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This study conducted sensitive and precise analyses of dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP) concentrations and trace concentrations of nitrate and nitrite (N+N) and soluble reactive phosphorus (SRP) in seawater. The methods were applied to investigate the distributions and controls of N+N, SRP, DON, and DOP in the oligotrophic Kuroshio Current (KC) area off eastern Taiwan during warm seasons. The water in the studied area was classified into four major types: typical Kuroshio water (KW), KW influenced by the East China Sea water, KC influenced by the South China Sea (SCS) water, and KW influenced by the SCS water and river plumes, which is confined to the coastal zone. Nutrient distributions in KC revealed very low N+N (0.002−0.40 μM) and SRP (0.015−0.125 μM) concentrations but high DON (<8 μM) and DOP (<0.3 μM) concentrations above the nutricline depth, which accounted for >80% of TDN and TDP, respectively; theses concentrations can primarily be attributed to strong, permanent surface stratification. Among the water types, KW had the lowest N+N, SRP, DON, and DOP concentrations but greatest chlorophyll maximum depth and nutricline depth, except for in locations influenced by island-induced upwelling. The concentrations of all nutrients increased by various degrees in the other water types, which was attributed to the exchange and mixing of different water masses and coastal uplift of subsurface waters. KW was not only highly oligotrophic but also N+N-limited reflected from very low [N+N]/[SRP] ratio (0.02−0.15) in the mixed layer (ML). Overall, the N+N limitation and high nitrate anomaly value (N*: 2.47 ± 0.16 μM) above the nutricline depth strongly indicate prevailing N2 fixation at the surface of KW. Very high DON/DOP ratio in KW (16.9−69.1) probably resulted from the release of N-rich organic nutrients from phytoplankton including N2 fixers at the surface and faster recycling of DOP than DON in deep waters. Persistent coastal uplift of subsurface water occurs everywhere over the shore-side region of the KC, resulting in increasing surface concentrations of nutrients and chlorophyll a. Overall, the aforementioned physical and biogeochemical processes determined the upper-ocean distributions of nutrient species in warm seasons.
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1 Introduction

The Kuroshio Current (KC), a strong western boundary current, not only has a significant impact on the climate of East Asia and the Northwest Pacific (Komatsu and Hiroe, 2019; Kodama et al., 2021), but also plays an important role in the global climate (Hu et al., 2015; Wan et al., 2023). The KC originates from the Pacific North Equatorial Current which bifurcates at the east coast of Luzon, from where the KC flows northwardly along the east coasts of Taiwan and reaches the south coast of Japan (Nitani, 1972; Qu and Lukas, 2003). In the Bashi Channel, a branch of Kuroshio surface and bottom currents flow into the northern South China Sea (SCS). This branch is accompanied by an intermediate water outflow from the northern SCS into the West Philippine Sea; the outflow results in strong mixing between the SCS water (SCSW) and Kuroshio water (KW; Shaw, 1991; Chen and Wang, 1998; Chou et al., 2007; Nan et al., 2015). The KC flows along the east coast of Taiwan and exhibits surface waters characterized by relatively high temperatures and salinity and low amounts of nutrients; however, the main axis of the KC is subject to seasonal variability that can strongly affect surface hydro-biological conditions and ecosystems (Hsin et al., 2013; Chen et al., 2017; Komatsu and Hiroe, 2019; Saito, 2019; Kodama et al., 2021). Thus, the KC has surface waters with relatively low primary productivity but abundant biota and fish populations in regions with an abrupt change in topography (Chiu and Huang, 1994; Wang and Lee, 2019). This enhanced productivity may be derived from a “nutrient stream” formed in the Kuroshio subsurface waters; this stream flows northward, causing upwelling and an increase in productivity in the northeast of Taiwan where the KC encounters the shelf of the East China Sea (Guo et al., 2013; Chen et al., 2017, 2021).

In warm oligotrophic ocean waters such as the upper waters of the KC, where the river inputs are small and nitrate and phosphate are scarce, the growth of marine phytoplankton is commonly restricted by the limited availability of nitrogen or phosphorus (Graziano et al., 1996; Mills et al., 2004; Moore et al., 2013; Browning and Moore, 2023). Although previous studies have pointed out the important contribution of atmospheric deposition of dissolved inorganic nitrogen to biological productivity in the SCS (Gao et al., 2020), the East China Sea (Zhang et al., 2010; Jin et al., 2024), and the North Pacific Ocean (Kim et al., 2014), it remains unclear at the current stage if the atmospheric deposition provides significant impacts on the distribution of nutrient in the KC. Oligotrophic oceans have large pools of dissolved organic nitrogen (DON) and phosphorus (DOP) that may become sources of nutrients supporting phytoplankton growth and sustaining ecosystem functioning through autotrophic and heterotrophic uptake and decomposition, despite the DON and DOP are mainly derived from phytoplankton release or derived through zooplankton’s sloppy feeding (Jackson and Williams, 1985; Abell et al., 2000; Bronk and Ward, 2000; Hansell and Feely, 2000; Berman and Bronk, 2003; Raimbault et al., 2008; Lomas et al., 2010; Karl and Björkman, 2015; Sarma et al., 2019). In an upper water column characterized by a strong thermal stratification, nutrients are restricted to sunlit surface waters; hence, phytoplankton may seek alternative ways to acquire nitrogen and phosphorus for growth. Marine nitrogen fixation is a crucial process in which abundant nitrogen in the atmosphere is used to convert dissolved N2 into bioavailable ammonia, particularly in oligotrophic oceans (Capone and Carpenter, 1982; Capone et al., 1997; Gruber and Sarmiento, 1997; Deutsch et al., 2001; Wang et al., 2019; Zehr and Capone, 2020). Previous studies have reported that N2 fixation can release and accumulate DON that is apparently involved in nitrogen cycling and that enhances carbon sequestration (Karl et al., 1997; Ohlendieck et al., 2000; Sipler and Bronk, 2015). Particular locations of the KC contain abundant nitrogen fixers and have a high rate of nitrogen fixation, thus supplying additional nitrogen to the ocean in summer (Marumo and Asaoka, 1974; Liu et al., 1996; Chen et al., 2014). Iron supply may be critical to the growth of phytoplankton and nitrogen fixers in oligotrophic oceans (Grabowski et al., 2008; Isada et al., 2019; Sato et al., 2021).

Several studies on the role of DOP in sustaining N2 fixation have indicated that in phosphate-depleted oligotrophic regions, nitrogen-fixing phytoplankton uses organic forms of phosphorus as an alternative source of phosphorus through DOP remineralization or direct consumption (Dyhrman et al., 2006; Palter et al., 2011; Filella et al., 2022). This is crucial because the concentrations of soluble reactive phosphorus (SRP) in the tropical and subtropical North Atlantic Ocean are too low to sustain Trichodesmium growth (Sohm and Capone, 2006) and molecular analyses have confirmed the ability of Trichodesmium to use DOP for N2 fixation (Dyhrman et al., 2006). Liang et al. (2022) reported that DOP as a dual role in the surface waters of the ocean; fueling primary production and nitrogen fixation, particularly in oligotrophic gyres. They also proposed that phosphate and iron stress, which may limit N2 fixation, can control the global distribution of DOP. Nevertheless, the role of DOP as an alternative phosphorus source to support nitrogen fixation or primary productivity in the KC remains unclear.

