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Abstract 22 

Carbon and nitrogen dynamics in the Sea of Japan (SOJ) are rapidly changing. In this study, we 23 
investigated the carbon and nitrogen isotope ratios of particulate organic matter (δ13CPOM and 24 
δ15NPOM, respectively) at depths of ≤ 100 m in the southern part of the SOJ from 2016 to 2021. 25 
δ13CPOM and δ15NPOM exhibited multimodal distributions and were classified into four classes (I–26 
IV) according to the Gaussian mixed model. A majority of the samples were classified as class II 27 
(n = 441), with mean ± standard deviation of δ13CPOM and δ15NPOM of –23.7 ± 1.2‰ and 3.1 ± 28 
1.2‰, respectively. Compared to class II, class I had significant low δ15NPOM (-2.1 ± 0.8‰, n = 29 
11), class III had low δ13CPOM (-27.1 ± 1.0‰, n = 21), and class IV had high δ13CPOM (-20.7 ± 30 
0.8‰, n = 34). A majority of the class I samples were collected in winter and had comparable 31 
temperature and salinity, indicating that Japanese local rivers contributed to class I formation. 32 
The generalized linear model demonstrated that the temperature and chlorophyll-a concentration 33 
all had a positive effect on δ13CPOM, supporting the hypothesis that active photosynthesis and 34 
phytoplankton growth increased δ13CPOM. However, the fluctuation in δ15NPOM was attributed to 35 
the temperature and salinity rather than nitrate concentration. These findings suggest that 36 
multiple nitrate sources, including the East China Sea, Kuroshio, and Japanese local rivers, 37 
contribute to the primary production in the SOJ. 38 

Plain Language Summary 39 

Carbon and nitrogen are vital components for organisms, and their stable isotope ratios (13C:12C, 40 
15N:14N) are useful tools for understanding their flow in the ocean. The Sea of Japan, surrounded 41 
by Japan, Korea, and Russia, is a microcosm of the ocean, where the environment is being 42 
rapidly altered by anthropogenic activities. We measured the carbon and nitrogen stable isotope 43 
ratios of small organic particles dispersed in the seawater, which are mostly phytoplankton. 44 
Carbon isotope ratios increased due to active carbon fixing and phytoplankton growth. The 45 
nitrogen isotope ratios can be classified into two clusters. The low nitrogen isotope ratio clusters 46 
were mostly found in less saline surface water in winter, indicating that they were influenced by 47 
local rivers. In the high nitrogen isotope ratio cluster, nitrogen isotope ratio was not attributed to 48 
nitrate concentration, which is a conventional key to the nitrogen isotope ratio estimation. This 49 
indicates that nitrates from other sources, in addition to deep-sea nitrate, may contribute to 50 
organic production in this sea. 51 

1 Introduction 52 

Carbon and nitrogen dynamics in the oceans are globally changing as a result of 53 
anthropogenic activities [Gruber and Galloway, 2008]. Carbon and nitrogen isotope values are 54 
particularly effective measurements for detecting changes in marine environments [Gruber et al., 55 
1999; Ren et al., 2017] and ecosystems [Lorrain et al., 2020]. Earth system model-based 56 
techniques have been developed at a global scale in order to comprehend the spatiotemporal 57 
variability of carbon and nitrogen isotope values [Buchanan et al., 2019]. Seas that connect land 58 
and ocean are strongly affected by anthropogenic activities [Omstedt, 2021]. However, because 59 
current Earth system models do not focus on marginal seas, relevant information is extremely 60 
limited. 61 

The Sea of Japan (SOJ) is a western North Pacific semi-closed marginal sea surrounded 62 
by the Korean Peninsula, the Japanese Archipelago, and the Russian coast. In the southern part 63 
of the SOJ, the Tsushima Warm Current (TWC) flows at the surface (< 200 m depth) from the 64 
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west (East China Sea) to the east (western North Pacific or the Sea of Okhotsk) throughout the 65 
year; however, this current is weak in the winter and strong in the summer, and its path exhibits 66 
complex variations [Yabe et al., 2021]. The TWC governs the elemental cycles and ecosystem in 67 
the southern part of the SOJ [Kodama, 2020], and its water is a mixture of the Kuroshio Current, 68 
the Taiwan Warm Current, and Changjiang discharged waters [Guo et al., 2006; Isobe, 1999]. 69 
The elemental cycles in the surface layer of the SOJ are rapidly changing, and the pH, phosphate, 70 
and oxygen concentrations have been decreasing over the past five decades [Ishizu et al., 2019; 71 
Kodama et al., 2016; Ono, 2021].  72 

 Studies in the SOJ have been undertaken using a stable isotope ratio of zooplankton and 73 
small pelagic fish tissues to determine changes in carbon and nitrogen dynamics [Nakamura et 74 
al., 2022; Ohshimo et al., 2021]. These studies found that the 13C:12C ratio in animal tissues 75 
declined at the same rate as the Suess effect, but there was no significant linear trend in the 76 
15N:14N ratio [Nakamura et al., 2022; Ohshimo et al., 2021]. The 15N:14N ratio in animal tissues 77 
varies with trophic position. In the SOJ, the zooplankton biomass has been found to be 78 
negatively coupled with small pelagic fish biomass over the last half-century, and hence, food-79 
web structure may periodically change [Kodama et al., 2022a]. Thus, the baseline 15N:14N ratio 80 
in marine ecosystems is vital for identifying changes in nitrogen dynamics in the SOJ. However, 81 
reports on the variation in stable isotope ratios of particulate organic matter (POM) in the surface 82 
layer, which are the baseline values of marine ecosystems, are confined to the Japanese coastal 83 
areas [Antonio et al., 2012; Nakamura et al., 2022]. As a result, the variabilities in POM stable 84 
isotope ratios with regard to environmental parameters are not clearly understood.  85 

Two recent studies have indicated that the carbon and nitrogen stable isotope ratio of 86 
POM varies in the western North Pacific marginal seas [Ho et al., 2021; Kodama et al., 2021]. 87 
The 13C: 12C ratio of POM increased as the phytoplankton abundance increased in the 88 
southwestern East China Sea, which is consistent with isotope fractionation that occurs during 89 
photosynthesis [Ho et al., 2021]. The 15N:14N ratio of this area decreased with freshwater intake 90 
and coastal upwelling in the summer, and was negatively correlated with nitrate concentration 91 
[Ho et al., 2021].  Gao et al. [2014] reported the horizontal distribution of ratios of 13C:12C and 92 
15N:14N, and that 13C:12C ratio largely varies in this sea. Active nitrogen fixation decreases the 93 
15N:14N ratio of POM in offshore waters in the Kuroshio area during the summer, whereas the 94 
15N:14N ratio of POM remains high in the coastal waters [Kodama et al., 2021].  95 

