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Understanding the spatial distribution and sources of sedimentary organic matter (OM) in coastal environments is crucial for effective water quality management and the preservation of ecosystem health. Although extensive research has been conducted on OM dynamics, there remains a gap in understanding the ongoing biogeochemical processes in Korean coastal aquaculture zones, particularly during the summer season. To address this gap, we investigated the spatial variation of water chemical properties and isotopic composition of sedimentary OM to trace the composition, source, and reactivity of mixed OM in aquaculture systems along the Korean coast during the summer season. The isotopic approach was applied to surface sediments from five sections: western (W)-1, W-2, southern (S)-1, S-2, and eastern (E)-1. With respect to increased nutrients (mainly nitrate; 1.2 ± 0.6 mg/L) by dam-water discharge near W sections, our isotopic signatures revealed that a substantial fraction of sedimentary OM might dominantly originated from autochthonous OM source (algae; 36.5%) related to the increase of terrestrial nutrients. Simultaneously, the deposition of allochthonous OM (aquacultural feces; 44%) was predominant in the S-2 sections. The 34S-depleted patterns (approximately -7.2‰) in the S-2 section was indicative of active sulfate reduction occurring at the sedimentary boundary. Therefore, together with the precise determination of ongoing OM, our isotopic results provide valuable insights for effectively managing water-sedimentary qualities under the increase of anthropogenic contamination.
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1 Introduction

The coastal regions are hot spots of organic matter (OM) sedimentation, accounting for 80–90% of the carbon burial in the global ocean (Hedges and Keil, 1995; Bauer et al., 2013). Together with physical dynamics (mixing, processing, and transportation) between the terrestrial and marine realms, a substantial amount of OM in these systems has been continuously preserved in the coastal sediment layers owing to the inputs of terrestrial materials, anthropogenic contamination, and marine organisms (Hedges and Oades, 1997; Bianchi et al., 2002; Ogrinc et al., 2005; Li et al., 2017; Chen et al., 2021). Specifically, the biogeochemical OM properties (source, reactivity, and remineralization) in these systems have been regarded as an important topic in the carbon cycle for several decades (Hedges et al., 1997; Burdige, 2007; Kim et al., 2022b). The quantitative variations of sedimentary OM in coastal environments may be closely involved in recent anthropogenic activities (Liu et al., 2015; Chen et al., 2021). A precise understanding of OM dynamics is therefore important in determining the speciation, migration, and fate of pollutants in coastal environments. Furthermore, systematic estimation of OM dynamics is essential for a profound comprehension of assessing water quality, predicting aquatic ecosystem responses to environmental changes, and informing management strategies in coastal environments.

Aquaculture is among the most significant anthropogenic activities occurring in coastal regions, positively and negatively impacting aquatic biogeochemistry and ecosystem health (Naylor et al., 2000; Yokoyama et al., 2009; Kim et al., 2022b). Intensive aquaculture activities have caused a wide array of negative effects in aquatic and sedimentary environments (Challouf et al., 2017; Pearson and Black, 2001; Yokoyama et al., 2009) owing to the rapid increase of the global aquaculture industry (FAO, 2022). The substantial increases of OM released by aquaculture systems can cause eutrophication, produce harmful algal blooms, result in a reduction in dissolved oxygen (DO) levels, and even alter benthic communities (Silva et al., 2012; Srithongouthai and Tada, 2017; Yokoyama et al., 2009). Consequently, sustainable management in coastal environments, including aquaculture sites, requires a systematical understanding of various properties, such as the source contribution, identification of contaminated areas, and pollution types along the coast. Typical criteria (total organic carbon [TOC] and benthic diversity), including other parameters such as sediment grain size, nutrient concentrations, and contaminant levels, have been used to estimate sediment quality deterioration and benthic ecosystems (Karakassis et al., 1999; Keeley et al., 2012, 2014; Macleod et al., 2006). In addition to these typical approaches, the complementary application of stable isotopic compositions (δ13C, δ15N, and δ34S) is effective in elucidating the source and reactivity of OM derived from complex coastal systems (Gordon and Goñi, 2003; Kim et al., 2017a; Ramaswamy et al., 2008; Thornton and McManus, 1994). Based on theoretical reactions (isotopic fractionation), the discriminative isotopic signatures have frequently been used to explore the spatio-temporal variations of terrestrial OM sources transported into marine environments (Bianchi et al., 2002; Ramaswamy et al., 2008; Zhao et al., 2019). Therefore, multi-element isotopic signatures are critical for a better understanding of the biogeochemical changes, nutrient cycling, and ecosystem sustainability in complex coastal boundaries.