To explore the oceanic roles, processes, and function of DON and DOP, reliable methods for measuring nitrate and nitrite (N+N), SRP, DON, and DOP concentrations are necessary to obtain a clearer understanding of the nutrient biogeochemistry in the upper waters of nutrient-depleted oceans. Quantifying N+N and SRP concentrations in N- and P-depleted oceans is challenging because these concentrations are usually excessively low (nanomolar levels) to be precisely determined using conventional nutrient analyses (Garside, 1982; Karl and Tien, 1992). In addition, the determination of DON and DOP relies heavily on the precise measurement of N+N and SRP. Because physical and biogeochemical studies have focused on regions downstream of the KC or on the limited upstream region connected to the SCS (Chou et al., 2007; Guo et al., 2012; Komatsu and Hiroe, 2019; Saito, 2019; Chen et al., 2021; Joh et al., 2021; Lai et al., 2021), the current understanding of the roles of dissolved inorganic and organic nutrients in the KW off the east coast of Taiwan is relatively limited. Accordingly, to address these knowledge gaps, we attempted to reliably analyze dissolved inorganic and organic nitrogen and phosphorus and employed promising methods to study the distributions and biogeochemical dynamics of inorganic and organic nutrients in the Kuroshio system. Hence, this study not only presents a reliable evaluation of inorganic and organic nutrient pools but also increases the understanding of processes that influence the distributions and dynamics of inorganic and organic nutrients in the Kuroshio upstream.




2 Materials and methods



2.1 Study area and sampling locations

This study employed seawater samples collected from one major scientific cruise (NCOR-JHS, May 22−June 03/2006) that conducted sampling across the entire KC area off eastern Taiwan (Stations ST01−ST41) and those collected from two minor scientific cruises (ORIII-CR1217, April 21−24/2007, and ORIII-CR1234, July 7−10/2007) that conducted sampling in only the southern zones of the KC. The sampling stations and their locations and depths are shown in Table 1 and Figure 1. Because of the high intensity of island−continent collisions, the topography of the seafloor across the KC characterized by an abrupt drop from the nearshore waters to depths greater than 3000 m within a short distance. Most of the sampling stations were noted to be located in deep-water zones (Figure 1). Seawater samples were collected using clean 10-L Niskin bottles mounted on a Rosette attached with CTD. The CTD (SBE 9 CTD; Sea-Bird Electronics, USA) and attached probes were used to record temperature (T), salinity (S), fluorescence (F), and transmission data for a water column. Surface and subsurface irradiance was measured using a photosynthetically active radiation sensor (OSP2001, Biospherical Instruments, San Diego, CA, USA). The euphotic depth was defined as the depth at which the light intensity was 1% of that at the surface. The water samples were collected at depths of 5−600 m, whereas the CTD data were recorded at depths of up to 1000 m; however, the data obtained at stations ST26 and ST28 were recorded at depths of up to 2000 m. The mixed layer depth (MLD) was estimated from the difference in potential density (<0.125 kg m−3) between the ocean surface and the bottom of the mixed layer (Monterey and Levitus, 1997). The concentration of chlorophyll a (Chl-a) was determined from the fluorescence data (F = −0.007 + 0.317Chl-a), which was calibrated using laboratory Chl-a measurements performed before the cruises took place. The collected seawater samples were frozen and brought to a land-based laboratory for further analyses.


Table 1 | A list of sampling dates, stations, water depths, and locations during the NCOR-JHS (early summer), ORIII-CR1217 (spring), and ORIII-CR1234 (summer) cruises.






Figure 1 | Study area and sampling locations during three cruises, NCOR-JHS (May 22−June 3, 2006; ST01−ST41), ORШ-CR1217 (April 21−24, 2007; STK1−STK5 and STU1−STU4), and ORШ-CR1234 (07/08−10/2007; STT1−STT4) in the Kuroshio Current (KC) off the east of Taiwan (B). Four water types in the study area can be identified and grouped in accordance with the S−T− σθ relationship at individual stations (Supplementary Figures 1−3); typical Kuroshio water (KW), KW affected by East China Sea water (KW-ECS), KW affected by South China Sea water (KW-SCS), and KW affected by SCS water and river plumes (KW-SCS-RP). Shown are the sampling stations covered by each water type. Insert: Kuroshio surface current and its branch intrusion into the South China Sea (SCS, black arrow) and intermediate-layer outflow from the SCS to the KC (A, red arrow).






2.2 Analyses of trace concentrations of N +N and SRP

The analysis of N+N is principally based on the method of vanadium-reduction proposed by Braman and Hendrix (1989). The vanadium(III) solution was prepared by reduction of acidic 0.10 M solution of vanadyl sulfate (VOSO4.nH2O) with Zn under controlling pH below 1.0 to produce dominant V(H2O)63+ species. The N+N in seawater can be reduced by vanadium(III) to NO that reacts with ozone (O3) to form NO2* and decayed hv that was detected by a chemiluminescence analyzer (Antek 7050, Antek Electronic Ltd., USA) according to the following reactions:

	

The concentration of N+N in seawater can be determined against N+N standards (1−50 nM; nitrate:nitrite = 4:1) following the steps described in Figure 2 in which the combustion unit (for determining total dissolved nitrogen (TDN)) was replaced by an unit of reaction vessel for N+N reduction warmed by a heater. Thus, N+N and TDN can be measured alternatively by switching the reaction vessel and combustion unit. The detection limit of N+N can be as low as 0.7 nM, and precision and accuracy of the method are 4.7% (coefficient of variation (C.V.), n = 12) and 1.1% (relative error, n = 6; based on 90 nM nitrate in certified Seawater Batch #59), respectively (Table 2).




Figure 2 | Apparatus arrangement for total dissolved nitrogen and N+N determination. For measuring N+N concentrations, the combustion unit was replaced by a unit of reaction vessel and heater for N+N reduction.




Table 2 | Precision and accuracy of analytical methods for determining N+N, SRP, TDN, and TDP concentrations in seawater.



The SRP concentration of surface samples was determined by the modified MAGIC method (Tomson-Bulldis and Karl, 1998) with correction for arsenate interference. The precision was estimated as 9.5% (C.V., n = 12, Table 2) by measuring a SCS water sample (mean: 47 nM SRP). However, N+N and SRP concentrations in subsurface and deep waters associated with relatively high concentrations were determined colorimetrically (Grasshoff et al., 1983) with a UV-Vis spectrophotometer (Hitachi U-3310) equipped with a module of flow injection analysis (Pai and Riley, 1994). These methods have been established previously (Hung et al., 2007, 2008, 2021).




