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Abstract. The East/Japan Sea (EJS), a well-oxygenated marginal sea, exhibits an anomalously low nitrate (NO₃⁻) to phosphate 

(PO₄³⁻) ratio (~12.6:1), diverging from the canonical Redfield ratio (16:1). To resolve this long-standing biogeochemical enigma, 

we examined nitrogen (N) cycling genes and bacterial communities across depths and seasons. External phosphorus inputs—

riverine, atmospheric, and crustal—were insufficient to explain the imbalance. Instead, high abundances of N-reducing genes and 15 

affiliated taxa suggest a plausible role for widespread potential for bacterially mediated N lossreduction throughout the water 

column. We propose that N removal may occur within particle-associated microenvironments (i.e., oxygen-depleted microzones 

inside sinking organic aggregates), despite oxygen-rich conditions. A dual-scale feedback—short-term anthropogenic N deposition 

enriching surface waters (i.e., increasing NO₃⁻:PO₄³⁻ ratio in the upper waters) and longer-term deoxygenation, driven by the 

weakening of deep-water formation, potentially favoring subsurface N loss (i.e., decreasing NO₃⁻:PO₄³⁻ ratio in the deep waters)—20 

may promote a vertically stratified NO₃⁻:PO₄³⁻ regime in the future EJS. Our findings highlight the EJS as a sentinel system for how 

combined anthropogenic and climatic forces could reshape marine nutrient balances. 
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1 Introduction 

The biogeochemical cycling of carbon (C), nitrogen (N), and phosphorus (P) in the ocean is tightly linked to phytoplankton growth, 

which depends on the availability of these essential elements (Arrigo, 2005). The elemental composition of marine organic matter, 

often described by the Redfield ratio (C:N:P=106:16:1), reflects a global coupling of biological nutrient uptake and remineralization 

(Redfield, 1958). The similarity between intracellular N:P ratios in phytoplankton and the surrounding seawater’s nitrate (NO3
–) to 30 

phosphate (PO₄3–) ratio supports the idea that these elements are consumed and regenerated in near-constant proportions, stabilizing 

ocean nutrient stoichiometry.  

The Redfield N:P ratio of 16:1 is often used to assess nutrient limitation and its effect on primary productivity. On geological 

timescales, biological dinitrogen (N2) fixation (N₂ → particulate organic nitrogen; PON) and denitrification (NO3
– → NO2

– → 

N2O/N₂) act as opposing forces that modulate the ocean’s reactive N pool and maintain its global balance (Van Spanning et al., 35 
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2005), referred to as NO3
–:PO4

3– homeostasis (Gruber, 2008; Tyrell, 1999). These processes are key to regulating nutrient supply, 

biological productivity, and long-term carbon storage. 

 

 

Figure 1: Dual oceanic traits of the East/Japan Sea. The East/Japan Sea (EJS) combines Atlantic-like oxygenation with Pacific-style 40 
nitrogen (N) scarcity, revealing a decoupling between redox structure and nutrient stoichiometry. (A) The sampling station in the Ulleung 

Basin, EJS (filled red circle), and reference stations in the North Pacific Ocean (NPO) and North Atlantic Ocean (NAO) (red- and blue- 

edged stars, respectively) are shown at comparable latitudes. (B) Vertical profiles of dissolved oxygen (µmol L⁻¹), and (C) NO3
‒: PO4³⁻ 

ratios, are presented for each basin. Solid black, blue, and red lines represent the NPO, NAO, and EJS stations, respectively (This plot 

shows strong linear correlations in the NPO (R² = 0.96, p < 0.05), NAO (R² = 0.95, p < 0.05), and EJS (R² = 0.92, p < 0.05)). To contextualize 45 
the EJS biogeochemistry, DO, NO3

‒ and PO4³⁻ data from the ES were compared with reference profiles from station 76 (P02 section, North 

Pacific) and station 12 (A20 line, North Atlantic), retrieved from the CLIVAR and Carbon Hydrographic Data Office (CCHDO; 

https://cchdo.ucsd.edu). 
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Although the global NO3
–:PO4

3– ratio closely aligns with the Redfield ratio, significant regional deviations are widely observed in 50 

the oceanexist (Gruber, 2008; Martiny et al., 2013) (Fig. 1A). For instance, in the North Atlantic Ocean (NAO), where deep 

convection and high oxygen concentrations prevail, the NO3
–:PO4

3– ratio exceeds 16:1, likely reflecting elevated N₂ fixation (Gruber 

and Sarmiento, 1997) (Fig. 1B and 1C). Conversely, in the North Pacific Ocean (NPO), which represents the terminal region of the 

global overturning circulation and contains relatively old deep waters with lowerwhere circulation terminates and oxygen 

concentrations are low, denitrification reduces the N inventory (Deutsch et al., 2001), leading to a lower NO3
–:PO4

3– ratio of ∼55 

14.3:1 (Fig. 1B and 1C). These variations highlight the regional imprint of biogeochemical processes on nutrient distributions. 

The East/Japan Sea (EJS), a marginal sea in the northwest Pacific (Supplementary Fig. S1), is characterized by active deep-water 

formation and strong thermohaline circulation, frequently referred to as a ‘Miniature Ocean’ (Seung and Yoon, 1995). Despite its 

well-oxygenated conditions‒comparable to those in the NAO‒the EJS displays a remarkably low NO3
–:PO4

3– ratio of 12.6:1, lower 

even than that of the NPO (Fig. 1B and 1C). Large-scale hydrographic surveys conducted through the CREAMS and ONR JES 60 

programs (1998–2000) first established the anomalously low NO₃⁻:PO₄³⁻ ratios in the EJS, with basin-wide estimates of 11.2 ± 3.9 

(summer 1999) and 12.6 ± 0.6 (winter 2000), consistently below the canonical Redfield ratio (Kim et al., 2012). Subsequent 

compilations, including historical datasets, have confirmed this feature across the basin, with reported range from ~ 11.4 to 14.7 

(Lee and Rho, 2015), consistently below the canonical Redfield ratio (16:1), with the lowest estimate (~ 11.4) derived from historical 

datasets compiled by Yanagi (2002). Previous studies have attributed the low NO3
–:PO4

3– ratios in the EJS to a combination of 65 

physical circulation and remineralization (Kim and Kim, 2013), inflow of low NO3
–:PO4