The effects of excessive anthropogenic activities (including aquaculture) in the global coastal region have recently been issued due to environmental problems and the safety of fishery products (Jiang et al., 2020; Yang et al., 2022). Spatial variations of multi-elemental isotopic compositions during the winter season, including long term-variation of physicochemical characteristics performed through Korean coastal monitoring (2013-2023, www.nifs.go.kr/femo), have been investigated to effectively trace the anthropogenic-derived-OM within coastal systems (Kim et al., 2022b). However, precipitation in the Korean peninsula is concentrated during the summer monsoon seasons (50–60% of the annual precipitation, Lee et al., 2010; Wang et al., 2007), in contrast to the characteristics of hydrological conditions during the winter season. In such conditions, large volumes of freshwater through regional rivers are massively discharged into the coasts of the Korean peninsula (An and Park, 2002; Seung et al., 1990). However, the ongoing biogeochemical OM dynamics along various parts of the Korean coasts remain unclear amidst the rising influence of external physical factors. Therefore, we investigated the spatial variation of elemental isotopic signatures within surface sediments during the summer season. Based on these approaches, we aimed to elucidate regional characteristics of the origin and reactivity of mixed OM within these aquatic environments.




2 Materials and methods


2.1 Site information and sample collection

This study categorizes 215 sampling sites in Korean coastal regions into five sections—western (W)-1, W-2, southern (S)-1, S-2, and eastern (E)—as part of a broader coastal environment monitoring project led by the National Institute of Fisheries Science (NIFS; (http://www.nifs.go.kr/femo/). The W-1 section, with water depths ranging from 7 to 18 m, is influenced by two major rivers, the Han and Geum, both regulated by estuary dams (Kim et al., 2022a). The W-2 section (water depths: 5–19 m) includes regions delineated by bays and estuaries such as Gomso Bay, Hampyeong Coast, and Yeongsan River Estuary (Figure 1). The southern sections (S-1 and S-2), ranging from 4 to 24 m in depth, cover 18 regions characterized by numerous islands (Kim et al., 2022a). Detailed geographical information of these sections is provided in Table 1.




Figure 1 | Map of sample sites (A) of the five Korean coastal sections (western (W)-1, W-2, southern (S)-1, S-2, and eastern (E)-1 section (B–F). Each filled black circle (n = 215) represents a sample location for analyzing water quality and sedimentary organic matter.




Table 1 | Concentrations of physicochemical properties (surface water) in the five sections of Korean coasts.



Seawater samples were collected to determine the physicochemical properties, and simultaneously, surface sediment samples were collected from 215 sampling sites on the Korean coast in August 2020 (Figure 1). Surface sediments (< 3 cm sediment depth) were also collected using van Veen and Labond-type grab samplers onboard a small ship. These samples were transferred into a pre-acidified polyethylene bottle immediately after sampling and then stored below 4°C or frozen until analysis.




2.2 Physicochemical parameters

Temperature, salinity, pH, and DO at the surface and bottom of seawater were measured in situ using a calibrated multiprobe (YSI 6600, YSI incorporation, Ohio, USA). Water quality parameters such as suspended solids (SS) and chlorophyll a (Chl. a), and nutrients (nitrate, NO3-N; nitrite, NO2-N; ammonium, NH4-N; phosphate, PO4-P; and silicate, Si(OH)4-Si) at the seawater surface were determined. The SS was determined using a pre-weighed filter paper (GF/F, Whatman, Maidstone, UK). For Chl. a determination, filters were extracted in 10 mL of 90% acetone overnight. They were then centrifuged and measured using a fluorometer (10-AU, Turner Designs, CA, USA). Standard curves were calibrated using a Chl. a standard obtained from the Chl. a standard solution (10-850, Turner Designs, California, USA). Nutrients were analyzed using a nutrient autoanalyzer (QuAAtro; SEAL Analytical, Norderstedt, Germany). The limits of quantification were 0.1, 0.2, 0.2, 0.04, and 0.02 μmol L− 1 for NO3-N, NO2-N, NH4-N, Si(OH)4-Si, and PO4-P, respectively. The analytical precision was less than ±10% for nutrients.