2.3 Determination of DON and DOP concentrations

DON was determined by the difference between N+N and TDN that was measured with the chemiluminescence method using a seawater injection and combustion instrument (Shimadzu TOC-5000) connected to a chemiluminescence detector (Anteck Models 7050) (see Figure 2). The precision and accuracy were 1.7% (C.V., n = 12, by measuring a SCS seawater) and 0.4−1.9% (relative error, n = 6, by measuring a certified DOC SRM sample) (Table 2). DOP was determined by the difference between SRP and total dissolved phosphorus (TDP) that was measured with UV-persulfate oxidation and colorimetric method (Ridal and Moore, 1990). The precision was estimated to be 6.7% (C.V., n = 12) by measuring a SCS seawater sample (Table 2).




2.4 Estimated nutrient inventory

The inventory of N+N, SRP, DON, and DOP within the surface layer (100 m depth) was estimated by the depth-integrated concentration determined in each sampling depth using trapezoidal integration through the 100 m depth.




2.5 Nitrate anomaly

The Nitrate anomaly, N*, was estimated according to the following equation (Deutsch et al., 2001):

	

Where N and P are N+N and SRP concentrations, respectively. The constant of 2.90 μM is the global average deficit of nitrate resulted from denitrification.




2.6 Stratification index

The stratification index (SI) was estimated as the difference in potential density (δθ) between the upper 10 m (averaged) and 200 m for using as a measure of water column stratification (Lozier et al., 2011; van de Poll et al., 2013). The criterion of SI value for non-stratification (SI < 0.125 kg m−3) was reported by De Boyer Montégut et al. (2004).





3 Results



3.1 Hydrographic conditions

The hydrographic features of each station were determined by measuring T, S, and the density anomaly (σθ) in water columns. Table 3 lists the distribution of T, S, and σθ in the mixed layer and variations of MLD, deep chlorophyll maximum (DCM) depth, and nitracline depth in four water types. In general, typical KW had highest T and S in the mixed layer and deepest MLD, DCM depth, and nitracline depth; whereas, KW-SCS-RP had lowest T and S in the mixed layer and shallowest MLD, DCM depth, and nitracline depth. The measurements of T, S, and σθ in water columns were plotted against the typical T−S relationship for KW and SCSW waters to confirm that the investigated waters were mainly influenced by the KC itself and the mixing between KW and SCSW. The plots of T−S relationships obtained for all stations sampled by the three cruises are illustrated in Supplementary Figures 1−3. Typical KW was characterized by a salinity maximum (34.9) at the surface (200 m), which is typical of the North Pacific Tropical Water, and a salinity minimum (34.2) at 600 m, which is typical of the North Pacific Intermediate Water. At depths below 1500 m, the salinity increased with depth to about 34.7 at the bottom. Consequently, the T−S relationship for KW had an inverted “S” shape. SCSW was characterized by a high temperature and low salinity in the surface layer, high temperature and high salinity in the subsurface layer (∼150−250 m), low temperature and low salinity in the intermediate layer (∼400−1200 m), and low temperature and high salinity in the deep layer (>1500 m). Accordingly, the properties of the water at each station were primarily determined by assessing the water’s resemblance to either KW or SCSW.


Table 3 | Distributions of temperature, salinity, and density in the mixed layer including various conditions of mixed layer depth (MLD), deep chlorophyll maximum (DCM) depth, and nitracilne depth in four water types.



The water at the stations nearest the coast (ST1, ST11, ST12, ST19, and ST20) resembled SCSW with particularly low surface salinity; this water possibly resulted from the mixing of SCSW with KW and freshwater (Supplementary Figure 1). Therefore, the water was classified as KW influenced by SCSW and river plumes (denoted KW-SCS-RP; Figure 1). Moreover, the water at the stations off the northeastern tip of Taiwan (ST02−ST10) resembled SCSW at the surface and KW below the subsurface, possibly resulting from the mixing of the KW, SCSW, and ECSW (Supplementary Figure 1). Accordingly, the water was classified as KW influenced by ECSW (denoted KW-ECS; Figure 1). The water at the stations near the east-southeast coast (ST29−ST36) mainly resembled SCSW at the surface and KW below the subsurface, possibly resulting from the mixing between SCSW and KW (Supplementary Figure 1). Hence, the water was classified as KW influenced by SCSW (denoted KW-SCS; Figure 1). Finally, the water at the remaining stations (ST 13−ST18, ST21−ST28, and ST37−ST41) mostly resembled KW (Supplementary Figure 1) and was thus classified as typical KW (Figure 1).

The water samples collected in spring (April 21−24, 2007) during the ORIII-CR1217 cruise and in summer (July 7−10, 2007) during the ORIII-CR1234 cruise exhibited properties that resembled those of SCSW and KW (Supplementary Figures 2, 3); thus, the water was determined to be either KW-SCS or KW depending on the variation of the main Kuroshio path, which may cause different conditions for mixing of KW with SCSW.




3.2 Distribution of N+N, SRP, and N/P ratio

Studying the N+N distribution within a depth of 100 m revealed that the N+N concentration ranged from 0.001 μM to 0.892 μM (0.095 ± 0.196 μM) in typical KW, from 0.009 μM to 2.18 μM (0.250 ± 0.469 μM) in KW-SCS, from 0.003 μM to 2.976 μM (0.628 ± 0.909 μM) in KW-ECS, and from 0.02 μM to 6.339 μM (1.421 ± 1.871 μM) in KW-SCS-RP (Table 4; Figure 3A). The depth of 100 m was taken to cover MLD, DCM depth, and nitracline depth, and to systematically compare the magnitude of variables in four water types. Notably, the depth of the thermocline depth is not consistently equivalent to a depth of 100 m. In this study, the N+N concentration was generally highest in KW-SCS-RP and lowest in KW (Figure 3A). Examining the vertical distribution of the N+N concentration revealed that the concentration exhibited little variation above the nitracline depth which is defined as the depth where the nitrate concentration increases below the nutrient depleted upper layer; however, below the nitracline depth, the concentration exhibited a pronounced increase with depth (Figure 4; Supplementary Figure 4A). The nitracline depth was observed to be greater in KW (59−85 m) and KW-SCS (33−69 m) than in KW-SCS-RP (5−43 m) and KW-ECS (41−58 m) (Table 3). Vertical distributions of Chl-a revealed the lowest concentration at the surface (<0.2 μg l−1) and the maximum concentration at the DCM layer in deep and stratified KW and KW-SCS (Figures 4C, D). The concentration of Chl-a was usually elevated at the surface and increased toward the maximum at the DCM layer either in KW-SCS-RP (Figure 4A) or in KW-ECS influenced by upwelling (Figure 4B). The nitracline depth corresponded to the depth of DCM layer located at the base of the euphotic zone; KW had the deepest DCM, followed by KW-SCS, KW-ECS, and KW-SCS-RP (Figure 4). Hence, the nitracline depth may be regarded as a proxy of the nutrient supply to the upper euphotic layer of the ocean. The DCM is thus generally close to the nitracline depth, but that for KW-SCS is shallower than the nitracline depth. The DCM is also located below the MLD when the surface water is strongly stratified. Overall, the N+N concentration was noted to be higher on the western side of the KC, close to the east coast of Taiwan, than it was on the eastern side of the KC, regardless of the different transects across the KC located on various latitudes (Figure 5).