The carbon and nitrogen isotope ratios of POM are thought to be more changeable in the 96 
SOJ than in the other western North Pacific marginal seas. In the case of carbon, Kosugi et al. 97 
[2016] reported that the partial pressure of CO2 (pCO2) on the surface of the central and eastern 98 
parts of the SOJ (312–329 µatm) differs from that in the northwestern region (360–380 µatm). 99 
Furthermore, the carbon:nitrogen ratio (C:N ratio) of POM in the surface water of the northern 100 
East China Sea is extremely high (>40:1) near Japan [Gao et al., 2014], and this organic carbon-101 
rich water may influence the carbon dynamics of the SOJ. In the case of nitrogen, primary 102 
production in the northeastern East China Sea is supported by a variety of nitrogen sources, such 103 
as atmospheric deposition, Changjiang River discharge, and Kuroshio waters with varying 104 
15N:14N ratios [Umezawa et al., 2021; Umezawa et al., 2014]. As the decrease in phosphate 105 
concentration in the SOJ is mainly observed with an increase in the nitrogen supply in the East 106 
China Sea [Kim et al., 2013; Kodama et al., 2016], advection of nitrate and POM produced in the 107 
northeastern East China Sea is likely to influence the 15N:14N ratios in the SOJ. Previous nutrient 108 
dynamics studies have revealed that the supplied nitrate in the surface productive layer in the 109 
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SOJ originates from the Kuroshio, regeneration at the bottom of the East China Sea, the 110 
Changjiang diluted waters, and the atmosphere in the summer [Kim et al., 2011; Kodama et al., 111 
2017; Kodama et al., 2015].  In addition, deep mixing occurs in the SOJ in winter [Ohishi et al., 112 
2019]; thus, deep-seawater-originated nitrate contributes to the primary production as well. 113 
Although their contributions to the plankton community are limited, diazotrophs are present 114 
during the summer [Hashimoto et al., 2012; Sato et al., 2021]. Thus, the 15N:14N ratio of POM 115 
helps in identifying which nitrogen source mainly supports primary production in this sea. 116 
Therefore, in this study, we investigated the carbon and nitrogen stable isotope ratios in the 117 
southern SOJ (approximately ≤ 40°N). The main objectives were to: 1) demonstrate the spatial 118 
distribution of carbon and nitrogen stable isotope ratios, 2) understand the effects of horizontal 119 
advection of particulate organic carbon from the East China Sea, and 3) identify which nitrogen 120 
source mainly supports the primary production.  121 

2 Materials and Methods 122 

2.1 Sampling 123 

POM samples with environmental data were collected from 2016 to 2021 in the southern 124 
part of the SOJ between 35°N and 41°N and between 131°15'E and 139°50'E [Figure 1] during 125 
28 cruises using R/V Hokko-maru, Shunyo-Maru, Yoko-Maru, T/V Tenyo-Maru (Japan Fisheries 126 
Research and Education Agency), and R/V Dai-Go Kaiyo-Maru (Kaiyo Engineering Co., Ltd.). 127 
The cruises were held yearly from February to September, except for March [Figure 1]. The 128 
observations were repeated 14 times after 2018 along the monitoring line established off the 129 
Sado Island (SI-line) [Figure 1] (in September 2016, July 2018, August 2018, September 2018, 130 
February 2019, April 2019, June 2019, September 2019, February 2020, April 2020, June 2020, 131 
September 2020, February 2021, April 2021, and June 2021).  132 

POM samples were generally obtained at the depths of 10 m and 30 m, or at the 133 
subsurface chlorophyll-a maximum (SCM). The vertical profiles of temperature, salinity, and 134 
chlorophyll-a fluorescence were monitored in real-time using a conductivity-temperature-depth 135 
(CTD) sensor (SBE9plus, Seabird Electronics). Real-time observations were not performed in 136 
some specific cases; here, the record-type CTD (SBE19, Seabird Electronics) without a 137 
fluorometer was used instead of the SBE9plus. On this basis, we set 30 m as the representative 138 
subsurface layer for the spring (March–June) and summer (July–September) seasons as it is 139 
below the surface mixed layer in SOJ. During the cruise in September 2020, the POM samples 140 
were collected at six depths (0, 10, 30, 50, and 100 m, and SCM) to determine the variations 141 
between the sampling layers. In the July and August cruises, photosynthetically active radiation 142 
(PAR) was occasionally accessible using a PAR sensor (Seabird Electronics) attached to the 143 
CTD. In the summer of SOJ, the mean (± SD) euphotic zone depth—where PAR is 1% of the 144 
surface—was 50 (± 14) m (n = 207), and the PAR at a depth of 30 m was 6.8 ± 4.3% of the 145 
surface. In May and August 2020, we collected samples at depths of 75 m (n = 3) and 100 m (n = 146 
1), respectively. In spring and summer, considering the mixed layer and the euphotic zone depth, 147 
the layers at 0–10 m, 20–65 m, and 75–100 m depths were defined as the surface, subsurface, 148 
and deep layers, respectively, to detect the influence of the vertical difference of unevaluated 149 
characteristics such as light and phytoplankton community. In winter, all the samples were 150 
considered as surface layer samples because the difference in potential density between 10 and 151 
30 m depths was <0.125 at every station, suggesting that they were within the mixed layer. 152 
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Temperature, salinity, nutrients (nitrate, nitrite, silicate, and phosphate), and chlorophyll-153 
a concentrations were collected and utilized as environmental parameters at the same depth as 154 
the POM samples. Water samples were obtained using Niskin bottles mounted on a rosette or a 155 
bucket to measure nutrient, chlorophyll-a, and POM concentrations. The nutrient and 156 
chlorophyll-a concentrations were analyzed following Kodama et al. [2015]. The detection limits 157 
of the nutrient concentrations were 0.01–<0.05 µM for nitrite and phosphate, 0.01–<0.1 µM for 158 
nitrate, and 0.05–<0.3 µM for silicate, estimated using the standard deviations of blank values. 159 
The temperature and salinity at the 0-m depth were defined as the values observed by the CTD 160 
sensors at 1-m depth because salinity at the 0 m depth sometimes exhibited “unreliable” values. 161 
To treat the common-logarithm transformed values, the nutrient concentrations of < 0.01 µM 162 
(below the detection limit) were set as 0.01 µM.  163 

2.2 Isotope analyses 164 

To measure the mass and the carbon and nitrogen stable isotope ratios of the POM, 0.9–165 
11.5 L of seawater was filtered using a pre-combusted (450°C, 6 h) glass fiber filter (pore size: 166 
0.7 µm, GF/F, Whatman). The filtration was stopped in 2 h after sampling, and > 5 L seawater 167 
was filtered in 2 h for most of the samples. After the shipboard filtration, the samples were 168 
frozen (< –20°C). Onshore laboratory analyses were performed using methods from Kodama et 169 
al. [2021], whose preservation differed from that of Lorrain et al. [2003], while the other 170 
protocols remained the same. The carbon and nitrogen isotope ratios and their masses were 171 
determined using the same sample. The samples were exposed to HCl fumes for > 2 h to remove 172 
carbonate salt, dried in an oven (60°C) overnight and stored in a desiccator until isotope ratio 173 
measurements. After another round of oven-drying, the entire glass filter was wrapped in a tin 174 
cup. Subsequently, the carbon and nitrogen isotope ratios were measured using an Isoprime 100 175 
isotope ratio mass spectrometer (Elementar, Langenselbold, Germany). In 2016, the colored 176 
surfaces of the glass filters were scraped off, and the carbon and nitrogen isotope ratios were 177 
measured. The absolute amounts of carbon and nitrogen in these scraped samples were different 178 
from those in the whole samples. The stable isotope ratios of carbon and nitrogen were calibrated 179 
using curves obtained from L-alanine (Shoko Science) during the measurements. The isotope 180 
compositions of carbon and nitrogen of POM sample (δ13CPOM and δ15NPOM, respectively) were 181 
expressed using Eq. (1): 182 
δ13CPOM or δ15NPOM = (Rsample /Rreference – 1.0) × 1000,      (1) 183 
where Rsample, and Rreference are the heavy (13C and 15N) to light (12C and 14N) isotope ratios of the 184 
POM sample and reference, respectively. The reference materials were atmospheric N2 for 185 
nitrogen and Vienna Pee Dee Belemnite for carbon. Given the quality of the L-alanine, and δ13C 186 
and δ15N were rounded off to one decimal place, the precision of the analyses was within 0.2‰. 187 