3– waters from the East China Sea (Lee et 

al., 2007), and possible denitrification (Yanagi, 2002); however, definitive evidence explaining how such low ratios are maintained 

in this well-oxygenated basin remains limitedWhile some studies have proposed that denitrification might contribute to N loss in 

the EJS, definitive evidence is still lacking  (Kim et al., 2012; Kim, 2015; Na et al. 2018). Consequently, the anomalously low NO3
–

:PO4
3– ratio in the EJS has long remained a scientific enigma. 70 

Much of our current understanding of marine N cycling has historically relied onderives from cultivation-based studies and stable 

isotope analyses conducted across diverse marine environments. While these approaches have yielded important insights into 

microbial identities and transformation rates (Marchant et al., 2016), they are limited by the low cultivability of many marine 

microbes and the complex interpretation of isotopic data (Pace, 1997). Advances in molecular techniques, particularly 16S rRNA-

based metagenomics, now enable the targeted use of bacterial biomarker genes to elucidate N cycling processes in marine 75 

environments (Bao et al., 2025; Biao et al., 2025; Delmont et al., 2022; Ding and Sun, 2025; Lüke et al., 2016; Pajares and Ramos, 

2019; Sharma et al., 2014). However, studies directly examining N cycling processes in the EJS remain limited, particularly those 

integrating genomic approaches capable of resolving microbial functional potential. 

Here, we present the first attempt to uncover potential clues to the anomalously low NO3
–:PO4

3–ratio in the well-oxygenated EJS, 

using bacterial biomarker genes and community compositions involved in N cycling. To this end, we conducted a research cruise 80 

in 2021, collecting water samples from five depths (0, 150, 300, 750, and 1000 m) over five months (February, April, June, August, 
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and October). Our findings offer novel insights into microbial N cycling in well-oxygenated waters and contribute to resolving a 

long-standing biogeochemical enigma in the EJS. 

2 Materials and Methods 

2.1 Sampling and measurements of physical and biogeochemical parameters 85 

Seawater samples for sequencing and physicochemical analysis were collected in the Ulleung Basin (UB) of the East Sea aboard 

R/V Tamgu 3 from February to October 2021 (Fig. 1A and Supplementary Fig. S1). Vertical profiles of temperature (T), salinity 

(S), and dissolved oxygen (DO) were measured from the surface (0m) to 1000 m using a Sea-Bird SBE 911plus CTD system 

equipped with a rosette sampler. Sensor accuracies were ± 0.001 °C for T, ± 0.0003 S m⁻¹ for conductivity, and ± 2% for DO. 

Seawater samples for nutrients (NO3
– and PO4

3–) analyses were collected in acid-rinsed 15 mL vials and frozen at −20 °C. Nutrient 90 

concentrations were determined using a QuAAtro autoanalyzer (Seal Analytical, Germany) with analytical precision within 1%. For 

DNA extraction, 2L of surface seawater was filtered through 0.22 μm cellulose ester membrane filters (Millipore, Ireland) to capture 

bacterial cells. Filtersed samples were immediately frozen and subsequently stored at −80°C until DNA extraction. 

2.2 Bacterial community composition and biomarker gene analysis 

Genomic DNA was extracted from 2L of seawater filtered through 0.22 µm cellulose ester membranes filters (Millipore, Ireland) 95 

onto which 2L of seawater had been filtered (Fuhrman et al., 1988). Total DNA was isolated using a DNA isolation kit (Qiagen, 

Germany) following the manufacturer’s protocol, and the quality of the extracted DNA was verified with a NanoDrop 

spectrophotometer (Thermo Scientific, USA) (Desjardins and Conklin, 2010). After quality control,  

16S rRNA sequencing libraries were constructed according to the Illumina 16S Metagenomic Sequencing Library Preparation 

protocol (Illumina, San Diego, CA, USA), targeting the V3–V4 hypervariable regions of the 16S rRNA gene (Klindworth et al., 100 

2013). PCR amplification was performed with primers containing Illumina overhang adapters (Forward: 5′-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′; Reverse: 5′-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′;). The extracted DNA samples 

were sequenced on the Illumina MiSeq platform (2 × 300 bp paired-end, v3 chemistry) using MiSeq Control Software (v2.4.1.3) 

and Real-Time Analysis (RTA v1.18.54.0) (Kozich et al., 2013). Library preparation included limited-cycle PCR, indexing, 105 

normalization, and pooling, and 16S tagging of DNA fragments (100–300 bp) was performed using a quantitative DNA library 

preparation kit. Raw sequencing data were processed using QIIME 1.9.1, wherein paired-end reads were assembled into tags based 

on their overlapping regions. During the preprocessing stage, primers were trimmed, followed by demultiplexing and quality 

filtering (Phred ≥ 20). USEARCH7 was employed for denoising and chimera detection/filtering in operational taxonomic units 

(OTUs) clustering process. Then, OTUs were then assigned using the Silva132 and NCBI databases (Sayers et al. 2021; Quast et 110 

al., 2013), with a 97% sequence similarity threshold via UCLUST and a close-reference clustering approach (Edgar, 2010). OTU 

identifiers were established accordingly. The resulting OTU table was normalized by dividing each OTU count by the corresponding 
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16S rRNA gene copy number abundance. The filtered OTU table, in BIOM (Biological Observation Matrix) format, was 

subsequently clustered using the PyNAST (Python Nearest Alignment Space Termination) algorithm, applying a 97% similarity 

threshold. Taxonomic classification was conducted across multiple hierarchical levels, Phylum, Class, Order, Family, Genus, and 115 

Species, using the RDP classifiers. The relative abundance of phyla, classes, orders, families, genera, and species was estimated 

using the STAMP (Statistical Analysis of Metagenomic Profiles) program. Relative abundances of bacterial taxa were 

calculated as read counts normalized by predicted 16S rRNA gene copy number. In this study, bacterial community composition 

was analyzed at the order level. Functional profiling of bacterial sequences was performed using Tax4Fun2 (Wemheuer et al., 2020), 

a computational tool that infers functional attributes of bacterial communities from 16S rRNA gene data, leveraging the Ref99NR 120 

reference genome data base. Functional annotations were derived through comparison with Kyoto Encyclopedia of Genes and 

Genomes (KEGG) Orthology reference matrices from the KEGG database. The generated 16S rRNA sequence data have been 

deposited in the NCBI Sequence Read Archive (accession number: PRJNA1168283 and PRJNA1253365). The gene abundance and 

taxonomic composition (OTU counts) used in this study are based on relative, rather than absolute, measurements across samples. 