Table 4 | Distributions of N+N, SRP, DON, DOP, N+N/SRP ratio, and DON/DOP ratio in the mixed layer, thermocline, and deep layer in four water types sampled from the NCOR-JHS cruise.






Figure 3 | Distributions of (A) N+N and SRP and (B) DON and DOP at the surface above the nutricline depth (100 m) for four water types. Correlations are significant (p < 0.01) between N+N and SRP for an individual water type, but correlations are not significant between DON and DOP (p > 0.05) for any water type.






Figure 4 | Vertical distributions of N+N, TDN, DON, and Chl-a in four stations representing (A) KW-SCS-RP (ST11), (B) KW-ECS (ST03), (C) KW (ST22), and (D) KW-SCS (ST34). The dashed horizontal line indicates the mixed layer depth at each station.






Figure 5 | Contour plots of N+N concentration in water columns (0−600 m) of five transects across the KC at various latitudes (A–E).



Assessing the SRP distribution within a depth of 100 m indicated that the SRP concentration ranged from 0.014 to 0.136 μM (0.054 ± 0.032 μM) in typical KW, from to 0.014 to 0.180 μM (0.090 ± 0.042 μM) in KW-SCS, from to 0.034 to 0.182 μM (0.089 ± 0.042 μM) in KW-ECS, and from to 0.040 to 0.359 μM (0.162 ± 0.100 μM) in KW-SCS-RP (Table 4; Figure 3A). The concentration was highest in KW-SCS-RP and lowest in KW. The vertical SRP distribution was similar to the vertical N+N distribution. Specifically, below the nutricline depth, the concentration increased with depth (Figure 6; Supplementary Figure 4B). The nutricline depth and DCM can thus be determined to be closely related (Figure 6).




Figure 6 | Vertical distributions of SRP, TDP, DOP, and Chl-a in four stations representing (A) KW-SCS-RP (ST11), (B) KW-ECS (ST03), (C) KW (ST22), and (D) KW-SCS (ST34). The dashed horizontal line indicates the mixed layer depth at each station.



Examining the distribution of the N+N/SRP ratio within the top 100 m of the water column indicated that the ratio ranged from 0.02 to 8.17 (0.98 ± 1.81) in typical KW, from to 0.12 to 13.6 (2.44 ± 3.58) in KW-SCS, from to 0.05 to 16.5 (4.82 ± 6.30) in KW-ECS, and from to 0.15 to 21.2 (6.61 ± 7.82) in KW-SCS-RP (Table 4). The N/P ratio was highest in KW-SCS-RP and lowest in KW. The ratio generally increased with depth in all four water types. The averaged N/P ratio was determined to be considerably lower than the Redfield ratio (16) in surface waters (100 m depth).




3.3 Distribution of DON, DOP, and DON/DOP ratio

Studying the DON distribution within a depth of 100 m revealed that the DON concentration ranged from 3.89 to 7.85 μM (5.62 ± 1.04 μM) in typical KW, from 4.96 to 9.09 μM (6.44 ± 1.08 μM) in KW-SCS, from 4.12 to 8.82 μM (6.19 ± 1.19 μM) in KW-ECS, and from 4.10 to 11.2 μM (7.62 ± 1.72 μM) in KW-SCS-RP (Table 4; Figure 3B). The concentration was generally highest in KW-SCS-RP and lowest in KW. Examining the vertical distribution of the DON concentration indicated that; below the nutricline depth, the DON concentration generally decreased with depth (Figure 4). The DOP concentration within a depth of 100 m ranged from 0.15 to 0.29 μM (0.19 ± 0.03 μM) in typical KW, from 0.17 to 0.30 μM (0.20 ± 0.04 μM) in KW-SCS, from 0.13 to 0.29 μM (0.20 ± 0.06 μM) in KW-ECS, and from 0.20 to 0.29 μM (0.22 ± 0.06 μM) in KW-SCS-RP (Table 4; Figure 3B). The concentration thus exhibited negligible variations between the water types, although it was slightly higher in KW-SCS-RP than in KW. The vertical DOP distribution (Figure 6) was noted to be similar to the vertical DON distribution (Figure 4).

The DON/DOP ratio ranged from 16.9 to 51.4 (30.0 ± 7.6) in typical KW, from to 29.0 to 47.9 (32.6 ± 6.9) in KW-SCS, from to 15.0 to 56.2 (33.2 ± 11.1) in KW-ECS, and from to 21.7 to 53.0 (38.6 ± 15.8) in KW-SCS-RP (Table 4). The DON/DOP ratio was highest in KW-SCS-RP and lowest in KW. Overall, the ratio increased with depth for all four water types. The averaged DON/DOP ratio was observed to be considerably higher than the Redfield ratio (16) in all waters.




3.4 Nitrate anomaly

The N* values within the top 100 m of the water column ranged from 2.04 to 2.65 (2.47 ± 0.16) μM in typical KW (Figure 7), from to 1.50 to 2.19 (1.92 ± 0.31) μM in KW-ECS, from 1.26 to 2.69 (1.85 ± 0.52) μM in KW-SCS, and from −0.59 to 2.20 (1.35 ± 1.30) μM in KW-SCS-RP (data omitted for brevity). Overall, N* decreased with an increase of water depth from the surface to the depth of 100 m (Figure 7). In general, N* was higher in KW than in the other water types.




Figure 7 | Vertical distributions of nitrate anomalies (N*) at various stations in the upper water column (100 m) of typical KW.






3.5 Stratification index

The stratification index (SI) ranged from 2.16 to 3.81 (2.66 ± 0.46) kg m−3 in KW, from 2.36 to 3.95 (3.33 ± 0.62) kg m−3 in KW-ECS, from 3.20 to 4.00 (3.60 ± 0.032) kg m−3 in KW-SCS, and from 3.21 to 3.81 (3.56 ± 0.28) kg m−3 in KW-SCS-RP. KW-SCS had the highest SI, followed by KW-SCS-RP, KW-ECS, and KW (data omitted for brevity).