The C:N ratio of POM occasionally exhibited outliers, due to which, the mean and 188 
standard deviations (SD) of the C:N ratio were calculated and the samples whose C:N ratio 189 
differed by > 3 × SD from the mean value were eliminated. After elimination, we re-calculated 190 
the mean and SD of the C:N ratio, and the samples whose C:N ratio differed by > 3 × 191 
recalculated SD from the recalculated mean value were eliminated. Then, the samples lacking 192 
environmental data were removed. As a result, six samples were removed, and 507 samples were 193 
used in this study. Among these samples, 101 samples were obtained along the SI-line. 194 
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2.3 Statistical analyses 195 

All statistical analyses were conducted using R [R Core Team, 2023]. Accompanied by 196 
the analysis of variance (ANOVA), a pairwise test with the Tukey–Kramer adjacent was applied 197 
to the least-squared mean (lsmean) values. The “ggeffect” package [Lüdecke, 2018] was used to 198 
calculate the lsmean values and SEs. The “car” package [Fox and Weisberg, 2018] of ANOVA 199 
was used to conduct type II ANOVA for unbalanced data comparison. Neither δ13CPOM nor 200 
δ15NPOM exhibited a normal distribution according to the Kolmogorov–Smirnov test (p < 0.001); 201 
both showed multimodal distributions. Therefore, we applied a two-dimensional Gaussian mixed 202 
model (GMM) to classify δ13CPOM and δ15NPOM using the “mclust” package [Scrucca et al., 203 
2016]. The samples were not divided based on the sampling depth and seasons. The number of 204 
classes was determined using the Bayesian information criterion (BIC).  205 

Generalized linear models (GLMs) were applied to assess the variables that predicted the 206 
relationships between the environmental parameters and δ13CPOM and δ15NPOM as in Kodama et 207 
al. [2021]. We assumed that the error distributions of δ13CPOM and δ15NPOM were normally 208 
distributed with a linear link function in the GLMs. The full GLM models are as follows: 209 
δXPOM ~ glm[f(class) + f(layer) + f(season) + Lon + Lat + C/N + T + S + Chl + Nit] (2) 210 
where δXPOM, Lon, Lat, C/N, T, S, Chl, and Nit denote δ13CPOM or δ15NPOM, longitude, latitude, 211 
C:N ratio, temperature, salinity, chlorophyll-a concentration, and nitrate concentration, 212 
respectively. The chlorophyll-a and nitrate concentrations were transformed into logarithmic 213 
values. The arguments of the f functions are categorical variables that are used to simulate non-214 
linear relationships. The numbers of classes were defined by GMM and BIC, while those of layer 215 
and season were three each (surface, subsurface, and 100-m depth in layer and winter [January–216 
February], spring [March–June], and summer [July–September] in season). The explanatory 217 
variables used in the full GLMs were chosen based on the retraction of multicollinearity. We also 218 
used GLM approaches that included a quadratic expression in the model, as Nakamura et al. 219 
[2022] did, as well as a generalized additive model approach, as Kodama et al. [2021] did. 220 
However, as the deviance explained values of the models did not improve, we opted for the 221 
simple GLM approach. 222 

The explanatory variables and final GLM descriptions were selected using the corrected 223 
Akaike information criterion (AIC), which may be used to assess the likelihood of the model. 224 
The lsmean values and SEs based on the AIC-selected GLMs were used to visualize the 225 
influence of the explanatory variables on the δ13CPOM or δ15NPOM. ANOVA was used to test the 226 
effects of the lsmean values of the categorical variables (the class, season, and depth when they 227 
remained). 228 

Of note, we did not include the interaction terms in the GLMs. For instance, longitude–229 
latitude interactions can reflect the 2-D variations. Moreover, the temperature–salinity (T–S) 230 
diagram is the most fundamental method for obtaining the characteristics of water masses. 231 
Therefore, although the interactions must be considered, the interaction terms of temperature and 232 
salinity could not be used instead of the T–S diagram in the GLMs. Instead of interaction terms, 233 
the classes based on the GMM were plotted on the T–S and nitrate-density (σt) (N-σt) diagrams 234 
to elucidate the effect of non-linear interactions on δ13CPOM or δ15NPOM. 235 
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3 Results 236 

3.1 Spatial distribution of δ13CPOM and δ15NPOM 237 

The δ13CPOM and δ15NPOM varied from –29.3 to –17.7‰ and –3.2 to 6.7‰, respectively. 238 
In September 2020, the vertical profiles (0, 10, 30, 50, and 100 m depths and SCM) of δ13CPOM 239 
and δ15NPOM were collected at nine stations. SCM was observed at depths of 34–56 m. The 240 
differences in the δ13CPOM, δ15NPOM, and C:N ratios were significant among the layers according 241 
to ANOVA (p < 0.001). The δ13CPOM was the lowest at a depth of 50 m or SCM (mean ± SD: -242 
25.7 ± 0.36‰ and –25.4 ± 0.45‰, respectively) [Figure 2a]. The δ13CPOM decreased with depth 243 
of up to 50 m (or SCM layer) and slightly increased at the 100-m depth (–24.2 ± 1.26‰). The 244 
δ15NPOM was the lowest at 10-m depth (1.5 ± 0.64‰), increased with depth, and the highest value 245 
was identified at the 100-m depth (5.0 ± 0.60‰) [Figure 2b]. The mean C:N ratio was estimated 246 
to 5.4–6.3 mol mol-1 except the 100-m depth with 4.2 ± 0.69 mol mol-1 [Figure 2c]. When the 247 
subsamples at the nine stations were regrouped into the surface (0 and 10 m depths) and 248 
subsurface (30 and 50 m and SCM) groups, the differences in both δ13CPOM and δ15NPOM were 249 
significant between the surface and subsurface (t-test, p ≤ 0.018). Therefore, δ13CPOM and 250 
δ15NPOM were different between the surface and subsurface, particularly during summer.  251 

The horizontal variations in δ13CPOM are shown by the 1° × 1° grid median values [Figure 252 
3a–e]. During winter, the median (± interquartile range, IQR) of the δ13CPOM was –25.0 ± 2.34‰, 253 
and low δ13CPOM was observed in the offshore waters (median ± IQR: –25.6 ± 3.20‰). During 254 
spring, low δ13CPOM was identified offshore, and the surface δ13CPOM (–24.6 ± 1.55‰) was lower 255 
than that of the subsurface (–23.7 ± 1.68‰, Wilcoxon test, W = 271, p = 0.021). During summer, 256 
the surface δ13CPOM (–22.9 ± 1.07‰) was significantly higher than that of the subsurface (–24.4 257 
± 1.86‰, Wilcoxon test, W = 36002, p < 0.001). The δ13CPOM in the subsurface during the 258 
summer was higher in the western than in the eastern part, while those of the surface were higher 259 
in the eastern than in the western part. 260 