2.3 Water quality index

Water quality was assessed using the Water Quality Index (WQI), which incorporates parameters such as chlorophyll a (Chl. a), dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), dissolved oxygen (DO) saturation, and Secchi depth (SD) (Ministry of Oceans and Fisheries, www.meis.go.kr/mei/wqi/introduce.do). The WQI was calculated based on standardized scores (1 to 5) for each parameter. Water quality was categorized into five grades based on the WQI values: very good (Grade 1; WQI < 23), good (Grade 2; WQI 24–33), medium (Grade 3; WQI 34–46), poor (Grade 4; WQI 47–59), and very poor (Grade 5; WQI > 60).




2.4 Bulk elemental analysis

For TOC analysis, one aliquot of the freeze-dried sediment sample was treated with 8 mL of 1M HCl to remove carbonates. TOC content and its isotopic composition (δ13C) were measured using an elemental analyzer (Vario PYRO, Elementar, Hesse, Germany) connected to an isotope ratio mass spectrometer (Isoprime, GV instruments, Manchester, UK). Isotopic values were expressed as δ13C values per mil relative to the Vienna Pee-Dee Belemnite (VPDB) and were calibrated using a CH-3 standard (International Atomic Energy Agency; IAEA, Vienna, Austria) with a δ13C value of -24.7‰. Analytical precision was better than ±0.1wt.% for TOC and ±0.1‰ for δ13CTOC, respectively. Other aliquots of the freeze-dried sediment sample were directly used for total nitrogen (TN) and total sulfur (TS) contents and their isotopic compositions (δ15N and δ34S). The content and isotopic composition for TN were measured using the analytical equipment described for the TOC analysis. Isotopic values were expressed as δ15N values per mil relative to atmospheric nitrogen. The δ15N values were calibrated using the IAEA-N-1 standard (IAEA, Vienna, Austria) with a δ15N value of 0.4‰. Analytical precision was better than ±0.1 wt.% for TN and ±0.1‰ for δ15NTN, respectively. TS contents and their isotopic compositions were measured using an elemental analyzer (EA1110, Thermo Fisher) connected to an isotope ratio mass spectrometer (dual-pumped 20–20 S, Secon). Isotopic values were expressed as δ34S values per mil relative to the Vienna Canyon Diablo Troilite (VCDT). The δ34S values were calibrated using S-2 and S-3 standards (IAEA, Vienna, Austria) with δ34S values of 22.7‰ and -32.3‰, respectively. The precision for TS and δ34S was better than ±0.3 wt.% and ±0.4‰, respectively.




2.5 Statistical analysis

The fractional abundances of physicochemical properties, nutrients, WQI, bulk element content, and mud textures were obtained by normalizing each parameter according to the Z-score method (Yunker et al., 2005). Principal component analysis (PCA) was performed on the fractional abundance data of each parameter to provide a general view of the variability of the distribution of each parameter using R software version 3.4.2 (version 3.6.1, FactoMineR an R package, version 1.42).




2.6 Bayesian mixing model

The isotopic mixing model in the R software (version 3.1.12, MixSIAR) provides a Bayesian framework to determine the probability distributions of proportional source contributions to isotope mixtures (Stock et al., 2018). In this study, the source contributions to sedimentary OM were modeled in MixSIAR using δ13C and δ15N values to determine the relative contributions to various OM sources within the sediments of coastal systems. As typical end-members, δ13C and δ15N values of C3 plant (δ13C: -27.4 ± 0.1‰, δ15N: 0.4 ± 0.2‰), C4 plant (δ13C: -12.1 ± 1.9‰, δ15N: 5.3 ± 0.7‰), algae (δ13C: -16.3 ± 0.1‰, δ15N: 5.4 ± 0.2‰), and biodeposits (δ13C: -20.5 ± 1.5‰, δ15N: 14.0 ± 5.1‰) were considered to quantify the fractional contribution of sedimentary OM (Derrien et al., 2018; Lee et al., 2017, 2021). Additionally, early diagenetic processes (mainly sulfate reduction; SR) occurring in sedimentary environments were also modeled using δ34S values (seawater sulfate; 20.0 ± 0.2‰ and SR; -24 ± 0.2‰).