Accordingly, these data are most suitable for assessing vertical and seasonal variations in community structure and functional 125 

potential, but do not provide direct quantitative estimates of N loss rates. 

3 Results and Discussion 

3.1 Vertical structure and stoichiometry of NO3⁻ and PO4
3⁻ in the East/Japan Sea 

Depth-resolved profiles of NO3⁻ and PO4
3⁻ obtained during five cruises in 2021 reveal a vertically structured yet temporally 

consistent distribution across the full water column (0–1000 m; Fig. 2A and 2B). Surface waters (0 m) exhibited low concentrations 130 

of both NO3⁻ (0.69–4.95 μmol L⁻1) and PO4
3⁻ (0.004–0.27 μmol L⁻1), which increased with depth, thereby forming a pronounced 

gradient between 100 and 500 m (NO3⁻: 6.33–26.65 μmol L⁻¹ and PO4
3⁻: 0.41–1.99 μmol L⁻¹). At depths of 750–1000 m, both NO3⁻ 

and PO4
3⁻ converged to a narrow range (NO₃⁻: 26.67–27.39 μmol L⁻¹; PO₄³⁻: 2.00–2.09 μmol L⁻¹), with minimal variability across 

depths and seasons, indicating a stable deep-water distribution. Building on this vertical structure, NO3⁻:PO4
3⁻ ratios provide a more 

integrative constraint on nutrient stoichiometry by linking the relative availability of NO3⁻ and PO4
3⁻ across depths (Fig. 2C). Surface 135 

NO3⁻:PO4
3⁻ ratios were highest in February, reaching 18.64, consistent with elevated nutrient concentrations. In the upper ~300 m, 

ratios exhibited seasonal variability but remained generally below the canonical Redfield ratio (16:1), with only occasional 

exceedances at 20–30m in August (20.51) and October (28.99). With increasing depth (between 300–1000 m), this variability 

became constrained, and ratios consistently converged to a narrow range of 12.97–14.32 across all sampling periods, indicating a 

persistent and depth-invariant stoichiometric structure (to avoid artificial inflation under near-detection-limit conditions, ratios were 140 

calculated excluding samples with PO4
3⁻ < 0.05 μmol L⁻¹). Accordingly, this depth-dependent convergence demonstrates that 

deviations from Redfield stoichiometry are not random but systematically structured across the entire water column. To further 

assess whether the low NO3⁻:PO₄³⁻ signature reflects a consistent, water column–integrated feature, we examined the relationship 

between NO3⁻ and PO₄³⁻ across all depths (Fig. 2D). Slopes of the NO3⁻– PO4
3⁻ regressions ranged from 12.7 in February to 13.0–
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13.2 during April, June, August, and October, with only minor seasonal variation. All slopes remained well below the canonical 145 

Redfield ratio (16:1), thereby demonstrating that the low NO3⁻: PO4
3⁻ signature is consistently maintained across the entire water 

column and throughout the sampling period. The close agreement between depth-resolved ratios and bulk relationships demonstrates 

that the low NO3⁻:PO₄³⁻ signature a coherent, water column scale feature that persists across sampling periods, rather than arising 

from localized or transient conditions.  

 150 

Figure 2: Vertical nutrient structure and stoichiometry in the EJS 2021. Depth profiles of (A) NO₃⁻ and (B) PO₄³⁻ concentrations (μmol 

L⁻1), (C) NO₃⁻:PO₄³⁻ ratios across five cruises conducted in February (black), April (red), June (green), August (yellow), and October 

(blue), spanning 0–1000 m. The ratio profiles in (C) were calculated excluding samples with PO₄³⁻ concentrations below 0.05 < μmol L⁻1 

to avoid artificial inflation under low- PO₄³⁻ conditions, following common practices in marine stoichiometric analyses. The dashed gray 

line indicating the canonical Redfield ratio (16:1). (D) Scatter plot of PO₄³⁻ versus NO₃⁻ concentrations for all months and depths. 
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3.1 External phosphorus inputs are insufficient 

The anomalously low NO3
–:PO4

3– ratio in the EJS may result from either an excess P supply or N loss. To assess the former, we 

evaluated all plausible external P sources, including riverine discharge, atmospheric deposition, and seawater-crust interaction.  

First, riverine discharge is a recognized vector for both particulate and dissolved P in marine environments (Withers and Jarvie, 

2008). However, the EJS lacks major river systems capable of supplying significant P at the basin scale. In particular, discharge 155 

from Nakdong River‒the most prominent riverine source in the region‒is limited by the construction of a dam at its estuary (June 

1990) and exhibits a low flow rate (mean: ∼0.0004 Sv; 1 Sv = 106 m3 sec‒1) (Yang et al., 2002). A seasonal alternative is the 

intrusion of Changjiang Discharge Water (CDW) from the East China Sea, which enters the southern EJS during summer 

(Supplementary Fig. S2) (Isobe et al., 2002). While the CDW may contain P, it is relatively enriched in N and confined to surface 

layers (Tseng et al., 2014). Furthermore, its influence has likely declined due to decreasing discharge volume (Myriokefalitakis et 160 

al., 2016). Together, these factors indicate that riverine P input to the EJS is spatially constrained, temporally limited, and minor in 

magnitude relative to N.  

Second, atmospheric deposition can also contribute bioavailable P to surface waters via aerosols, mineral dust, and volcanic ash 

(i.e., particularly in regions influenced by volcanic activity) (Myriokefalitakis et al., 2016). The EJS lies downwind of heavily 

industrialized and densely populated areas of Northeast Asia, making it a potential recipient of anthropogenic emissions (Seo and 165 

Kim, 2023). However, recent studies have shown that since the 1980s, atmospheric deposition has led to a substantial increase in 

reactive N in the upper EJS (∼0.24 μmol kg⁻¹ yr⁻¹), resulting in a measurable rise in NO3
– relative to PO4

3– concentrations (Kim et 

al., 2014). This N-enriched atmospheric deposition can be excluded as a significant P source.  