4 Discussion



4.1 Characteristics of water masses and water type classification

At the surface, KW, which originates from the Pacific North Equatorial Current, is characterized by high temperature and salinity. However, when the KC flows through the region off eastern Taiwan, the properties of the upper KW layers are clearly modified by water exchange processes, particularly exchanges between KW and SCSW and between KW and ECSW; the properties are also modified by coastal uplift of subsurface water and, to a less extent, by the effect of freshwater from small rivers. Consequently, typical surface KW during warm seasons has high surface temperatures (23.63−29.85 °C) and salinity (33.70−34.55) and reaches its highest salinity (34.9) at a depth of 200 m; this is the unique feature of KW, as described elsewhere (Chou et al., 2007; Chen et al., 2017, 2021). The upper water column is highly stratified, as indicated by the very high SI (2.18−3.81 kg m−3) in comparison with the criterion for non-stratification (SI < 0.125 kg m−3; De Boyer Montégut et al., 2004). SCSW exhibits lower surface and subsurface temperature and salinity than does in KW at the same depth during warm seasons (Gong et al., 1992; Chen et al., 2014); hence, the surface temperature and salinity are expected to be lower in KW-SCS than in typical KW. However, KW-SCS is also influenced by coastal uplift of subsurface water, particularly in nearshore areas; this condition leads to a decrease in temperature and an increase in salinity in surface and subsurface layers. The SI was determined to range from 3.20 to 3.93 kg m−3 in KW-SCS, indicating the prevailing stratification in the upper 200-m water column. KW-ECS is derived mainly from shelf-edge exchanges and mixing between KW and ECSW and is strongly influenced by upwelling from the KC subsurface layer. Thus, KW-ECS has a lower temperature but higher salinity than does typical KW at the same water depth. The stratification in KW-ECS (2.37−4.21 kg m−3) was observed to be only slightly higher than that in typical KW (2.18−3.81 kg m−3). Finally, KW-SCS-RP is mainly affected by coastal uplift of subsurface water and river plumes and has lower temperature and salinity than does typical KW. The SI was also a slightly higher in KW-SCS-RP (3.14−3.78 kg m−3) than in typical KW due to strong coastal uplift, which lifts up the high-salinity subsurface water. These results thus indicate that water mass exchanges and coastal uplift events are the main determinants of water types and stratification, which in turn affect the distributions of nutrients and biological variables.




4.2 Biophysical controls on vertical and spatial distributions of N+N and SRP

Because the detection limits for N+N and SRP have been established to be as low as 0.7 and 9 nM, respectively, the distribution of N+N and SRP in highly nutrient-depleted surface waters could be reliably assessed. Assessing the vertical distributions of N+N and SRP for all water types revealed that the lowest concentration, which was at the trace level, was observed at the surface. This can be attributed to uptake by phytoplankton and the restriction of a vertical supply of nutrients to the euphotic zone under strong thermal stratification (SI: 3.05 ± 0.61 kg m−3); it can also be attributed to a much shallower MLD than the nutricline depth in the upper water columns (Figures 4, 6), regardless of upwelling conditions. It is interesting to note that a recent study proposed a long-term decline in the surface nutrient concentrations of the Northwest Pacific Ocean caused by a significant decrease in nutrient inventories of the permanent thermocline (Kim et al., 2022). They also discovered a declining trend in the N:P ratio leading to greater N-limitation. Such findings may have linked to our KC surface waters with considerably low N+N concentration and N-limitation. The N+N and SRP concentrations generally increased with increasing depth below the nutricline depth due to more extensive nutrient regeneration at great depths. Although this study was conducted in spring and summer only, the stratification is likely to be permanent. Chen et al. (2014) reported that the SI values observed for summer and winter were 1.9 ± 0.3 and 1.1 ± 0.6 kg m−3, respectively; these results were obtained from a few measurements sampled from the surface to a depth of 150 m in the upstream region, which was shallower than our method (0−200 m) in deriving SI values. The N+N and SRP concentrations in surface waters were higher in winter than in summer, likely due to the lower SI in winter (Chen et al., 2014). Accordingly, the thermal stratification is likely persistent and the vertical N+N and SRP distributions are constrained largely by various stratification conditions in four water types throughout the year.

The N+N and SRP concentrations within the upper 100 m of the water column were lowest in typical KW, except for locations influenced by island-induced upwelling (Figure 3A). Such upwelling generally occurs on the leeward side when the northwardly KC encounters Lanyu Island and Leudao (Green) Island. Hsu et al. (2017) proposed that ocean vortices and island-induced vortex trains were formed on the leeward side of Leudao Island using satellite imagery. The Lanyu-Island-induced upwelling could be clearly observed in the N+N contours of the southernmost transect (ST33−ST41; Figure 5E); an increased N+N concentration was observed around station ST36. The N+N inventory in the top 100 m of the water column increased from 10.78 mmol m−2 at ST37 to 83.75 mmol m−2 at ST36 (a 678% increase), after which it decreased to 12.0 mmol m−2 for station ST35 (Figure 8B). The SRP inventory also increased from 5.10 mmol m−2 for station ST 37 to10.13 mmol m−2 for station ST36 and then decreased to 5.12 mmol m−2 for station ST35 (Figure 9B). The N+N and SRP concentrations were high at station ST20, located on the leeward side of Leudan Island; the high concentrations may be due to a combined effect of island-induced upwelling and coastal uplift of subsurface water. The elevated N+N and SRP also resulted in an increase in Chl-a concentration leading to a significant correlation between N+N and Chl-a (r = 0.55, p < 0.0001) and between SRP and Chl-a (r = 0.65, p < 0.0001) in typical KW (0−100 m). Island-induced upwelling was also reported previously by Chang et al. (2013), who found that compared with KW, the wake water of the Leudao Island is colder and saltier and has a higher Chl-a concentration. Gao et al. (2022) confirmed that the occurrence of phytoplankton bloom in the wakes of islands on the path of the KC accounted for approximately 50% of the increase in surface phytoplankton and that the surface phytoplankton concentration appeared to increase with the size of island located on the KC path and island-induced eddy size.




Figure 8 | N+N inventory (100 m) at various stations on the transect of (A) stations ST16−ST19 (see N+N contours in Figure 6B; NCOR-JHS Cruise) and (B) stations ST33−ST41 (see N+N contours in Figure 6E; NCOR-JHS Cruise) including the N+N inventory of comparable stations sampled from the OR3-CR1217 (spring) and OR3-CR1234 (summer) cruises.






Figure 9 | SRP inventory (100 m) at various stations on the transect of (A) stations ST16−ST19 (NCOR-JHS Cruise) and (B) stations ST33−ST41 (NCOR-JHS Cruise) including the SRP inventory of comparable stations sampled from the OR3-CR1217 (spring) and OR3-CR1234 (summer) cruises.