3 Results


3.1 Physicochemical conditions of the surface seawater

The temperature, salinity, DO and SS of the surface seawater were 21.3–27.5°C, 2.9–30.4 psu, 6.2–11.2 mg/L, 4.9–219.7 mg/L for the W sections, 18.0–26.8°C, 13.3–32.4 psu, 6.3–9.7 mg/L, 3.7–22.3 mg/L for the S sections, and 20.2–24.2°C, 30.0–32.8 psu, 6.4–8.9 mg/L, 1.6–3.1 mg/L for the E sections, respectively (Figure 2). The Chl. a concentration varied from 1.2 to 25.4 μg/L for the W sections, 1.4 to 12.5 μg/L for the S sections and 0.4 to 2.2 μg/L for the E sections (Figure 2). The nutrients (dissolved inorganic nitrogen; DIN, dissolved inorganic phosphate; DIP, Si(OH)4) were 0.02–1.78, 0.01–0.08, and 0.05–2.59 mg/L for the W sections, 0.02–0.85, 0.01–0.06, and 0.02–2.10 mg/L for the S sections, and 0.01–0.02, < 0.01, and 0.03–0.14 mg/L for the E sections (Figure 2). Each parameter in bottom seawater was listed in Supplementary Table S1. For WQI calculated through five parameters (DIN, DIP, Chl. a, SS, and DO (%) in bottom depths), each section showed different variations (34.3 ± 6.8 for the W sections, 34.9 ± 7.5 for the S sections, and 60.0 ± 12.3 for the E sections; Table 1).




Figure 2 | Spatial variations of water physicochemical parameters (temperature, salinity, dissolved oxygen, suspended solids; (A–D), chlorophyll a, dissolved inorganic nitrogen, dissolved inorganic phosphate, silicate; (E–H)), and weight percent (wt. %) of total organic carbon (I), total nitrogen (J), total sulfur (K) and C/N ratio (L) in the sediment.






3.2 Bulk elemental properties (contents and isotopic compositions) of the surface sediment

The TOC, TN, and TS contents of the surface sediments were 0.8 ± 0.3, 0.1 ± 0.0, and 0.2 ± 0.1 wt.% for the W sections, 1.4 ± 0.5, 0.2 ± 0.1, and 0.5 ± 0.2 wt.% for the S sections, and 2.0 ± 0.9, 0.2 ± 0.1, and 0.4 ± 0.1 wt.% for the E sections, respectively (Figure 2). The elemental isotopic compositions (δ13C, δ15N, and δ34S) of the surface sediments were -17.8 ± 4.5, 6.2 ± 0.7, and -2.2 ± 6.6‰ for the W sections, -21.8 ± 0.7, 7.5 ± 1.7, and -4.5 ± 5.0‰ for the S sections, and -18.8 ± 5.2, 4.6 ± 0.9, and 2.5 ± 4.0‰ for the E sections (Table 2).


Table 2 | Bulk contents and isotopic signatures (δ13C, δ15N, and δ34S) of sedimentary carbon, nitrogen, and sulfur in the five sections of Korean coasts.






3.3 Principal component analysis

PCA was performed on fractional abundance data to examine the general variability of the distribution of physicochemical and bulk elemental parameters. For all samples investigated, the first two principal components explained 58.6% of the variance (Figure 3). In the first principal component (PC1, explaining 39.9% of the variance), the loading of temperature, SS, Chl. a, nutrients (DIN, DIP, and Si(OH)4) and WQI were opposite to those of the salinity, DO, and sedimentary elements (TOC, TN, and TS). In the second principal component (PC2, explaining 18.7% of the variance), sedimentary elements (TOC, TN, TS), SS, DIN, Si(OH)4, and WQI were positively loaded, whereas temperature, salinity, DO, Chl. a, and DIP were negatively loaded.




Figure 3 | Results of principal component analysis based on hydrological (DO, dissolved oxygen; SS, suspended solid; Chl. a, chlorophyll a; DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphate; WQI, water quality index) and sedimentary factors (TOC, total organic carbon; TN, total nitrogen; TS, total sulfur).