The horizontal variations in δ15NPOM are shown in the same manner as δ13CPOM [Figure 261 
3f–i]. Evidently, in winter, lower values (~ –2.0‰) were observed in the coastal area.  δ15NPOM 262 
was higher in spring than in winter (3.12 ± 2.02‰ and 3.12 ± 2.02‰ in the surface and 263 
subsurface, respectively). Moreover, during spring, the δ15NPOM value in the offshore area was 264 
lower than that of the coastal area. In summer, the surface δ15NPOM (2.76 ± 1.68‰) was 265 
significantly lower than that of the subsurface (3.14 ± 1.39‰, Wilcoxon test, W = 19187, p = 266 
0.02874). Furthermore, lower δ15NPOM values were identified in the offshore water, and high 267 
δ15NPOM values were observed in the coastal area of the northern part.  268 

3.2 Temporal variations of δ13CPOM and δ15NPOM along the SI-line 269 

The monthly variations in δ13CPOM and δ15NPOM were evaluated using the samples 270 
collected along the SI-line [Figure 4a–d]. When the interannual variations were ignored, δ13CPOM 271 
was the lowest in April (lsmean ± SE: –26.1 ± 0.62‰) and highest in September (–22.4 ± 272 
0.32‰) [Figure 4a]; no significant difference was observed during February, April, and June 273 
(Pairwise test with Tukey–Kramer adjacent, p > 0.05). The δ15NPOM in the surface layer was the 274 
lowest in February (–0.5 ± 0.40‰) and highest in June (2.7 ± 0.52‰), while a significant 275 
difference was not observed among June, July, and September [Figure 4b]. In the subsurface 276 
layer, the monthly variation of δ13CPOM was not significant (ANOVA, p = 0.09) [Figure 4c], and 277 
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that of δ15NPOM was significant (p = 0.026) but was not significant as per the pairwise test with 278 
Tukey–Kramer adjacent (p > 0.05) [Figure 4d]. 279 

The surface δ13CPOM and δ15NPOM from July–September exhibited significant interannual 280 
variation (ANOVA, p < 0.05). The significant difference in interannual lsmean δ13CPOM 281 
(pairwise test with Tukey–Kramer adjacent, p = 0.036) was observed between 2019 (highest: –282 
21.9 ± 0.35‰) and 2018 (lowest: –23.5 ± 0.35‰). The interannual lsmean δ15NPOM was the 283 
lowest in 2019 (1.5 ± 0.31‰), and significantly different (pairwise test with Tukey–Kramer 284 
adjacent, p = 0.016) from that in 2018 (3.0 ± 0.36‰). In the other combinations, there was no 285 
significant difference in the pairwise test. The temperature, salinity, and chlorophyll-a 286 
concentration in the surface during summer did not vary significantly (ANOVA, p > 0.1). 287 

3.4 Classifications of δ13CPOM and δ15NPOM 288 

Furthermore, δ13CPOM and δ15NPOM were divided into four classes (I–IV) according to the 289 
two-dimensional GMM [Figure 5]. The mean ± SDs of δ13CPOM and δ15NPOM were –24.6 ± 1.2‰ 290 
and –2.1 ± 0.8‰ in class I (n = 11), –23.7 ± 1.2‰ and 3.1 ± 1.2‰ in class II (n = 441), –27.1 ± 291 
1.0‰ and 2.0 ± 1.3‰ in class III (n = 21), and –20.7 ± 0.8‰ and 1.7 ± 1.0‰ in class IV (n = 292 
34), respectively [Figure 5b–c]. The δ13CPOM values were significantly different among the 293 
different classes (p < 0.001, pairwise test with Tukey–Kramer adjacent), except between classes I 294 
and II (p = 0.06) [Figure 5b]. The δ15NPOM values were significantly different among the 295 
different classes (p < 0.001, pairwise test with Tukey–Kramer adjacent), except between classes 296 
III and IV (p = 0.76) [Figure 5c]. However, the mean ± SD values of δ15NPOM in classes III and 297 
IV were within the range of class II values [Figure 5c]. Therefore, the characteristics of δ13CPOM 298 
and δ15NPOM in classes I, II, III, and IV were middle-δ13CPOM and low-δ15NPOM, middle-δ13CPOM 299 
and high-δ15NPOM, low-δ13CPOM and high-δ15NPOM, and high-δ13CPOM and high-δ15NPOM, 300 
respectively. 301 

Environmental conditions (temperature, salinity, nitrate concentration, chlorophyll-a 302 
concentration, and C:N ratio) differed significantly among the classes (ANOVA, p < 0.01; Figure 303 
6). The temperature was lower in class I (mean ± SD: 10.1 ± 2.0°C) and III (12.7 ± 6.0°C) than 304 
in classes II (20.1 ± 4.9°C) and IV (24.0 ± 2.6°C) [Figure 6a]. Significant differences in 305 
temperature were discerned (p < 0.003, pairwise test with Tukey–Kramer adjacent) among 306 
different classes, except between classes I and III (p = 0.44). The only significant difference in 307 
salinity among the classes was discerned between classes II (33.76 ± 0.79) and III (34.27 ± 0.18) 308 
(p = 0.01, pairwise test with Tukey–Kramer adjacent) [Figure 6b]. The mean salinity with SD of 309 
classes I and IV were 33.99 ± 0.06 and 33.91 ± 0.36, respectively [Figure 6b]. The mean nitrate 310 
concentration values were high in classes I (4.20 ± 1.31 µM) and III (3.88 ± 3.86 µM), lower in 311 
class II (0.51 ± 1.31 µM), and the lowest in class IV (0.05 ± 0.01 µM) [Figure 6c]. The 312 
chlorophyll-a concentrations were significantly different among the classes (ANOVA, degrees of 313 
freedom [DF] = 3, F-value = 2.643, p = 0.048). However, no significant differences were 314 
identified among the pairs (p > 0.058). In particular, the chlorophyll-a concentration was the 315 
highest in class IV (0.69 ± 1.33 µg L-1), followed by class I (0.61 ± 0.23 µg L-1), class III (0.58 ± 316 
0.37 µg L-1), and the lowest in class II (0.44 ± 0.48 µg L-1) [Figure 6d]. Moreover, a high C:N 317 
ratio was identified in class IV (7.06 ± 1.50 mol mol-1), which was significantly higher (p < 0.01, 318 
pairwise test with Tukey–Kramer adjacent) than in classes II (6.13 ± 1.39 mol mol-1) and III 319 
(5.12 ± 1.22 mol mol-1). However, the C:N ratio in class IV did not differ from that in class I 320 
(6.05 ± 0.58 mol mol-1) [Figure 6e]. 321 
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The T–S diagram demonstrated that the samples of class I were mostly (10 of 11 322 
samples) in the water with the temperature and salinity within the 9.4–11.4°C and 33.877–34.038 323 
ranges, respectively [Figure 7a]. Only a single sample of class I was identified at a temperature 324 
and salinity of 4.3°C and 34.037, respectively, in April [Figure 7a]. The one sample classified as 325 
class II was identified in April in the surface layer, with the temperature and salinity ranging 326 
from 9.4–11.4°C and < 34.038, respectively. The nitrate concentration, δ13CPOM, and δ15NPOM of 327 
this sample were 0.28 µM, –25.3‰, and 3.5‰, respectively. However, in the N-σt diagram, the 328 
samples were not characterized according to the classes [Figure 7b]. 329 

