similar SUVA350 values, both the DOC yield (21.9 g C/m2/yr) and CDOM yield (a350-based, 21.9 yr-1) of the Suixi River far exceed those of other Chinese rivers (2.68 ± 4.46 g C/m2/yr and 2.78 ± 4.08 yr-1, respectively). This uncoupling is largely attributed to high watershed productivity and strong soil leaching in the Suixi River, compared to other subtropical and temperate Chinese rivers, which are affected by a low abundance of aged and leached soil organic matter, dam construction, and rapid wetlands reduction due to anthropogenic exploitation (Guo et al., 2014). This exceptionally high DOC yield from the Suixi River, more than twice the highest recorded yield from the large tropical Fly River (~8.6 g C/m2/yr, Raymond and Spencer, 2015), highlights the critical role of small, tropical rivers in estuarine and coastal carbon cycling and the need to consider these smaller systems in broader ecological and biogeochemical studies.





5 Conclusion

This study reveals the complex dynamics at the tropical river-sea interface of the Suixi Estuary-Zhanjiang Bay continuum, highlighting the significant role of small tropical watersheds in global carbon cycling. Our analysis from summer 2021 to summer 2022 encompassed DOC, CDOM, and FDOM, showing pronounced seasonal variations. DOC in freshwater endmember peaked in autumn 2021, driven largely by terrestrial inputs as evidenced by strong correlations with FDOMH and enhanced by soil erosion and leaching that correlate with precipitation. Conversely, DOC in seawater endmember peaked in summer 2022, enriched in FDOMP and influenced by the West-Guangdong Coastal Current alongside in situ primary production.

Our findings indicate that while conservative mixing of freshwater and seawater predominantly influences DOM distribution within the continuum, significant non-conservative modifications occur through flocculation, phytoplankton production, and microbial transformation. These alterations vary across seasons, affecting the DOM’s qualitative and quantitative characteristics. Despite the Suixi River accounting for a substantial portion of the annual water discharge (56%), its contribution to annual DOM fluxes (47-59%) does not proportionately reflect its output, primarily due to intense seasonal soil leaching that mobilizes more refractory terrigenous DOM. This phenomenon results in remarkably high DOC and CDOM yields, substantially exceeding those recorded for other Chinese rivers and even global peak yields like the tropical Fly River.

Our analysis also revealed a distinct single-peak pattern between the SUVA350 values for river endmembers and water yield, based on a global dataset. This pattern suggests that maximum mobilization of soil-derived refractory organic carbon occurs at moderate water yields. Beyond this peak, refractory soil carbon contributions diminish while labile carbon input from net primary production increases, highlighting the complex interplay between hydrological dynamics and carbon cycling processes. The study demonstrates that the Suixi River, like other small tropical rivers, plays a crucial role in the estuarine and coastal carbon budget. Moving forward, integrating small tropical watershed data into global carbon models is essential to enhance the accuracy of carbon budget estimations.
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