4 Discussion


4.1 Spatial variation of physicochemical properties

The physicochemical components of the surface seawater showed different patterns among the W, E, and S sections of the Korean coast (Figures 2A–H). Typically, for hydrological characteristics that occurred during the summer, the surface temperature and salinity mostly ranged from 18.0°C to 27.5°C and 2.9 psu to 32.8 psu (Kim et al., 2020). However, spatial variability in these parameters showed exceptionally discriminate patterns near representative river systems (Han, Geum, and Nakdong Rivers) of the W and S sections (Figure 2). The decreased concentrations of salinity near each estuary (2.9–14.9 psu) may have been primarily affected by a tight land-sea interaction that results from monsoon rainfall and subsequent freshwater discharge (Cloern et al., 2014; Kim et al., 2020). These coastal regions near river systems have different water masses influenced by the substantial input of freshwater transported from the terrestrial regime (Kang et al., 2019; Han et al., 2021). Furthermore, considering that artificial dams have been intensively constructed in Korean estuary systems (Nakdong, Yeongsan, and Geum Rivers; Lee et al., 2011), seasonal/artificial factors (precipitation and dam discharge) may play an important role in determining the spatial dynamics of physicochemical components. Chemical solubility between temperature and DO (Chen et al., 1999; Lin et al., 2005) showed a negligible correlation in Korean coastal regions (Figure 2). Specifically, compared with discriminative physical variations (low salinities) within Han and Geum estuaries, DO properties appeared to be relatively connected to the predominant ecological response (primary production) under the increased freshwater discharge (Lin et al., 2005; Kim et al., 2023). This inference may be mainly supported by low SS concentrations, which influence the depth of the photic zone within the water column (Kim et al., 2020; Lee et al., 2020; Lim et al., 2007; Park, 2007). In contrast to typical physical properties (strong wind and high turbulence) in coastal water occurring during the winter season (Joo et al., 2014; Lim et al., 2012), we suggest that physical combinations (irradiance and freshwater flushing) during the summer season may be regarded as significant factors controlling physico-biochemical interactions within the water column.

The spatial variability of Chl. a showed relatively higher concentrations (2.4–12.5 μg/L) near representative estuaries (Han, Geum, and Nakdong Rivers) of the W and S sections (Figure 2), indicating positive correlations with temperature (R2 = 0.7). By considering seasonal patterns of primary production within water columns, Chl. a showed the highest peak during the summer season (Yoon et al., 2022; Kim et al., 2023). Chl. a abundance in estuary systems may be influenced by regionally environmental conditions (temperature for growth, nutrient loading, light conditions, and mixing/stratification; (Dagg et al., 2004; Kim et al., 2017a, b; Son et al., 2014). Regarding warm and diluted conditions within estuary systems (temperature > 25°C, salinity < 20 psu, and SS concentration < 10 mg/L), we infer that an increased abundance of Chl. a may be influenced by the regional characteristics derived from the predominant biological productivity in combination with monsoonal rainfall and freshwater discharge. Based on the above biological properties, the nutrient levels (DIN and DIP) also showed spatially discriminative abundance near river systems (Figure 2). In this regard, inverse correlations of nutrients with salinity may be mainly involved in increased nutrient loading derived from freshwater discharge (Cloern and Dufford, 2005; Cloern et al., 2014; Glé et al., 2008; Phinney et al., 2004). During the summer season on the Korean peninsula, increasing nitrogenous nutrients with decreasing salinity have been observed as regional feature within these systems (Bibi et al., 2020; Kim et al., 2023). Regarding of algal production and biomass variations may be influenced by low turbidity and short residence time (May et al., 2003; Gazeau et al., 2005; Murrell et al., 2007), high N:P and Si:P ratios (~50 compared to the Redfield ratio of ~16) may sustain predominant biological productivity within the water column. Meanwhile, the increased nitrogen relative to phosphate may be reflected as a eutrophic condition derived from the massive transportation of anthropogenic nitrogen (Cai et al., 2022; Kim et al., 2024). In such deteriorated water quality conditions, the frequent occurrence of chlorophytes may be directly linked to increased N loading with advection of freshwater discharge (Sin et al., 2015; Yoon et al., 2022). Dams near river systems can significantly affect elemental variation in coastal environments (Kang et al., 2019, 2020; Kim et al., 2023, 2024), and their construction may alter biogeochemical processes by modifying water residence times, especially during the rainy season.