Coastal uplift of subsurface water may have critical effects on dynamics of nutrients and microbes (Capone and Hutchins, 2013; Davis et al., 2014). The coastal uplift may differ from the coastal upwelling that is largely a wind-induced phenomenon. Nagai et al. (2019) proposed that the turbulent vertical mixing was primarily responsible for the diffusion of subsurface nutrients to the euphotic zone during Kuroshio flowing on the shelf break. The persistent uplifting condition over the coastal zones off eastern Taiwan is primarily related to the transport volume of the KC (Chen et al., 2022), but this process may strongly influence nutrient and phytoplankton conditions in waters other than typical KW. Moreover, studies have reported a persistent and pronounced upwelling on the ECS shelf edge of northeastern Taiwan, which has been demonstrated to carry substantial amounts of cold water and nutrients from the Kuroshio subsurface to the upwelling fields (Liu et al., 2000; Wong et al., 2000). Upwelled nutrients may have substantial effects on nutrient and biological conditions in KW-ECS and regions downstream of the KC (i.e., beyond Taiwan) (Guo et al., 2012, 2013). Coastal uplifting events increase N+N and SRP concentrations and affect their distributions in KW-SCS, KW-ECS, and KW-SCS-RP. This coastal uplifting or upwelling could be readily observed from temperature, salinity, and N+N contours in various transects across the KC at various latitudes; and is particularly revealed by those stations closest to Taiwan, which—compared with neighboring stations— were noted to be characterized by lower temperatures, higher salinity levels, and higher N+N concentrations (Figure 5; Supplementary Figure 5). Uplifted and upwelled waters were observed to generally originate from deeper layers with lower temperatures, higher salinity levels, and higher N+N and SRP concentrations as well as more abundant phytoplankton. The N+N inventory (above 100-m depth) increased from 14.76 mmol m−2 at station ST34 to 122.2 mmol m−2 at station ST33, representing a 728% increase (Figure 8B). Elevated N+N inventory was also observed at coastal station ST19 in the upper north transect (ST16−ST19) (Figure 8A). Similarly, the SRP inventory increased from 8.21 (ST34) to 13.84 (ST33) mmol m−2, representing a 68.6% increase (Figure 9B), and also increased considerably from ST18 to ST19 in the upper transect (Figure 9A). According to these findings, coastal uplifting may be more intense in summer than spring due to the prevailing southwesterly monsoon in summer. In the data obtained from the summer cruise (OR3–1234), the N+N inventory increased from 6.06 mmol m−2 at station T2 to 182 mmol m−2 at station T1 (Figure 8B), and the SRP inventory increased from 6.23 mmol m−2 at station T2 to 13.1 mmol m−2 at station T1 (Figure 9B). However, data obtained from the spring cruise (OR3–1217) show less increased concentration than those derived from summer cruises; the N+N inventory increased from 12.3 mmol m−2 at station K2 to 67.3 mmol m−2 at station K1 (Figure 8B), and the SRP inventory increased from 3.64 mmol m−2 at station K2 to 8.7 mmol m−2 at station T1 (Figure 9B).

Because the N+N and SRP concentrations are mainly determined by biological uptake and uplifting-upwelling supply, the distributions of N+N and SRP in the surface waters (100 m) were strongly correlated (p < 0.01) for all water types (Figure 3A); nevertheless, the corresponding slope (b; [N+N] = a + b[SRP]) was lower in typical KW (4.88) and KW-SCS (5.78) than in KW-ECS (19.1) or KW-SCS-RP (11.1). This suggests that coastal uplifting or upwelling can carry water with a higher N/P-ratio to the surface. The pair correlation between Chl-a and N+N and that between Chl-a and SRP (r ≧ 0.55, p < 0.0001) were highly significant in typical KW, which not only reflects the N+N limitation effect but also indicates positive influence of island-induced upwelling on the N+N, SRP, and Chl-a concentrations. However, the pair correlations were nonsignificant for the other water types. This is possibly because coastal uplifting increases the concentrations of nutrients and Chl-a separately in surface waters and changes the original patterns of low inorganic nutrient and Chl-a concentrations at the surface and high inorganic nutrient and Chl-a concentrations in the DCM layer. Nevertheless, the concentration of Chl-a in surface waters of coastal zones can be elevated to be as high as 1.2 μg l–1 which was apparently caused by the addition of nutrients. Typical KW had the deepest DCM and greatest nitracline depth of all water types, despite an overall strong correlation between the DCM and nitracline depth (Figure 10A). Meanwhile, the N+N inventory (100 m) correlated inversely with nitracline depth (r = −0.75, p < 0.001; Figure 10B) suggesting that the nitracline depth can be regarded as a proxy of vertical nutrient supply to the euphotic zone (Cermeño et al., 2008) and thus determines the nutrient concentration and inventory in the euphotic zone. In addition, coastal uplifting may result in stronger microbial production and zooplankton grazing in water types other than typical KW (Lai et al., 2021; Chen et al., 2022).




Figure 10 | Ranges of nitracline depth and chlorophyll maximum depth and overall correlation between nitracline depth and chlorophyll maximum depth (A) and the correlation between nitracline depth and N+N inventory (B) in four water types.



Although coastal uplifting is persistent, the strength was discovered to vary between spring and summer; the mean N+N and SRP concentrations and inventories shown in the transect across the Kuroshio path are notable difference among spring (April/2007, ORIII-CR1217 Cruise), early summer (May/2006, NCOR-JHS Cruise) and summer (July/2007, ORIII-CR1234 Cruise) (Figures 8B, 9B). The coastal uplifting appears to be stronger in summer than in spring leading to a higher N+N inventory in summer than in spring at the station closest to Taiwan.




4.3 Biophysical controls on the distributions of DON and DOP

In contrast to the results obtained for N+N and SRP, the results obtained from assessing the vertical distributions of DON and DOP indicating that the DON and DOP concentrations were higher at the surface and lower in deep layers, implying clear accumulation of DON and DOP in surface waters and greater degradation at greater depths for all water types (Figures 4, 6). Surface DON and DOP were likely labile and most of them degraded significantly within the depth range of 100−300 m (Abell et al., 2000; Sipler and Bronk, 2015). The DON and DOP ratio also increased with depth, suggesting faster recycling of DOP than DON. For all water types, DON was more abundant than DOP in surface waters with a considerably higher N/P ratios than the Redfield ratio (16), suggesting the planktonic release of N-rich dissolved organic matter into surface waters; such matter may have originated from phytoplankton including N2 fixers. This also led to a poor correlation (p > 0.1) between DON and DOP for all water types.

Hence, this study observed; that the concentration and inventory within the top 100 m of the water column were higher in the water types influenced by coastal uplifting than in typical KW; this is because DON and DOP accumulating near the surface mainly have biological origins. Consequently, the mean DON and DOP concentrations varies between the water types. Specifically, the water types can be ordered (in ascending order) as follows in terms of the mean DON and DOP concentrations: typical KW (DON: 5.62 μM; DOP: 0.19 μM), KW-ECS (DON: 6.19 μM; DOP: 0.20 μM), KW-SCS (DON: 6.44 μM; DOP: 0.21 μM), and KW-SCS-RP (DON: 7.62 μM; DOP: 0.22 μM). The same trend was observed for the inventory obtained in the top 100 m of the water column: typical KW (DON: 575 mmol m−2; DOP: 19.3 mmol m−2), KW-ECS (DON: 617 mmol m−2; DOP: 20.2 mmol m−2), KW-SCS (DON: 621 mmol m−2; DOP: 19.5 mmol m−2), and KW-SCS-RP (DON: 780 mmol m−2; DOP: 21.8 mmol m−2). Consequently, significant positive correlations were observed between Chl-a and DON in typical KW (r = 0.47, p < 0.0001), KW-ECS (r = 0.41, p < 0.01), KW-SCS (r = 0.38, p < 0.005), and KW-SCS-RP (r = 0.40, p < 0.01). Moreover, positive correlations were observed between Chl-a and DOP in typical KW (r = 0.32, p = 0.05), KW-ECS (r = 0.45, p = 0.005), KW-SCS (r = 0.41, p = 0.007), and KW-SCS-RP (r = 0.46, p = 0.005). The accumulation of DON and DOP in the upper layer may have been primarily due to upwelling-induced biological production and release rather than being due to the physical dilution of upwelled water originally with lower subsurface DON and DOP concentrations (Hung et al., 2003, 2021).