3.5 Relationships with environmental conditions 330 

According to the GMM, both δ13CPOM, and δ15NPOM exhibited multi-modal distribution. 331 
The linear regression was based on the assumption that the dependent variable has a normal 332 
distribution; therefore, in this study, the linear regressions were inappropriate for evaluating the 333 
relationships. We have provided the results of the linear regression analysis in the supporting 334 
information. 335 

The least AIC GLM for δ13CPOM was as follows: 336 
δ13CPOM ~ glm[f(class) + f(layer) + Lat + T + S + Chl + Nitrate] (3). 337 
The r2 value of the least AIC δ13CPOM model was found to be 0.659. ANOVA indicated that all 338 
the remaining explanatory variables were significant (χ2 ≥ 7.53, p ≤ 0.006). The responses of 339 
latitude, salinity, and nitrate concentration were significantly negative (p < 0.001), whereas those 340 
of temperature and chlorophyll-a concentration were significantly positive (p < 0.001) [Figure 341 
8]. The lsmean δ13CPOM with ANOVA suggested that classes III (lsmean ± SE: –25.6 ± 0.25‰) 342 
and IV (–20.6 ± 0.19‰) were significantly higher and lower than those of other classes, 343 
respectively (pair-wise test with Tukey’s adjacent, p < 0.001). The difference between classes I 344 
(–23.0 ± 0.36‰) and II (–23.4 ± 0.10‰) was insignificant (pair-wise test with Tukey’s adjacent, 345 
p = 0.542) [Figure 8a]. The δ13CPOM of the surface (lsmean ± SE: –23.4 ± 0.11‰) was higher 346 
than that of the subsurface (–23.7 ± 0.13‰, pair-wise test with Tukey’s adjacent, p = 0.0154). 347 
Moreover, δ13CPOM at the 100-m depth (–22.4 ± 0.34‰) was significantly higher than those of 348 
the surface and subsurface (p ≤ 0.001) [Figure 8]. 349 

The least-AIC δ15NPOM GLM was as follows: 350 
δ15NPOM ~ glm[f(class) + f(season) + f(layer) + Lon + Lat + T + S]    (4). 351 
All the parameters were statistically significant (ANOVA, p < 0.001), and the r2 value of the 352 
model was found to be 0.451. The longitude had a positive impact on δ15NPOM, i.e., δ15NPOM 353 
increased eastward [Figure 9e]. The δ15NPOM was negatively affected by the latitude, 354 
temperature, and salinity [Figure 9d, f, g]. The lsmean values indicated that the δ15NPOM of 355 
classes I (lsmean ± SE: –1.6 ± 0.41‰) and II (–3.1 ± 0.22‰) were significantly lower and higher 356 
than those of the other three classes, respectively (pair-wise test with Tukey’s adjacent, p < 357 
0.01). Moreover, classes III (2.1 ± 0.34‰) and IV (2.0 ± 0.29‰) were not significantly different 358 
(p = 0.9735). The seasonal variations exhibited significant differences between spring (1.3 ± 359 
0.25‰) and summer (1.9 ± 0.18‰, pair-wise test with Tukey’s adjacent, p < 0.01), while the 360 
lowest lsmean values were recorded in winter (0.9 ± 0.43‰). No significant differences of 361 
lsmean δ15NPOM were found between spring and summer (p > 0.0897). The layer indicated that 362 
δ15NPOM at a depth of 100 m (2.3 ± 0.39‰) was significantly higher (pair-wise test with Tukey’s 363 
adjacent, p < 0.01) than that at the surface (0.9 ± 0.15‰) and subsurface (1.0 ± 0.21‰). 364 
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4. Discussion 365 

This study, for the first time, revealed δ13CPOM and δ15NPOM in a wide area of the southern 366 
SOJ. Previous studies on δ13CPOM and δ15NPOM were confined to the coastal areas of the southern 367 
SOJ [Antonio et al., 2012; Nakamura et al., 2022] and sinking particles [Nakanishi and 368 
Minagawa, 2003]. Seasonality was demonstrated by the δ13C and δ15N values of sinking organic 369 
particles in the deep layer (> 500 m depth) [Nakanishi and Minagawa, 2003]. Significant 370 
seasonality of δ13CPOM and δ15NPOM was observed on the surface in our study, although the 371 
pattern of δ13C differed from that seen by Nakanishi and Minagawa [2003]. In Nakanishi and 372 
Minagawa [2003], the δ13C of sinking particles increased with bloom period. However, in our 373 
study, the δ13CPOM decreased along the SI-line. On the contrary, the seasonality of δ15N of the 374 
sinking particles and δ15NPOM was comparable. We were unable to determine why the seasonality 375 
of δ13CPOM of our study differed from that of Nakanishi and Minagawa [2003]. However, our 376 
observations indicated that the δ13CPOM and δ15NPOM values at 100-m depth, below the euphotic 377 
layer, were significantly different from those in the euphotic zone [Figure 2], and monthly 378 
variations were not significant below the mixed layer. Thus, the characteristics of the sinking 379 
particles in the SOJ may be different from those of POM in the surface layer. 380 

4.1. Variations and the causes of carbon isotope ratio 381 

According to the GLM approach, environmental characteristics may explain 382 
approximately two-thirds of the variations in δ13CPOM. The relationships found in this study are 383 
consistent with previous observations. When environmental conditions were ignored, seasonal 384 
variation was significant; nevertheless, seasonal variation was not selected as an explanatory 385 
variable in the GLM, suggesting that environmental parameters can well explain the seasonality 386 
of δ13CPOM. The positive associations observed between temperature or chlorophyll-a 387 
concentration and δ13CPOM were similar to those observed in earlier ocean and incubation 388 
experiments [Fontugne and Duplessy, 1981; Goericke and Fry, 1994; Miller et al., 2013; Savoye 389 
et al., 2003]. Phytoplankton community growth rates are probably high in the warm water 390 
[Sherman et al., 2016], and high chlorophyll-a concentrations are considered to be a 391 
consequence of rapid phytoplankton growth. During the rapid growth phase, phytoplankton 392 
utilizes more 13CO2 utilization in the water, consequently elevating δ13CPOM [Freeman and 393 
Hayes, 1992].  394 