Lastly, seawater–crust interactions, particularly at hydrothermal vents under low-oxygen and high-temperature conditions, are 

known to release PO4
3– into the water column (McManus et al., 1997). However, no hydrothermal activity has been identified within 170 

the EJS. 

Taken together, these findings indicate that none of the plausible external P sources‒riverine input, atmospheric deposition, or 

seawater–crust interaction‒are sufficient to account for the anomalously low NO3
–: PO4

3– ratio observed in the EJS. Thus, increased 

P supply is unlikely to be the primary driver of the long-standing NO3
–: PO4

3– anomaly in the EJS.  

3.2 Genetic and taxonomic evidence for N loss 175 

Given that external P inputs are insufficient to explain the anomalously low NO3
–: PO4

3– ratio in the EJS, we next consider an 

alternative mechanismMotivated by this observation, we focus on internal : N loss viamediated by bacterially mediated processes 

within water column. In the marine N cycle, N loss is primarily driven by two bacterial pathways: NO3
– reduction (NO3

– 
nap, nar
→      NO2

–

) (Moreno-Vivián et al., 1999), and denitrification (NO3
– 

nap, nar
→      NO2

– 
nir
→ NO 

nor
→  N2O 

nos
→  N2) (Hallin et al., 2018). These processes 

are catalyzed by key biomarker genes, including nar, nap, nor, nir, and nos (hereafter referred to as N-reducing genes; Fig. 2A3A).  180 
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Figure 32: Temporal and depth-resolved structuring of nitrogen (N) reducing genes. (A) Blue solid arrows represent N-accumulation 

pathways, with associated genes (1–4) labeled beneath each arrow. In contrast, red dashed arrows indicate N reducing pathways, involving 

genes 5–8. Among these, NO₃⁻ nitrate reduction and denitrification—two major N-reducing pathways—are grouped within gray-shaded 185 
boxes. (B) The relative contribution of each N transformation step (genes 1–8; panel A) is expressed as a percentage of the total N-cycling 

gene pool for each cruise-depth sample. Blue bars denote N accumulation–associated genes, whereas red bars denote N reduction–

associated genes. Values shown within the red-shaded boxes indicate the percentage contribution of NO₃⁻ reduction and denitrification–

associated genes (nar, nap, nir, nor, and nos) relative to the total N transformation gene pool, including all genes involved in 

ammonification, nitrification, and denitrification. Each bar represents a single observation; error bars are not shown. 190 

 

We quantified the relative abundance (%) ofTo identity the extent of N-reducing bacterial taxa associated with N-reduction pathways 

and characterized the distribution of bacterially mediated N-reducing genes loss (i.e., N sinks), we analyzed the abundance of N-

reducing genes and their associated bacterial communities across five depths (0, 150, 300, 750, and 1000 m) and five months 

(February, April, June, August, and October) in the EJS. The relative proportion (%) of potential N-reducing genes (nar, nap, nir, 195 

nor, and nos) was calculated as their fraction within the total N transformation gene pool, defined to include all annotated genes 

associated with ammonification, nitrification, and denitrification, (defined here as all analyzed N-cycling pathways including 
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ammonification, nitrification, and denitrification genes) and exhibited pronounced vertical and seasonal variability (Fig. 32B). From 

February to June, N-reducing genes accounted for 44.0–56.1% of the total N genes at the surface, decreasing steadily with depth to 

a minimum of 30.8% at 1000m. In August, surface abundance declined to 24.7%, while mid-depth layers (150–300m) showed 200 

elevated values of 43.9–44.3%, and deep layers (750–1000m) maintained moderate levels (30.0–32.7%). By October, abundances 

proportions declined across all depths, with mid-depth values decreasing toreaching 7.7–9.2% at mid-depth. In contrast, deep layers 

remained relatively stable, ranging from  22.2–25.1% throughout the study period Temporal variability was particularly prominent 

at the surface and mid-depth layers, while the deep layers remained relatively stable (22.2–25.1%) (Supplementary Table S1). 

 205 

Figure 43: Spatiotemporal distribution of functionally grouped N-reducing bacterial communities. (A) Radial tree diagram showing the 

phylogenetic distribution of the for N-reducing 15 bacterial orders classified as N-reducing groups among the 42 bacterial orders detected 

in the East/Japan Sea. These 15 orders were selected based on previously reported metabolic capabilities associated with N reduction 

pathways (e.g., NO3
– reduction and denitrification). Node colors represent class-level taxonomy, while node numbers (1–15) indicate 

bacterial orders functionally classified as N-reducing. (B) Relative contribution of Proportion of N-reducing bacterial groups across 210 
samples, calculated as the fraction of OTU counts assigned to cumulative abundance of the 15 orders of N-reducing taxa in (A), relative 

to the total OTU counts of abundance of all 42 detected bacterial orders identified in this studyeach sample. This portion is represented 

by the red segment of The resulting ratio is shown as a red-colored segment in each pie chart, with numerical values indicating the 

corresponding percentageannotated accordingly. 

We further examined the The relative contributionabundance (%) of N-reducing taxa was calculated as the fraction of OTUs 215 

affiliated with taxonomic lineages known to possesses and perform N-reducing pathways relative to the total detected bacterial taxa 
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at the order level in the EJS. bacterial taxa at the order level that are potentially involved in N removal (hereafter referred to as N-

reducing bacterial taxa) (Fig. 43). Of the 42 bacterial orders identified in the EJS (Supplementary Table S2), 15 were associated 

with N reduction pathways: three primarily associated with NO3
– reduction (Flavobacteriales, Caulobacteriales, and Thiotrichales) 

(Starke et al., 2017), and twelve functionally linked to denitrification (Rhodobacteriales, Alteromonadales, Pseudomonadales, 220 

Burkholderiales, Propionibacteriales, Bacillales, Rhizobiales, Chitinophagales, Bacteroidales, Vibrionales, Sphingobacteriales, 

and Xanthomonadales) (Fujii et al., 2022; Podlesnaya et al., 2020; Russell et al., 2024; Starke et al., 2017; Wang et al., 2018; Wei 

et al., 2019; Wu et al., 2022) (Fig. 34A). In February, abundance increased with depth, from 18.1% at the surface to a maximum of 