4.4 Constraining N2 fixation

Recent reports have shown that N2 fixation is widespread and provides a vital source of new nitrogen in tropical and subtropical oceans where primary production is often limited by N+N (Hansell et al., 2004; Bergman et al., 2013; Shiozaki et al., 2015; Chen et al., 2019; Tang et al., 2019; Wen et al., 2022; Dai et al., 2023). The growth of N2-fixers is dependent on various factors, among which temperature and nutrient (including iron) availability are regarded as the most critical (Capone and Carpenter, 1982; Mills et al., 2004; Mulholland and Bernhardt, 2005; Sohm et al., 2011; Zehr and Capone, 2020; Wen et al., 2022). The sea surface temperature in our study area typically ranges from 23.63 to 29.85°C in spring and summer; previous studies conducted in some KC areas have reported this temperature to range from 26.4 ± 0.4 to 28.1 ± 0.4°C (Chen et al., 2014) or 26.1 ± 0.2−30.2 ± 0.8°C (Chen et al., 2022). Temperature thus does not appear to be a constraint on N2 fixation throughout the year, considering that the optimal reported temperature for the growth of Trichodesmium is 24−30°C (Breitbarth et al., 2007). Nutrients, particularly N+N, were noted to be highly depleted in most surface waters, which were likely to be the critical factor constraining N2 fixation. Moreover, in this study, the N+N/SRP ratio was observed to be considerably lower than the Redfield ratio (16), implying a strong N- limitation that is critical for N2 fixation in surface waters.

N2 fixation was observed to be high, as indicated by the high value of N* in the surface layer of typical KW; this is because in typical KW, the shallow MLD and high SI are favorable for N2 fixation. Deutsch et al. (2001) proposed that N* values exceeding 2 μM should be considered to indicate great potential for N2 fixation. At the ALOHA station, N2 fixation was discovered to be elevated during a period of prolonged stratification (Karl et al., 1997). In addition, Chen et al. (2018) reported considerable abundance of Trichodesmium in the downstream area of the KC due to a deep thermocline and a low nitrate concentration in the surface layer. Chen et al. (2014) measured the N2 fixation rates in an upstream area of the KC, which overlapped with this study’s area, and discovered higher rates in warm seasons (180.5 ± 34.3 μmol N m-2 d-1) than in winter (57.6 ± 29.2 μmol N m−2 d−1); this was attributed to higher temperature, greater stratification, and lower nutrient concentration in warm seasons. Furthermore, the abundance of Trichodesmium and Crocosphaera in the upstream area of the KC is consistent with the N2 fixation rate. Despite measurements being conducted in different years, the high rate of N2 fixation reported by Chen et al. (2014) is in good agreement with our high N* values observed in typical KW in warm seasons. Most of these high N* values were observed in the surface (0−60 m) of KW (Figure 7); these values are consistent with previously reported N2 fixation rates (67±12%) occurred mainly in shallow depths (0−45 m) and the fixation rate decreased from the surface to a depth of 125 m at the ALOHA station (Böttjer et al., 2017). Additionally, the concentration of N* was inversely correlated with the concentration of N+N (r = −0.76, p < 0.01) and the N+N/SRP ratio (r = −0.71, p < 0.01) in the surface layer of typical KW. However, these correlations were nonsignificant in the surface layer for the other water types, and this is due to the strong influence of coastal uplifting. N* was also inversely correlated with SRP level (r = −0.98, p < 0.001) in typical KW, and this can be attributed to the substantial requirement of SRP by N2 fixers during N2 fixation. N2 fixation thus appears to play a crucial role in shaping nutrient and biological conditions and dynamics in surface KW. N2 fixation was overall less extensive in other water types regarding higher N* values in typical KW (2.47 ± 0.16 μM) than those in KW-ECS (1.92 ± 0.31 μM), KW-SCS (1.85 ± 0.52 μM), and KW-SCS-RP (1.35 ± 1.30 μM), resulted likely from the impacts of coastal nutrient injection into sunlit layers in waters other than typical KW.

In the study area, nitrogen fixation may be promoted by Fe availability in warm seasons, although Fe has generally hypothesized to limit N2 fixation in the tropical North Pacific (Brown et al., 2005; Grabowski et al., 2008). Scholars have demonstrated that the northeast monsoon carries a substantial amount of Fe-rich eolian dust from the Gobi Desert to the Northwestern Pacific and associated marginal seas (Duce et al., 1991; Wu et al., 2003; Wang et al., 2011; Wang and Ho, 2020; Kurisu et al., 2021). König et al. (2022) also reported that dust-derived Fe deposition in the North Pacific was highest in spring and early summer. Wang and Ho (2020) indicated that the Fe deposition rate and dissolved Fe concentration was higher in spring than in summer in an area close to our study area. Several studies have linked Asian dust deposition to increase in Chl-a and dissolved Fe concentrations in the SCS, which are associated with the bloom of N2 fixers (Wu et al., 2003; Wong et al., 2007; Wang et al., 2011; Dai et al., 2023). These authors further indicated that the onset of nitrogen fixation is in phase with the atmospheric deposition of land-derived dust in the northern SCS. Although data on dissolved Fe are limited, Sato et al. (2021) examined the distribution of dissolved Fe along the KC and observed that the concentration in the mixed layer was higher at three stations off eastern Taiwan (0.190−0.280 nM) than in most stations across the Okinawa Trough (0.159−0.360 nM) and stations off Tosa Bay in Japan (0.170−0.204 nM). The concentration range in the KC off eastern Taiwan is close to the range observed by Wang and Ho (2020) for nearby stations (0.28−0.74 nM), providing evidence of a high load of Asian dust in the upstream areas of the KC. Therefore, dissolved Fe is likely favorable for N2 fixation in warm seasons in the upstream areas of the KC.