4.2 Origin and reactivity of sedimentary OM

Based on the PCA results, the variance of water-chemical properties and sedimentary elements showed different patterns among the W, S, and E sections (Figure 3). In contrast to the W sections, which were characterized by increased nutrients, DO, Chl. a and WQI in the S and E sections were closely related to the different OM properties (origin and reactivity), as shown in Figure 3. In this regard, the content of bulk elements (TOC, TN, and TS) showed considerably increased abundance in surface sediments of the S-2 and E sections than those in other sections. Among them, the overall increase of bulk contents for the S-2 sections (particularly Jinhae and Masan bays) appeared to be potentially involved in the active sinking of mixed OM under low flow velocity (4–13 cm/s; Hong, 2016; Kim et al., 2016; Lee et al., 2018). Furthermore, considering that the grain-size compositions may influence geochemical behaviors (adsorption/desorption) of sedimentary elements (Gao et al., 2012; Mayer, 1994; Ransom et al., 1998), the predominant distribution of fine-grained sediments (< 63 μm silt and clay; Kim et al., 2022b) in the S-2 sections may additionally increase the OM adsorption within sediments. Meanwhile, for the S-2 section, the linear correlation of sedimentary elements showed the most significant relationship between TOC and TN (Pearson r = 0.8, p < 0.01) and between TOC and TS (Pearson r = 0.7, p < 0.05). These positive trends may be potentially linked to allochthonous/autochthonous derived-OM deposition and early diagenesis (Joseph et al., 2008). For the different ranges of C/N ratios from various OM sources (autochthonous: 4–10 for pelagic organisms and allochthonous: > 12 for terrestrial C3 plants) (Kendall et al., 2001; Lamb et al., 2006; Wang et al., 2022), our results suggest that N enriched-OM sources may be predominantly accumulated in the surface sediments. In addition, the higher TS contents in the S-2 section may be closely linked to the increased accumulation of TOC contents. Considering that the reduced sulfur during early diagenesis was incorporated into the TS pool (Berner, 1984), TOC and TS may be positively correlated when accumulated OM is dominantly controlled through SR. Therefore, under sub-anoxic conditions (referred from TOC: TS ratio; 1.5–5; Akhil et al., 2013), the accumulation of mixed OM sources within the S-2 section may be potentially decomposed through active SR under anoxic conditions.

Bulk elemental isotopic composition of surface sediments showed different ranges, including spatial variations of bulk contents along the Korean coasts (Figure 4). Typically, the isotopic composition of natural OM (algae) deposited in sedimentary environments contain discriminative ranges (δ13C; -22 to -18‰ and δ15N; 3 to 12‰; Gao et al., 2012). The δ13C values of terrestrial plants typically range from -33‰ to -21‰ for C3 plants and -17‰ to -9‰ for C4 plants (Lamb et al., 2006; Pancost and Boot, 2004; Yu et al., 2010). For aquaculture systems (fish, oysters, shellfish, and sea squirts) where the massive release of aquaculture derived-OM (biodeposits of shellfish/fish and unconsumed feeds) occurs, both isotopic compositions of sinking particles have been reported with distinct ranges (δ13C; -21.5 to -20.8‰ and δ15N; 7.1 to 9.6‰) within the water column (Jiang et al., 2020; Go et al., 2023). Based on the isotopic signatures of these discriminative end-members, regional patterns of both isotopic compositions may reflect the discriminative origin of natural/anthropogenic derived-OM accumulated in the surface sediments. Specifically, concerning increased nutrients (mainly DIN) in estuary systems of the W sections, both isotopic signatures in these sections may indicate predominant autochthonous OM sources (algae). These signatures may evidently reflect the increased algal production and biomass in the W sections where terrestrial N sources are actively transported during the summer monsoon. Therefore, we infer that the influence of strong summer dynamics (heavy rainfall and freshwater discharge) may be important for predominant biological production. Simultaneously, in the early diagenesis involved in SR, more depleted δ34S values (as low as -16.8‰) in the S-2 section may reflect that sulfide was produced by SR (Kim et al., 2022b). During this reaction, 32SO42- is preferentially metabolized over 34SO42-, leading to 34S-depleted sulfide and 34S-enriched residual sulfate (Rees et al., 1978). In addition, the δ34S values of sulfide produced via SR may be 34S-depleted by as much as 46‰ relative to seawater sulfate (+20.3‰) (Hoefs, 2007). Positive correlations between TOC and TS contents may potentially indicate active SR under the massive accumulation of mixed OM; therefore, the relative depletion of δ34STS values in the S-2 section may be regarded as the result of active SR, which include the production of intermediate forms (elemental sulfur and thiosulfate) and sulfide (Canfield et al., 2006; Kim et al., 2022b). Although more complex sulfur cycles involved in alternative pathways may occur in sediments (Canfield and Thamdrup, 1994), intensive aquaculture activities performed within S-2 sections may result in the increased sulfide production, which can influence the species growth and sediment quality (Lee et al., 2012; Choi et al., 2020).