27.4% at 300 m, decreasing thereafter to 17.2–21.1% at 750–1000 m (Fig. 34B). In April, the opposite pattern emerged: surface 

abundance peaked at 22.8%, declining to 12.5% at 300 m, and stabilizing at 20.4–20.8% at deep layers. In June, abundance ranged 225 

from 10.8% to 20.8% between 0 and 750 m, followed by a sharp increase to 33.2% at 1000 m. In August, the lowest surface value 

(10.0%) coincided with a progressive increase with depth, culminating in the highest observed value and increased progressively 

with depth, reaching a maximum of (55.7%) at 1000 m, indicating a clear depth-dependent pattern. In contrast, October exhibited 

uniformly low abundances throughout the water column (3.7–15.4%), consistent with the distribution of N-reducing genes 

(Supplementary Table S3). The N-reducing bacterial orders identified in this study are not region-specific but belong to widely 230 

distributed heterotrophic groups consistently linked to organic matter degradation and particle-associated lifestyles. Notably, taxa 

such as Alteromonadales, Flavobacteriales, Burkholderiales, Rhizobiales, Rhodobacterales, and Oceanospirillales have been 

shown to preferentially utilize particulate or semi-labile organic matter and to respond to organic nutrient pools (e.g., DON, DOP), 

highlighting their central role in marine biogeochemical cycling (Fontanes et al., 2015; Kong et al., 2021; Quan et al., 2024). The 

recurrence of these functionally characterized taxa in our dataset, together with their vertical co-occurrence with NO3
– reduction–235 

associated genes, points to a conserved ecological linkage rather than a regionally unique assemblage. Their persistent occurrence 

across the full water column is not unique to this system, but reflects a broadly conserved ecological pattern observed across diverse 

marine environments. In particular, their known association with particle-rich microenvironments provides a mechanistic basis for 

this pattern, as such niches can sustain localized oxygen depletion through intensified microbial respiration. This framework explains 

how NO3
– reduction and denitrification can occur within an otherwise well-oxygenated water column, linking microbial community 240 

structure to N-reducing processes across depth. The consistent presence of these taxa therefore supports a particle-mediated pathway 

for N loss, reinforcing the interpretation that the observed low NO3
–:PO₄³⁻ signature reflects an internally sustained, water column 

integrated process. 

 

Overall, the mean proportions of N-reducing genes and their affiliated taxa across the study period were 37.7% and 20.0% 245 

(Supplementary Fig. S3), respectively, indicating the potential for bacterially mediated N loss in the EJS water column (Fig. S3). 

As the actual rates of N loss via these pathways were not directly quantified, the study has limitations in quantitative interpretation. 

However, the combined gene and taxonomic evidence suggests that bacterially mediated N loss may contribute to the anomalously 

low NO3
–: PO4

3– ratio in the EJS.While these estimates do not directly quantify N-loss rates, previous work has demonstrated that 

functional gene abundance can be positively associated with process rates across diverse ecosystems, suggesting that gene-based 250 
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metrics can capture ecologically meaningful variation in biogeochemical potential (Rocca et al., 2015). In this context, the observed 

proportion of NO3
– reduction–associated genes (37.7%) and taxa (20.0%) observed here indicates that the potential for bacterially 

mediated N loss in the EJS water column is unlikely to be negligible. Consistent with this interpretation, NO3
–-reduction genes have 

been repeatedly detected in oxygenated marine environments. For example, metagenomic and particle-associated studies have 

identified these genes (e.g., nir, nar), along with their affiliated microbial taxa, as a persistent component of microbial assemblages 255 

throughout oxic water columns, from surface to deep waters, even under fully oxygenated and strongly mixed conditions in the 

western subarctic Pacific (Li et al., 2018). Similarly, nir genes, dominated by nirS, were consistently detected across all samples (n 

= 107) spanning multiple depths along the Pacific coastal zone of China, where their total abundance exceeded that of ammonia-

oxidation genes (amoA) (Wan et al., 2023). A greater abundance of nir genes relative to amo genes has also been widely reported 

in eutrophic estuaries, suggesting elevated N-reduction potential in these highly perturbed coastal systems (Dai et al., 2022; Tang 260 

et al., 2022; Zhang et al., 2014). In addition, metagenomic analyses from a hypereutrophic lagoon showed that dissimilatory NO3
– 

reduction to ammonium (DNRA) and denitrification were active even under fully oxygenated conditions (> 224 μM), accounting 

for approximately one-fifth of total N recycling processes (Broman et al., 2021). Although most studies do not report directly 

comparable normalized abundances, these results collectively indicate that NO3
– reduction genes typically represent a non-negligible 

fraction of N cycling functional potential in oxic systems. Taken together, these studies indicate that NO3
– reduction genes in oxic 265 

systems are typically present but limited in distribution and relative contribution, in contrast to the substantially higher and vertically 

persistent proportions observed here. However, direct numerical comparison remains inherently constrained by differences in gene 

normalization, sequencing depth, and ecosystem structure. Rather than enabling strict cross-system equivalence, these contrasts 

highlight a key implication: the EJS water column sustains a comparatively elevated and vertically integrated reservoir of N-

reduction functional potential under fully oxygenated conditions. In this sense, our results move beyond site-specific observations 270 

to define a quantitative, depth-resolved baseline for N reduction potential in oxic marine systems, providing a reference framework 

for future comparative and process-based studies. 