The negative relationship between δ13CPOM and salinity or nitrate concentration has been 395 
previously reported in Kuroshio and western North Pacific boundary currents [Kodama et al., 396 
2021]. The negative relationship between salinity in the Kuroshio area was considered to be a 397 
mixture of POM formed in the estuary [Kodama et al., 2021], where phytoplankton bloom 398 
occurs and then high δ13CPOM POM are formed [Ogawa and Ogura, 1997; Savoye et al., 2003]. 399 
Additionally, the elevated δ13CPOM may be due to sediment resuspension in the Changjiang 400 
estuary [Gao et al., 2014].  Although our samples were occasionally obtained near Japanese 401 
coastal regions, the less saline water of this sea is mostly due to the influence of the East China 402 
Sea [Kosugi et al., 2021]. In the East China Sea, δ13CPOM is negatively associated with salinity 403 
[Ho et al., 2021], and high δ13CPOM (> –20‰) is detected in the Changjiang diluted waters [Gao 404 
et al., 2014]. However, Gao et al. [2014] did not report the hydrographic characteristics in the 405 
high δ13CPOM area, and thus, the relationship between salinity and δ13CPOM was unknown. The 406 
direct influence of terrestrial organic matter from China may be ignored: the δ13CPOM in the 407 
Changjiang river is < –25‰ [Gao et al., 2014], while the contribution of terrestrial organic 408 
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matter is <10% 500 km away from the Changjiang estuary [Wu et al., 2003]. The effects of 409 
Japanese local rivers cannot be ignored, where river-originated δ13CPOM is ~ –24‰ and lower 410 
than the ocean-originated δ13CPOM [Antonio et al., 2012], and thus, the direct influence of 411 
terrestrial organic matter is deemed to be restricted in the SOJ based on the relationship between 412 
salinity and δ13CPOM. These results suggest that POM with high-δ13CPOM from the less saline 413 
waters of the East China Sea is transported into the SOJ and influences the spatiotemporal 414 
variation of δ13CPOM in the SOJ, particularly during the summer, when the Changjiang-origin 415 
freshwater inputs to the SOJ via the Tsushima Strati are the highest among the seasons 416 
[Morimoto et al., 2009]. However, in the instance of the Delaware Estuary in the United States, 417 
high seasonality of δ13CPOM (–17‰ in spring while –32‰ in summer) was reported [Fogel et al., 418 
1992], and it was a possibility that POM with low-δ13CPOM was formed in both the Changjiang 419 
estuary and Delaware Estuary. Carbon assimilation and decomposition processes in the less-420 
saline waters, which were not observed in this study, must thus be investigated in the future. We 421 
could not come up with a plausible explanation for the negative relationship between latitude and 422 
nitrate concentration.  423 

The environmental parameters properly explained δ13CPOM variability, but not the 424 
difference among classes (III and IV) because it was significant in the GLM. Temperature, 425 
nitrate concentration, and C:N ratio were found to be significantly different across classes III and 426 
IV. Furthermore, the class IV samples were mostly from the surface layer during the summer, 427 
but the surface layer samples during summer were not classified as the class III. Nakatsuka et al. 428 
[1992] reported that δ13CPOM levels are high in the late phytoplankton bloom phase. Thus, the 429 
high δ13CPOM with low nitrate concentration and high C:N ratio in the class IV samples may be 430 
attributed to active carbon assimilation under nitrate depletion conditions. However, because the 431 
chlorophyll a concentration was low in the class IV samples, additional processes must be 432 
considered. According to the T-S diagram, class IV POM was mainly collected in the warm and 433 
saline waters in 2019. This may indicate that the isotope fraction in this water is different; for 434 
example, an increase in diatom abundance elevates δ13CPOM [Lowe et al., 2014], but the diatom 435 
contribution in the SOJ is low during the summer [Kodama et al., 2022b]. The phytoplankton 436 
community structure was not assessed in this study and will need to be investigated more in the 437 
future. In contrast to class IV samples, low δ13CPOM samples in class III were mostly observed in 438 
nitrate-rich waters, indicating that primary production is not active, which might be due to light 439 
limitation and deep mixing; the previous study’s iron limitation for primary production was 440 
rejected [Fujita et al., 2010].  However, comparable environmental conditions of classes III and 441 
IV samples were observed in the classes I and II samples, and hence the fundamental reason why 442 
the δ13CPOM was low and high in classes III and IV, respectively, is yet unclear. 443 

4.2. Unique nitrogen dynamics in the SOJ 444 

Unlike δ13CPOM, δ15NPOM was not adequately explained by environmental parameters 445 
based on the detection coefficient values. Temperature and salinity remained as explanatory 446 
variables in the variation of  δ15NPOM in the ocean, but were not regarded as essential 447 
determinants [Sigman et al., 2009]. Temperature had the opposite impact reported in the 448 
Kuroshio [Kodama et al., 2021]. Temperature had no significant effect in the western south East 449 
China Sea [Ho et al., 2021], thereby suggesting that the negative impact of temperature on the 450 
δ15NPOM was specific to the SOJ; however, its mechanisms remain unclear.   451 
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The negative impact of salinity was similar to that observed in the Kuroshio [Kodama et 452 
al., 2021]. In June 2010, the δ15NPOM in the surface less-saline Changjiang diluted water (at 5 m 453 
depth and salinity <30) was recorded to be ~9‰ in the northern part of the East China Sea 454 
[Sukigara et al., 2017]. In 2011, the δ15NPOM in the Changjiang diluted water in 2011 was ~6‰ 455 
[Sukigara et al., 2017]. Sukigara et al. [2017] stated that POM with high δ15NPOM was not 456 
always present in the Changjiang diluted water, although high δ15NPOM was also reported in the 457 
East China Sea in previous studies [Gao et al., 2014; Wu et al., 2003]. These findings 458 
corroborate the hypothesis that high δ15NPOM levels originate from the less-saline Changjiang 459 
diluted water that mainly flows into the SOJ during the summer [Morimoto et al., 2009], as well 460 
as the negative relationship between salinity and δ15NPOM. 461 

There are two proposed mechanisms for the influence of latitude on the δ15NPOM. One is 462 
the Japanese territorial influence. The other is the impact of the coastal branch of the Tsushima 463 
Warm Current. The coastal branch of the Tsushima Warm Current originates from the eastern 464 
channel of the Tsushima Strait and flows along the Japanese coast [Katoh, 1994]. Our 465 
monitoring regions always included a coastal region in the low latitude area, as well as flows of 466 
the coastal branch of the Tsushima Warm Current [Katoh, 1994]. The δ13CPOM did not indicate 467 
direct territorial inputs in this case, thus the influence of the coastal branch of the Tsushima 468 
Warm Current and the origin of the waters may be the explanation.  469 

Although ocean observations indicated a negative relationship between δ15NPOM and 470 
nitrate concentration based on Rayleigh fractionation [Sigman et al., 2009] has been supported in 471 
the ocean observations [Ho et al., 2021; Kodama et al., 2021],  the negative relationship in the 472 
SOJ remained equivocal. Even in an open system, kinetic isotope effects (δ15N difference 473 
between reactant and product) and the degree of consumption of reactant theoretically determine 474 
the δ15N value of the product, and when the remaining reactant is zero (i.e., completely 475 
consumed), the δ15N of a product is equal to the original δ15N of reactant [Sigman et al., 2009]. 476 
In this case, the kinetic isotope effect of nitrate on POM is ~3‰ [Sigman et al., 2009]. Thus, 477 
δ15NPOM is theoretically 0–3‰ lower than δ15N of nitrate (δ15NNO3), and with nitrate 478 
consumption, it increases and approaches the original δ15NNO3 value. The monthly variations in 479 
the surface layer along the SI-line indicated that the δ15NPOM increases from winter to summer, 480 
and the GLM method confirms this trend. This also indicates that nitrate depletion partly 481 
contributes to the increase in δ15NPOM. Because δ15NPOM was not normally distributed, the 482 
association was insignificant (p = 0.4467) when we removed class I POM, indicating that the 483 
relationships between δ15NPOM and the environment, especially the nitrate concentration in the 484 
SOJ, were unique.  485 