Figure 4 | Ranges of carbon (A), nitrogen (B), and sulfur (C) isotopic composition (δ13C, δ15N, and δ34S) of sedimentary organic matter for the five coastal sections (W-1, W-2, S-1, S-2, and E-1) and different end-members (I; C4 plant, II; biodeposit (fecal), III; algae, IV; C3 plant, V; seawater sulfate, VI; sulfate reduction).






4.3 Discriminative contribution of OM sources related to anthropogenic activities

The contribution of natural and anthropogenic sources deposited into the coastal sediments was estimated using the Bayesian mixing model, based on spatial variations of δ13C and δ15N values (Figure 5). Based on the usage of indigenous end-members (terrestrial C3 and C4 plants, algae, and aquaculture deposits) reported on the Korean coasts (Derrien et al., 2018; Kang et al., 2019; Lee et al., 2021; Go et al., 2023; Jiang et al., 2020), the proportions of algae (14.5–44.3%), terrestrial plants (8.9–48.4%) and aquaculture byproducts (8.7–44.0%) differed between sections. The increased algal contribution within W sections may be influenced by the predominant physicochemical connection during the strong summer monsoon season. Specifically, considering that the freshwater discharge via the artificial dam may influence the biological process (OM production) concentrated within the W sections (Kang et al., 2019), we suggest that the systematic understanding of the exported nitrogenous nutrients is important for effectively managing water quality (e.g., eutrophication) within coastal systems. Surface runoff during the winter season increases anthropogenic N sources (i.e. organic fertilizer), which play a critical role in the metabolism of farmed biota, particularly in the W sections (Kim et al., 2022a). Further research on nitrogen transformations, including assimilation, nitrification, and denitrification, is needed to understand how N availability influences phytoplankton and water quality in coastal regions. The isotopic signatures of OM from C3 and C4 plants, stable isotopic compositions within both OM sources can reflect discriminative biosynthetic process (i.e., photosynthesis, Wang et al., 2012; Basu et al., 2015). Except for the E sections, which are characterized by the absence of large river systems, we propose that predominant C3 plants may be transported via surface runoff through the region’s major river systems, such as the Han, Geum, and Youngsan Rivers. Although aquatic C4 plants such as seagrass meadows are known to export a substantial portion of their primary production to deeper waters (Duarte and Krause-Jensen, 2017), precise source tracking for individual C4 plant species (e.g., Zostera marina, Kim et al., 2014) may be still limited by overapplying elemental isotopic values (de la Cerda-Marín et al., 2023; Röhr et al., 2018). As a direction for future study, we will carefully consider isotopic analyses (δ¹³C and δD) of specific organic compounds (e.g., sterols, fatty acids, and alkanes) in lipids (Chikaraishi and Naraoka, 2003). Meanwhile, in the S-2 sections, the predominant contribution of biodeposits suggests that OM isotopic signatures reflect aquaculture impacts. Given that shellfish aquaculture systems primarily operate in the S-2 sections (NIFS, 2023), the observed enrichment of 15N in fecal matter may result from the preferential assimilation of lighter nitrogen (14N) during growth metabolism (Checkley and Entzeroth, 1985; Gao et al., 2006; Peterson and Fry, 1987). Based on previous studies on shellfish and fish farming aquaculture (Kim et al., 2022a; Go et al., 2023), we conclude that aquaculture-derived OM (e.g., fecal matter) is a significant contributor in the S-2 sections, where aquaculture activities are densely concentrated.