 

3.3 How can N loss proceed in oxygenated waters? 

The widespread occurrence of NO3
– reduction associated genes and taxa identified above implies that N loss processes are not 275 

restricted to localized or transient conditions in the EJS. Despite the well-oxygenated condition  of the EJS water column (O2 > 

180 μmol L⁻¹; Fig. 1B), several characteristics of the system provide a plausible physical and biogeochemical context for sustaining 

such processes., our results suggest that N loss processes are likely to occur throughout the water column. This paradox may be 

reconciled by particle-associated microenvironments (i.e., oxygen-depleted microzones within sinking aggregates).  A key feature 

of the The EJS is the combination of combines high primary production with efficient vertical export, which promotes the formation 280 

of producing large, fast-sinking, and highly porous aggregates and fecal pellets (Kwak et al., 2013; Otosaka et al., 2008). Within 

these particles, heterotrophic respiration consumes O₂ faster than it is replenished by diffusion, leading to steep O₂ gradients and 
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suboxic–anoxic interiors at the millimeter scale, even while surrounding waters remain oxygenated (Alldredge and Cohen, 1987; 

Ploug et al., 1997). These particle-associated microenvironments provide a physically plausible setting for NO3
– reduction and 

denitrification to occur within the water column. While Pprevious studies have reported that benthic denitrification have also been 285 

detected along the Ulleung Basin margin (Kim et al., 2012; Na et al., 2018),. However, the  estimated benthic denitrification rates 

are were insufficient to explain the persistently low basin-scale NO3
–: PO4

3– ratio in the EJS, indicating that additional N loss 

pathways in water column are required, such as particle-associated microenvironments, are likely involved. In the light of these 

considerations, the particle-associated microenvironment mechanism described here is not specific to the EJS, but has been 

repeatedly supported by theoretical, modelling, and observational studies across diverse marine environments. Global syntheses and 290 

modeling further demonstrateshow  that such microenvironments extend the ecological niche for anaerobic metabolisms well 

beyond oxygen-minimum zones (OMZs) (Bianchi et al., 2018), resulting in the occurrence of N-loss pathways such as NO3
– 

reduction and denitrification inside aggregate interiors (Alldredge and Silver, 1988). High abundances of N-reducing genes and taxa 

observed in the EJS are consistent with these mechanisms.  

Empirical support for particle-associated N loss under oxygenated conditions has been reported across a range of marine 295 

environments. In the eastern tropical North Pacific, laboratory incubations and field observations directly showed denitrification 

within slowly sinking diatom aggregates in oxic seawater (Ciccarese et al., 2023). In the northeast Pacific, aggregate-associated 

NO3
− respiration and denitrification were measured in oxygenated bottom waters (O2 > 100 μmol L−1), particularly during periods 

of elevated particle flux (Wolgast et al., 1998). Independent isotopic evidence likewise indicated denitrification within particle-

associated microenvironments in oxygenated waters of the subtropical and temperate North Pacific (Yamagishi et al., 2005). 300 

Additional observations from the South Pacific subtropical gyre and oxygenated estuary–shelf systems further suggest that particle-

associated microzones can sustain NO3
– reduction beyond classically oxygen-deficient settings (Kim et al., 2013; Wan et al., 2023). 

Collectively, these studies indicate that particle dynamics can decouple bulk-water oxygen conditions from microscale N 

transformations. Against this background, the seasonal and vertical variability observed in the EJS can be interpreted as the outcome 

of coupled physical and biogeochemical controls. Seasonal stratification and winter mixing regulate nutrient resupply and upper-305 

water-column production, thereby controlling both the magnitude and vertical export of particulate organic matter. During stratified 

periods, reduced vertical mixing and enhanced surface production can promote the accumulation and downward transport of organic 

particles, whereas winter mixing redistributes nutrients and particles throughout the water column. The subsequent degradation and 

remineralization of these particles can generate localized microenvironments that favor NO3
− reduction even when the surrounding 

water remains oxygenated, linking seasonal physical forcing to depth-dependent variability in N cycling (Cram et al., 2015; Loisel 310 

et al., 2002; Wakeham and Lee, 1993). The depth-dependent and seasonally modulated N:P patterns observed here are therefore 

consistent with the possibility that N loss is not confined to canonical oxygen-deficient zones, but may occur episodically within 

particle-associated microenvironments across the oxic water column. In this context, the widespread occurrence of nitrate-

reduction–associated genes and taxa throughout the water column supports a persistent nitrogen-reducing potential and provides a 

plausible mechanistic link between environmental variability and the formation and maintenance of low NO3
−:PO4

3− ratios in the 315 

EJS. 
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Similar cases of N loss in oxygenated waters have been reported across marine environments, particularly in (i) the eastern tropical 

North Pacific (ETNP), where laboratory experiments and a transect study showed denitrification within slowly sinking diatom 

aggregates in oxygenated seawater (Ciccarese et al., 2023); (ii) the northeast Pacific, where aggregate-linked NO3
– respiration and 

denitrification were directly measured in oxygenated bottom waters (O₂ > 100 μmol L⁻¹), particularly during periods of high particle 320 

flux (Wolgast et al., 1998); (iii) the subtropical/temperate North Pacific, where N₂O isotopomer signatures detected in oxygenated 

waters are consistent with denitrification occurring within particle-associated microenvironments (Yamagishi et al., 2005); (iv) the 

South Pacific subtropical gyre, where basin-scale analyses along 32°S revealed measurable denitrification signals within the oxygen 

minimum layer (1100–2000 m), suggesting that particle-associated microzones may sustain N loss processes even in well-

oxygenated open-ocean waters (Kim et al., 2013); and (v) oxygenated estuary–shelf waters of the Pearl River, Jiulong River, and 325 

Changjiang systems, where size-fractionated incubations implicate denitrification on larger particles as a dominant N₂O source 

(Wan et al., 2023). Our findings in the EJS align with these observations, indicating that oxygenated water columns do not 

necessarily preclude N removal—especially where and when particle-associated microenvironments exist. 

 

3.4 External phosphorus inputs cannot explain the low NO₃⁻:PO₄³⁻ ratios 330 

Any mechanism capable of explaining the anomalously low NO₃⁻:PO₄³⁻ ratios in the EJS must be able to sustain this signal across 

the water column. This constraint reduces the problem to two possibilities—enhanced P supply (source) or net N removal (sink); 

while the latter is addressed in Sections 3.2–3.3, here we test the former. In this 3.4 section, we evaluate whether external P inputs 

satisfy this requirement by systematically assessing all plausible P sources to the basin. 

First, riverine discharge is a recognized vector for both particulate and dissolved P in marine environments (Withers and Jarvie, 335 

2008). However, the EJS lacks major river systems capable of supplying significant P at the basin scale. The Nakdong River, the 

most prominent riverine source to the southern EJS, has been regulated by and estuarine barrage constructed in 1990, which limits 

direct freshwater discharge to the coastal ocean (Yang et al., 2002). As a result, the effective freshwater outflow rate remains very 

small (mean: ~ 0.0004 Sv; 1 Sv = 106 m3 sec‒1). Moreover, riverine freshwater is largely confined to the surface mixed layer due to 

buoyancy-driven stratification, further restricting its influence on the deep-water nutrient inventory. These constraints indicate that 340 

river-derived P cannot exert a strong control on basin-scale, depth-integrated nutrient stoichiometry in the EJS. 