4.5 Implications of upwelling and N2 fixation in the oligotrophic KC

Despite considerable oligotrophy, many fish species use the KC region as spawning and nursery grounds (Chiu and Huang, 1994; Chen et al., 2022), and this renders the KC region a favorable fishing ground. Specifically, oligotrophic KW regions with low Chl-a concentrations and primary productivity are often dominated by small phytoplankton, but known as high fishery production regions, yielding the “Kuroshio Paradox” (Nagai et al., 2019; Saito, 2019, 2021; Chen et al., 2022). The efficiency of energy transfer from primary production to higher trophic levels is generally low in an oligotrophic system, creating the Kuroshio Paradox. Saito (2019) explained this phenomenon as being caused by the coastal injection of nutrients to the euphotic zone that promotes new primary production and rapid energy transfer from primary producers to higher trophic levels in warm waters. The arguments are based mainly on the findings in downstream KC regions associated with the interaction of the KC and the continental shelf. On the basis of observations from a transect across the path of the KC off northeastern Taiwan, Chen et al. (2022) concluded that persistent coastal uplift of subsurface water increased the abundance of surface nutrients and Chl-a concentrations and changed the phytoplankton community to support more energy being transferred to higher trophic levels. Nagai et al. (2019); Nagai et al. (2021), however, regarded the influence of both coastal injection and seamounts on nutrient supply to sunlit layers as being crucial mechanisms to the relief of oligotrophic conditions and an explanation for the Kuroshio Paradox.

Herein, we propose multi-faceted processes that enhance nutrient availability, primary production, and efficiency of energy transfer from primary producers to higher trophic levels in warm and oligotrophic KC. First, coastal uplift of subsurface water increases nutrient availability and the amount of biomass (Chl-a) in the coastal zones of the study area, leading to major increases in primary production in all water types, except for typical KW. Second, island-induced upwelling causes increases in inorganic nutrients and Chl-a in the wake waters of small islands located in typical KW. Third, nitrogen fixation occurs widely in all water types and is most extensive in typical KW. N2 fixation may occur in all seasons, and this is supported by the findings of the present and previous studies; this fixation may be a vital food source for the oligotrophic food web. Finally, in KW, the high surface abundance of DON and DOP, as identified in the present study, and high surface abundance of DOC (75−82 μM), as discovered previously (Hung et al., 2000, 2003; Wu et al., 2015), may increase the likelihood of a microbial loop in which carbon and energy are transferred to higher trophic levels through bacteria’s utilization of dissolved organic matter. The microbial loop has been widely reported to serve alongside primary production as a carbon source for the food web, particularly in oligotrophic oceans (Azam et al., 1983; Williams and Ducklow, 2019; Glibert and Mitra, 2022). Lai et al. (2021) also demonstrated the crucial role of bacteria in the cycling of organic carbon and nutrients and in the transfer of trophic energy in SCS-KC mixing zones. Accordingly, numerous physical and biogeochemical processes may be responsible for the oligotrophic KC serving as good fishery grounds and may thus explain the scenario Kuroshio Paradox.





5 Conclusion

Reliable analytical methods for determining the levels of inorganic and organic nutrients are essential for designing physical and biogeochemical controls on the distributions and dynamics of inorganic and organic nutrients in oligotrophic KC. This study determined four types of water derived from KC through various mixing, exchange, and upwelling processes. Typical KW was observed to be highly oligotrophic and to have ultralow concentrations of N+N and SRP but high concentrations of DON and DOP above the nutricline depth, which could primarily be attributed to strong and permanent surface stratification. However, the nutrient and Chl-a conditions of typical KW were modified locally by island-induced upwelling. In water types other than typical KW, the concentrations of inorganic and organic nutrients were elevated to varying degrees owing to the mixing of water masses and coastal uplifting processes. Moreover, various degrees of N+N limitation and high N* values were observed near the surface, confirming the occurrence of extensive N2 fixation in typical KW and less extensive N2 fixation in other water types. N2 fixation could also contribute to a considerably high DON/DOP ratio at the surface of typical KW. N2 fixation, various upwelling activities, and possibly an enhanced microbial loop supported by enriched organic nutrients may explain the Kuroshio paradox in the oligotrophic KC. Overall, the aforementioned physical and biogeochemical processes determine the upper-ocean distributions of N+N, SRP, DON, DOP, and Chl-a in the KC area off eastern Taiwan in warm seasons.
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FIGURE 1

Study area and sampling locations during three cruises, NCOR-JHS (May 22-June 3, 2006; ST01-ST41), ORII-CR1217 (April 21-24, 2007; STK1
—STK5 and STU1-STU4), and ORII-CR1234 (07/08-10/2007; STT1-STT4) in the Kuroshio Current (KC) off the east of Taiwan (B). Four water types in
the study area can be identified and grouped in accordance with the S—-T- o, relationship at individual stations (Supplementary Figures 1-3); typical
Kuroshio water (KW), KW affected by East China Sea water (KW-ECS), KW affected by South China Sea water (KW-SCS), and KW affected by SCS
water and river plumes (KW-SCS-RP). Shown are the sampling stations covered by each water type. Insert: Kuroshio surface current and its branch
intrusion into the South China Sea (SCS, black arrow) and intermediate-layer outflow from the SCS to the KC (A, red arrow).

2.2 Analyses of trace concentrations of
N +N and SRP

The analysis of N+N is principally based on the method of
vanadium-reduction proposed by Braman and Hendrix (1989). The
vanadium(III) solution was prepared by reduction of acidic 0.10 M
solution of vanadyl sulfate (VOSO,.nH,0) with Zn under
controlling pH below 1.0 to produce dominant V(H,0)¢*"
species. The N+N in seawater can be reduced by vanadium(III) to
NO that reacts with ozone (O;) to form NO,* and decayed hv that
was detected by a chemiluminescence analyzer (Antek 7050, Antek
Electronic Ltd., USA) according to the following reactions:

NO;™ +3V** + H,0 — NO + 3VO*" + 2H";
HNO, + V3*

NO + O3
NO,*

— NO + VO* + H';
— NO,* + Oy;
— NO, + hv

The concentration of N+N in seawater can be determined
against N+N standards (1-50 nM; nitrate:nitrite = 4:1) following
the steps described in Figure 2 in which the combustion unit (for
determining total dissolved nitrogen (TDN)) was replaced by an
unit of reaction vessel for N+N reduction warmed by a heater. Thus,
N+N and TDN can be measured alternatively by switching the

Frontiers in Marine Science

reaction vessel and combustion unit. The detection limit of N+N
can be as low as 0.7 nM, and precision and accuracy of the method
are 4.7% (coefficient of variation (C.V.), n = 12) and 1.1% (relative
error, n = 6; based on 90 nM nitrate in certified Seawater Batch #59),
respectively (Table 2).

The SRP concentration of surface samples was determined by
the modified MAGIC method (Tomson-Bulldis and Karl, 1998)
with correction for arsenate interference. The precision was
estimated as 9.5% (C.V.,, n = 12, Table 2) by measuring a SCS
water sample (mean: 47 nM SRP). However, N+N and SRP
concentrations in subsurface and deep waters associated with
relatively high concentrations were determined colorimetrically
(Grasshoff et al., 1983) with a UV-Vis spectrophotometer
(Hitachi U-3310) equipped with a module of flow injection
analysis (Pai and Riley, 1994). These methods have been
established previously (Hung et al., 2007, 2008, 2021).

2.3 Determination of DON and
DOP concentrations

DON was determined by the difference between N+N and TDN

that was measured with the chemiluminescence method using a
seawater injection and combustion instrument (Shimadzu TOC-

frontiersin.org
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