The following are three hypotheses for the ambiguous relationship between δ15NPOM and 486 
nitrate concentration: (1) our dataset; and (2) the variety of nitrogen sources. First, our 487 
observations were mainly conducted in the summer, during which time the nitrate was depleted 488 
at the surface, and the nitrate concentration in 182 of the 494 samples was not detectable (< 0.01 489 
µM). The δ15NPOM in the nitrate-depleted waters varied greatly (mean ± SD: 2.8 ± 1.2‰, n = 490 
182). This δ15NPOM variation in nitrate-depleted water may have rendered the relationship 491 
between δ15NPOM and nitrate concentration unclear, rendering the association statistically 492 
insignificant. When the GLM approach was conducted for subsamples with detectable nitrate 493 
(>0.01 µM), the nitrate concentration remained as the explanatory variable in the least-AIC 494 
model; the coefficient was negative but not significant (ANOVA, p = 0.12). As a result, the 495 



manuscript submitted to Journal of Geophysical Research - Oceans 

 13 

imbalanced dataset was not rejected; nonetheless, it was not the primary cause of the ambiguous 496 
relationship between δ15NPOM and nitrate concentration.  497 

Second, the nitrogenous (nitrate) source of the SOJ exhibited variability. Previous studies 498 
in the Northern East China Sea [Umezawa et al., 2021; Umezawa et al., 2014] found four nitrate 499 
sources with varying δ15NNO3. The nitrate with high-δ15NNO3 (8.3‰) originated from the 500 
Changjiang freshwater in July, the nitrate with low-δ15NNO3 (2.0‰) originated from the 501 
Changjiang estuary in July, the δ15NNO3 in the water originating from the Kuroshio is 5.5–6.0‰ 502 
in February, and that originating from atmospheric deposition is -4‒0‰ [Umezawa et al., 2021; 503 
Umezawa et al., 2014]. Furthermore, active nitrogen fixation occurs in the northwestern part of 504 
the East China Sea [Shiozaki et al., 2010], and δ15NPOM originating from nitrogen fixation is -505 
2.1‒0.8‰ [Minagawa and Wada, 1986]. According to these results, the δ15NPOM formed by 506 
nitrate assimilation and nitrogen fixation exhibited a wider range. In fact, in the East China Sea, 507 
where the TWC originates, δ15NPOM near the surface varies widely by about -5–9‰ during 508 
summer [Gao et al., 2014] and 2–6‰ in autumn [Wu et al., 2003]. Horizontal advective transport 509 
of nitrate from the East China Sea is the key factor for controlling primary production in the SOJ 510 
throughout the summer [Kodama et al., 2017; Kodama et al., 2015]. POM originating from 511 
diverse nitrogenous sources will be mixed during the horizontal advection processes in the TWC 512 
and the East China Sea, and POM from the East China Sea is expected to flow into the SOJ with 513 
nitrate. The numerous nitrogen source contributions would obscure the δ15NPOM and nitrate 514 
concentration in the SOJ. 515 

Here, in-silico simulation of the relationship between the δ15NPOM and nitrate 516 
concentration was performed. The δ15NNO3 was set to 0–8.3‰ [Umezawa et al., 2021; Umezawa 517 
et al., 2014], the kinetic isotope effects to 3‰ [Sigman et al., 2009], and the supplied nitrate 518 
concentration to 0.05–5 µM. The δ15NPOM was then calculated by mixing nitrate-origin POM and 519 
nitrogen-fixation-origin POM. Based on observations in the southern East China Sea in summer, 520 
the contribution of nitrogen fixation to nitrate assimilation in the water column was reported as 521 
10–82% [Liu et al., 2013].The contribution of nitrogen fixation to the primary production in Liu 522 
et al. [2013] (1.9–5.8%) was comparable to that of the SOJ in June (~3.8%) [Sato et al., 2021]. 523 
Therefore, the contribution of nitrogen fixation to δ15NPOM was set at 10–82% [Liu et al., 2013]. 524 
δ15NPOM produced with nitrogen fixation was set at -2.1–0.8‰ [Minagawa and Wada, 1986].  525 
Assuming that the parameters and fraction of remanent nitrate (0–100%), except kinetic isotope 526 
effects, were randomly varied in this simulation, and the sample size was set to 500, the 527 
insignificant relationship between the δ15NPOM and nitrate concentration was observed in ~30% 528 
of the simulations (replicated 1000 times).  On the other hand, when the δ15NNO3 was adjusted to 529 
5–6‰, the significant negative relationship between δ15NPOM and nitrate concentration was 530 
consistently observed. This result supports our hypothesis that the relationship between the 531 
δ15NPOM and nitrate concentration is disrupted by the numerous nitrogen sources. 532 

Another distinctive feature of the SOJ was the low-δ15NPOM designated class I, which was 533 
found in the winter and spring, and is characterized in the T-S diagrams. The low-δ15NPOM was 534 
mainly observed in temperature and salinity ranges of 9.4–11.4°C and 33.877–34.038, 535 
respectively. Wagawa et al. [2020] classified this water as "upper low salinity water" (ULSW). 536 
Despite the fact that the origin of USLW was unclear, Wagawa et al. [2020] proposed that it 537 
originated from Toyama Bay, with a less saline condition caused by the mixing with local 538 
Japanese rivers. It is reasonable to assume that the USLW is not mixed with the saline TWC 539 
water (its salinity is ~ 34.5). Because this saline TWC water originates from the Kuroshio 540 
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Current, the δ15NNO3 of the saline TWC water is estimated to be 5.5–6.0‰ in accordance with 541 
Umezawa et al. [2014]. At the same time, the δ15NNO3 of local Japanese rivers has been estimated 542 
to be 0–2‰ [Sugimoto et al., 2019], suggesting that the POM in the ULSW may have originated 543 
from lower δ15NNO3-nitrate than the Kuroshio-origin nitrate, and hence the δ15NPOM is lower than 544 
the other water masses.  The horizontal distribution of ULSW is not reported, but we assumed 545 
that it was not large and confined to winter and spring based on Wagawa et al. [2020], hence the 546 
low-δ15NPOM area would be limited to season and area. Phytoplankton bloom is another 547 
possibility for class I. δ15NPOM rapidly declined at the start of the phytoplankton bloom phase but 548 
quickly rose with nitrate depletion [Nakatsuka et al., 1992]. However, we believe that such 549 
scenario is uncommon and did not have a significant impact on our observations because the 550 
majority of class I samples were collected in February, and the phytoplankton bloom occurred at 551 
the end of March [Kodama et al., 2018; Maúre et al., 2017]. 552 

Seasonality remained significant after accounting for hydrographic conditions in the 553 
GLM.  Not only nitrate concentrations but also nitrogen sources have a seasonality in the SOJ. 554 
The mixed layer deepens in the winter, and hence the nitrate originated in deep-sea water or local 555 
Japanese rivers in this season. The utilization of nitrate provided in winter occurs in spring, and 556 
the Tsushima Warm Current remains weak [Yabe et al., 2021].  Kodama et al. [2015] also 557 
showed that subsurface nutrient maximum induced by the horizontal advective transport of the 558 
Tsushima Warm Current could be observed from the beginning of June. Therefore, the 559 
seasonality of δ15NPOM may be associated with horizontal advective transport, albeit additional 560 
research is required to understand the seasonality. 561 