A seasonal alternative is the intrusion of Changjiang Discharge Water (CDW) from the East China Sea, which enters the southern 

EJS during summer (Fig. S2) (Isobe et al., 2002). However, CDW is generally characterized by very high DIN:DIP ratios, typically 

ranging from 50–100 near the river mouth and inner shelf, reflecting strong N enrichment from anthropogenic inputs (Lee et al., 

2009). Although the DIN:DIP ratio decreases offshore to values of ~10–20 in surface waters and < 10 in subsurface waters due to 345 

mixing and biogeochemical processing. However, because Changjiang-derived freshwater is substantially less dense than 

surrounding seawater, it forms a buoyant plume that remains largely restricted to the upper mixed layer rather than penetrating into 

deeper waters (Tseng et al., 2014). In addition, transport through the Korea Strait exhibits strong seasonal variability, with larger 
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inflow during summer-autumn and weaker transport during winter-spring (Takikawa et al., 1999; Taegue et al., 2002). Furthermore, 

the influence of CDW has likely weakened in recent decades due to declining Changjiang discharge volume (Myriokefalitakis et 350 

al., 2016), further reducing its potential contribution to basin-scale nutrient stoichiometry in the EJS. Consequently, CDW intrusion 

is unlikely to account for the persistent low NO3⁻:PO4
3⁻ ratios observed throughout the water column and across seasons in the EJS. 

Because this influence is confined to the southern surface layer (Beardsley et al., 1985) and is strongly seasonal, it cannot plausibly 

generate a basin-wide, persistent, depth-coherent low NO3⁻:PO4
3⁻ signal extending to 1000 m. 

Second, atmospheric deposition can also contribute bioavailable P to surface waters via aerosols, mineral dust, and volcanic ash 355 

(i.e., particularly in regions influenced by volcanic activity) (Myriokefalitakis et al., 2016). The EJS lies downwind of heavily 

industrialized and densely populated areas of Northeast Asia, making it a potential recipient of anthropogenic emissions (Seo and 

Kim, 2023). However, recent studies have shown that since the 1980s, atmospheric deposition has led to a substantial increase in 

reactive N in the upper EJS (∼0.24 μmol kg⁻¹ yr⁻¹), resulting in a measurable rise in NO3
– relative to PO4

3– concentrations (Kim et 

al., 2014). Thus, atmospheric deposition acts in the opposite direction to a P-driven explanation, enhancing surface N excess and 360 

increasing NO3⁻:PO4
3⁻ ratios rather than lowering them, and therefore cannot sustain low ratios beyond the surface or over long 

time-scales. 

Third, seawater–crust interactions, particularly at hydrothermal vents under low-oxygen and high-temperature conditions, are 

known to release PO4
3– into the water column (McManus et al., 1997). However, no hydrothermal activity has been identified within 

the EJS. 365 

Fourth, sedimentary P release represents a potential internal source under reducing conditions. However, sediment studies in the 

EJS indicate that P is largely retained through burial and adsorption processes, with phosphate released during early diagenesis 

efficiently scavenged by iron oxides under oxic conditions (Cha et al., 2005). As a result, sediment-derived P is unlikely to be 

released in sufficient quantities to influence the overlying water column at basin scale, particularly across the full depth range. 

Taken together, none of these sources—riverine, lateral (CDW), atmospheric, hydrothermal, or sedimentary—satisfy the 370 

fundamental requirement of sustaining a basin-wide, depth-coherent low NO3⁻:PO4
3⁻ signal. Enhanced phosphorus supply can 

therefore be excluded, leaving N loss as the only mechanism consistent with the observations. 

 

3.54 Dual-scale feedbacks on the NO3
–: PO4

3– ratio 

Our findings provide insight into the evolving biogeochemistry of the EJS under anthropogenic and climatic pressures that operate 375 

on distinct timescales and depth domains (Fig. 4).The anomalously low N:P signature of the EJS emerges from processes that unfold 

on markedly different temporal and vertical scales. Signals at the ocean surface adjust rapidly to external perturbations, whereas 

changes in the interior evolve more slowly, integrating over longer timescales. This separation in timescales governs both the present 

expression of the N:P balance and its potential future trajectory under ongoing environmental change. Here, we distinguish short-

term surface responses from the longer-term reorganization of the subsurface reactive N inventory. 380 
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In the surface layer, external N supply has increasingly been shaped by atmospheric N deposition rather than in situ N₂ fixation. 

Basin-scale analyses show a detectable rise of upper-ocean NO3
– across the NPO, with the fastest increase in excess N relative to P 

(i.e., referred to as N*) occurring in the EJS (∼~0.24 μmol kg⁻¹ yr⁻¹) and a systematic decrease eastward with distance from Asian 

source regions—patterns consistent with the magnitude and distribution of atmospheric N deposition (Kim et al., 2014; Lee et al., 385 

2020). This has produced an N-replete surface environment (i.e., a shift from N-limitation to P-limitation; see Supplementary Fig. 

S4). TheBecause this anthropogenic signal emerged without concurrent changes in dissolved O₂ or P and does not require an increase 

in N₂ fixation, indicating atmospheric N deposition as the primary driver of the stoichiometric shift. While our data do not directly 

attribute the higher NO₃⁻:PO₄³⁻ ratios in surface waters relative to deeper layers to atmospheric inputs, our observations clearly 

reveal a vertically structured stoichiometry gradient (Fig. 1C). Given that external N inputs are primarily confined to the surface 390 

layer, continued atmospheric deposition would be expected to further strengthen this surface–deep vertical contrast over time. As 

external N supply increases, the relative importance of in situ N₂ fixation is likely reduced, reinforcing the role of atmospheric inputs 

in regulating surface N availability. Because this external forcing is largely confined to the surface layer, its impact is inherently 

depth-dependent. As deposition continues, the surface NO₃⁻:PO₄³⁻ ratio is likely to increase on shorter timescales, establishing a 

positive feedback that reinforces surface NO₃⁻ accumulation. 395 

In contrastdeep waters, changes in deep waters reflect longer-term ventilation dynamicsclimate-driven processes appear to be 

reshaping nutrient dynamics over longer timescales. Historically, the EJS was ventilated by winter deep convection that renewed 

oxygen-rich bottom waters; however, tracer and hydrographic records indicate a mode shift in ventilation, from deep convection to 

predominantly intermediate-depth convection (~700–2000 m) (Gamo, 1999; Gamo et al., 2001; Kang et al., 2003). Over the same 

period, deep-water DO decreased by up to ~20 μM, and the oxygen-minimum layer deepened from a few hundred meters in the late 400 