Figure 5 | Relative contributions of organic matter sources (biodeposit, algae, C3 plant, and C4 plant; (A) and sedimentary organic matter reactivities (sulfate reduction; (B) at each coastal section, based on the Bayesian isotopic mixing model (MixSIAR).



Concerning the early diagenesis that occurred in sedimentary environments, the SR process showed a more significant difference in the S-2 sections (61.8%) than in the other sections (Figure 5). For the S-2 sections where various types of aquaculture systems are intensively operating within water columns (Lee et al., 2012; Hyun et al., 2013; Choi et al., 2020), quantitative SR at the Jinhae Bay aquaculture system ranged from 15.0 to 52.0 mmol m-2 d-1, comprising more than 70% of OM decompositions (Hyun et al., 2013; Kim et al., 2021). Furthermore, the predominant SR contribution estimated using the isotopic approach (> 60% in the S-2 sections) may provide significant evidence for the increased SR process from active growth of aquaculture species within the farming systems (Kim et al., 2022b). Actually, the predominant SR process may be closely involved in relatively lower DO concentration in bottom seawater of Jinhae Bay (< 2 mg/L) compared to other sections (7.0 ± 1.6 mg/L) (shown in Supplementary Table S1). Based on these results, the occurrence of SR may be continuously maintained by the massive accumulation of aquaculture-derived-OM (excess food and feces), regardless of seasonal trends. In comparison to previous isotopic results from the S-2 sections during the winter season (Kim et al., 2022a), SR in these areas can increase up to 90% during the active growth period of shellfish (Hyun et al., 2013; Lee et al., 2012). Under these conditions, nutrient regeneration between sediments and the water column plays a crucial role in maintaining high primary production through benthic-pelagic coupling (Ferrón et al., 2009; Kemp and Boynton, 1984; Lawrence et al., 2004). From this perspective, we expect that the increase in benthic nutrient fluxes derived from OM diagenesis may continuously accelerate the eutrophic conditions within the water column because the increase of other anthropogenic activities (urbanization, industrialization, and aquaculture systems) in the S sections may lead to the frequent occurrence of coastal eutrophication (Kim et al., 2015; Lim et al., 2012; Lee et al., 2018). In such conditions, which are characterized by active diagenesis in sedimentary environments, excess OM deposition may influence the notable depletion of oxygen (≤ 2 mg/L), resulting in strong hypoxia events during the summer monsoon (Lim et al., 2012; Lee et al., 2018). Furthermore, low oxygen conditions may be followed by decreased pH, which results from carbon dioxide production through OM decomposition by microbial respiration (Cai et al., 2011; Melzner et al., 2013). Ultimately, regarding the massive OM accumulation derived from natural and anthropogenic sources in coastal regions, we suggest that the extensive expansion of hypoxia during summer monsoon negatively impacts biogeochemical properties such as ocean acidification, growth of aquaculture shellfish, and carbon dioxide emission. Further OM production/decomposition studies may be necessary to systematically estimate the quantitative fluxes of natural/anthropogenic OM through long-term monitoring surveys.





5 Conclusion

Regarding spatial patterns of hydrological and sedimentary properties on the Korean coasts, we demonstrated the impact of anthropogenic activities (dam discharge and aquaculture operation) on OM cycling during the summer monsoon season. First, the mixing of freshwater and seawater is a major factor regulating nutrients and algal production, leading to the deterioration of water quality related to increased algal contribution (44.3%) near estuaries. Second, including increased contents of bulk elements in the S-2 section, 15N-enriched TN (up to 10.9‰) in the surface sediment of this section may provide important evidence for substantial accumulation of aquaculture-derived-OM released in Korean coastal systems. Systematically tracing these anthropogenic sources may be important for managing water and sediment quality. Additionally, a more intensive variation of 34S-depleted TS (< -16.8‰) may reflect the occurrence of specific OM diagenesis, inferring massive accumulation of aquaculture derived-OM possibly mainly decomposed by the SR process (61.8%) under anoxic conditions. Finally, the isotopic-mapping approach can provide a fundamental baseline for systematically determining the ongoing biogeochemical processes related to anthropogenic OM transport in Korean territories (from terrestrial to marine environments).
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