We identified the interannual variations in δ13CPOM and δ15NPOM during summer using 562 
repetitive measurements along the SI-line. In 2019, low δ15NPOM with high δ13CPOM was 563 
observed compared to that in 2018, despite the fact that the environmental conditions were not 564 
significantly different among these four years (2016, 2018–2020). These interannual variations 565 
may be influenced by horizontal advection. We were unable to gather data on the contribution of 566 
the horizontal advection processes, however, interannual variations in salinity and phosphate 567 
concentration in the East China Sea are linked to those of SOJ [Kodama et al., 2016; Kosugi et 568 
al., 2021]. In the East China Sea, the interannual difference in δ15NPOM in the Changjiang diluted 569 
water was reported by Sukigara et al. [2017] and Ho et al. [2021] revealed an interannual 570 
difference in δ15NPOM in the Changjiang diluted water in the East China Sea, which may 571 
influence δ13CPOM and δ15NPOM in the SOJ.  The causes of interannual variations are not 572 
described by Sukigara et al. [2017] or Ho et al. [2021], and we were unable to determine them in 573 
our study. 574 

5. Conclusions 575 

 In this study, the δ13CPOM and δ15NPOM values in the southern SOJ were investigated and 576 
reported for the first time. Our observations were mostly conducted in the summer, therefore our 577 
identified characteristics of δ13CPOM and δ15NPOM mainly reflected the characteristics of the 578 
summer of SOJ, while seasonality, except autumn, was covered by the monitoring line. There 579 
were significant seasonal variations in δ13CPOM and δ15NPOM in the surface mixed layer, but not 580 
below the mixed layer (at 30 m depth). Environmental variables and primary production 581 
processes adequately explained the observed δ13CPOM value. δ13CPOM could be estimated using 582 
our GLM and routine hydrographic observations. However, environmental variables did not 583 
adequately explain the variation in δ15NPOM. In particular, the relationship between nitrate 584 
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concentration was not found. The SJO contains different nitrogenous sources, such as 585 
atmospheric depositions and riverine inputs, and δ15NPOM indicates that these sources are mixed 586 
and support primary production. The in-silico simulation supported that multiple nitrate sources 587 
contributed to the ambiguous relationship between δ15NPOM and nitrate concentration. The main 588 
nitrogen source in the SOJ was not detected in our study, but the new production was dependent 589 
on the nitrate supplied from these sources. Anthropogenic nitrogen inputs were increased in the 590 
SOJ [Duan et al., 2007; Kitayama et al., 2012], and hence, the new production in the SOJ is 591 
expected to increase. As a result, we must evaluate the impact of “increased” new production on 592 
the biogeochemical cycles and ecosystems in the SOJ. 593 
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Figure Captions 771 

Figure 1. Map of the sampling stations. (a) Small-scale map of our observation area (break line 772 
square) with sea surface height and estimated ocean current positions (arrows: two offshore branches of 773 
Tsushima Warm Current, coastal branches of Tsushima Warm Current, and Kuroshio). (b) Sampling 774 
stations in winter (February), (c) in spring (March–June), and (d) in summer (July–September). 775 
The sea surface height was derived from Copernicus Marine Service Global Ocean Physics Reanalysis 776 
(GLORYS12V1, https://doi.org/10.48670/moi-00021) in August 2015. Along the SI-line [black solid line 777 
in (a) and gray line in (b) – (d)] set offshore of Sado Island, repeated observations were made. The 778 
crosses indicate the stations where samples were collected from the deep layer (75 m in spring and 100 779 
m in summer), and open circles indicate stations where samples were collected only from the subsurface 780 
layer (20–65 m depth). In winter, all the sampling layers were assumed to be in the mixed layer, 781 
thus we did not divide them into surface and subsurface layers when collections were made at 10 782 
m and 30 m depths. 783 

Figure 2. The vertical profiles of (a) δ13CPOM, (b) δ15NPOM, and (c) the C:N ratio collected at nine 784 
stations in the eastern part of the Sea of Japan during September of 2020 (cross stations in Figure 785 
1). Lines denote the profiles of every station. Box plots show the median (vertical thick lines 786 
within boxes), upper and lower quartiles (boxes), quartile deviations (horizontal bars), and 787 
outliers (closed circles). 788 

Figure 3. Horizontal distributions of δ13CPOM (upper, a–e) and δ15NPOM (lower, f–j) in the Sea of 789 
Japan (1° × 1° grid median values for five years). The (a and f) winter, (b and g) in the surface 790 
layer of spring, (c and h) in the subsurface layer of spring, (d and i) in the surface layer of 791 
summer, and (e and j) in the subsurface layer of summer. Circle sizes reflect the sample numbers 792 
used for calculating the median values.  793 

Figure 4. Temporal variations of δ13CPOM (left) and δ15NPOM (right) along the monitoring line 794 
(SI-line); (a) Monthly variation of δ13CPOM in the surface layer, (b) monthly variation of δ15NPOM 795 
in the surface layer, (c) monthly variation of δ13CPOM in the subsurface layer, (d) monthly 796 
variation of δ15NPOM in the subsurface layer, (e) yearly variation of δ13CPOM in the surface during 797 
summer, and (f) yearly variation of δ15NPOM in the surface during summer. Box plots show the 798 
mean (thick horizontal lines within boxes), standard deviation (boxes), maximum or minimum 799 
values (vertical bars), and outliers (closed circles). The lower-case italic characters near the 800 
boxes (x, y, and z) reflect the results of the pairwise test with Tukey–Kramer adjacent; the same 801 
character pairs showed an insignificant difference in the pair (p > 0.05). In the subsurface layer 802 
(c, d), the pairwise test with Tukey–Kramer adjacent was not significant among any pairs. The 803 
numbers just above the horizontal axis indicate the sample numbers. 804 

Figure 5. (a) Diagram between δ15NPOM and δ13CPOM. Stacked histograms of (b) δ13CPOM and (c) 805 
δ15NPOM for the two-dimensional Gaussian mixed model (GMM), with colors indicating the 806 
different classes.  807 

Figure. 6. Differences in environmental parameters among the classes divided based on δ13CPOM 808 
and δ15NPOM. Parameters include (a) temperature, (b) salinity, (c) nitrate concentration, (d) 809 
chlorophyll-a concentration, and (e) C:N ratio. Box plots show the mean (thick horizontal lines 810 
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within boxes), standard deviation (boxes), and maximum or minimum values (vertical bars). The 811 
small gray dots represent the raw values. 812 

Figure. 7. (a) T–S (temperature–salinity) diagram overlayed with classification (I–IV) based on 813 
δ13CPOM and δ15NPOM. In this diagram, salinity < 32 was not plotted. (b) An N-σt (nitrate-density) 814 
diagram. The nitrate concentration was transformed as a logarithm value. 815 

 816 

Figure 8. The least-square mean (lsmean) based effects of the environmental parameters in the 817 
least AIC GLM for δ13CPOM. Effect of (a) classes, (b) sampling depth, (c) latitude, (d) 818 
temperature, (e) salinity, (f) log-transformed chlorophyll-a concentration, and (g) log-819 
transformed nitrate concentration. Closed circles with bars or solid lines with shadows represent 820 
the lsmeans with 95 % confidence intervals. The small gray dots represent the observation data. 821 

Figure 9. Least-square mean (lsmean) values based on the effects of the environmental 822 
parameters in the least-AIC GLM for δ15NPOM. Effect of (a) classes, (b) sampling seasons, (c) 823 
sampling depth, (d) latitude, (e) longitude, (f) temperature, and (g) salinity. Closed circles with 824 
bars or solid lines with shadows represent the lsmeans with 95 % confidence intervals. The small 825 
gray dots represent the observation data. 826 
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