1960s to >1500 m by the 1990s—consistent with surface warming, reduced winter cooling, and strengthened stratification that 

reroutes ventilation to shallower layers (Kang et al., 2004; Kim et al., 2001). Although an exceptionally cold winter in 2000–2001 

briefly re-initiated bottom-water renewal, the event was small and transient (≈0.03% of historical annual formation) (Kim et al., 

2002; Talley et al., 2003). Forward modeling with a moving-boundary box framework further suggests that present bottom waters 

will be replaced by deep/central waters by ~2040, implying continued long-term deoxygenationoxygen decline (Kang et al., 2003; 405 

Kang et al., 2004). Although these changes do not imply the development of basin-scale anoxia, the gradual decline in oxygen and 

reduced ventilation may influence the balance of the reactive N inventory over decadal timescales. In particular, declining oxygen 

concentrations and longer water-mass residence times may increase the relative importance of NO3⁻ reduction pathways operating 

within localized low-oxygen microenvironments, such as particle-associated niches. Over decadal timescales, the cumulative effect 

of these processes could gradually reduce the deep-water N inventory, consistent with the observed decline in deep NO₃⁻:PO₄³⁻ 410 

ratios  (e.g., NO₃⁻:PO₄³⁻1999 = 13.0 > NO₃⁻:PO₄³⁻2021 = 12.6; see Supplementary Fig. S4). 

Together, these dual-scale feedbacks—surface N enrichment driven by anthropogenic N deposition (short-term: increasing 

NO₃⁻:PO₄³⁻ ratio in the upper waters) and subsurface N removal associated with climate-driven deoxygenation (long-term: 

decreasing NO₃⁻:PO₄³⁻ ratio in the deep waters)—may create a vertically stratified NO₃⁻:PO₄³⁻ regime in the future EJS. Taken 

together, these observations support a dual-scale framework in which short-term surface N enrichment driven by atmospheric 415 
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deposition increases NO₃⁻:PO₄³⁻ ratios, while longer-term adjustments in the subsurface N inventory—linked to ventilation changes 

and microenvironment-mediated N loss—act in the opposite direction. These processes operate without requiring the onset of anoxia 

and instead reflect shifts in the balance of N cycling pathways across temporal and vertical scales. Given this dual sensitivity to 

atmospheric forcing and ventilation dynamics, the EJS may serve as a sentinel system for detecting biogeochemical responses into 

ongoing  other marine environmental changes. 420 

 

 

Figure 54: Conceptual schematic summarizing external drivers influencing the NO₃⁻:PO₄³⁻ ratio in the East/Japan Sea. The schematic 

illustrates a simplified pathway showing the sequential influences on the NO₃⁻:PO₄³⁻ ratio, driven by two key external factors: atmospheric 

N deposition, acting as a short-term driver (brown dashed box), and climate-induced suppression of deep-water formation, representing 425 
a long-term driver (red dashed box). Arrows indicate potential intermediate links among processes. A plus sign (+) denotes enhancement, 

whereas a minus sign (–) indicates suppression of the process. 

3.56 Caveats and Future directions 

While our study provides a plausible explanation for the anomalously low NO₃⁻:PO₄³⁻ ratio in the East/Japan Sea (EJS), several 

caveats must be emphasized. First, our inference of bacterially mediated N loss is derived from genetic and taxonomic evidence 430 

rather than direct rate measurements. Although the high relative abundances of N-reducing genes and affiliated taxa suggest the 
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potential for active denitrification, the actual magnitude of N loss remains unconstrained. Future studies should therefore incorporate 

direct process-rate determinations, such as N isotope tracer incubations, in situ microsensor profiling within sinking aggregates, and 

sediment-trap experiments to quantify particle-associated N loss more precisely. Second, the spatiotemporal variability of oxygen-

depleted microenvironments in the EJS remains poorly characterized. The formation, persistence, and turnover of such microzones 435 

likely vary with aggregate composition, particle flux intensity, and seasonal productivity, yet these dynamics were not resolved 

here. High-resolution time-series observations that integrate biological, chemical, and physical measurements will be essential to 

capture these short-lived but biogeochemically significant microenvironments. Finally, the EJS should be considered not only a 

regional anomaly but also a testbed for broader climate–biogeochemistry feedbacks. Comparative studies across other well-

oxygenated marginal seas and open-ocean settings are urgently needed to evaluate whether particle-associated microenvironments 440 

constitute a widespread and underappreciated sink for fixed N. Such efforts, combining multi-omics approaches with direct rate 

measurements and coupled physical–biogeochemical models, will be critical for predicting how anthropogenic nutrient inputs and 

climate-driven deoxygenation jointly reshape the global N cycle. 

 

4 Summary and Conclusions 445 

The EJS, which is a well-oxygenated marginal sea, exhibits an anomalously low NO₃⁻:PO₄³⁻ ratio (12.6:1), deviating from the 

canonical Redfield ratio (16:1). External P inputs are insufficient to explain this anomaly. Instead, N-reducing genes and taxa suggest 

that bacterially mediated N loss is a plausible contributing factor, potentially occurring in particle-associated microenvironments 

(i.e., oxygen-depleted microzones in sinking aggregates). We propose a dual-scale feedback: short-term anthropogenic N deposition 

enriches surface waters (i.e., increasing NO₃⁻:PO₄³⁻ ratio in the upper waters), while longer-term climate-driven deoxygenation 450 

could promote subsurface N loss (i.e., decreasing NO₃⁻:PO₄³⁻ ratio in the deep waters). This combination may result in a vertically 

stratified stoichiometric regime in the future EJS. The EJS thus serves as a sentinel system, illustrating how concurrent human and 

climatic pressures may reshape marine nutrient cycling and offering insight into future changes in global ocean biogeochemistry. 
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