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Abstract The N2 fixation and primary production rates were measured simultaneously using 15N2 and
13C incubation assays in the northern South China Sea influenced by the Kuroshio intrusion (KI)
seasonally. The degree of KI (KI index, range from 0 to 1) was assessed by applying an isopycnal mixing
model. The water column integrated N2 fixation and primary production for stations with KI index larger
than 0.5 were 463 ± 260 μmol N·m−2·day−1 and 62 ± 19 mmol C·m−2·day−1, respectively, significantly
higher than those for stations with KI index lower than 0.5 (50 ± 10 μmol N·m−2·day−1 and
28 ± 10 mmol C·m−2·day−1, respectively). Trichodesmium was the dominant diazotroph at stations with
KI index larger than 0.5, with 2 orders of magnitude higher nifH gene abundance than that at stations
with KI index lower than 0.5. However, the highest N2 fixation rates were found in waters with moderate
KI index around 0.6, suggesting that frontal zone mixing might stimulate N2 fixation. Our results
demonstrated that diazotrophs (mainly Trichodesmium) were tightly associated with the KI, which
modulated the biogeographic distribution of N2 fixers. In summary, we found the transportation of
Trichodesmium by KI, then, we quantified the fraction of KI and N2 fixation rates in the northern South
China Sea. The results suggested that KI generated a new biogeographic regime which could significantly
influence the carbon and nitrogen cycles far away from the main stream.

1. Introduction

Biological productivity in the low‐latitude oligotrophic ocean is largely limited by bioavailable nitrogen
(Moore et al., 2013). In these systems, the nitrate supply from subsurface water is impeded by the permanent
thermocline. Thus, N2‐fixing organisms (or diazotrophs) that convert inert N2 gas into bioavailable N sustain
the major part of new primary production (Capone et al., 2005).

Trichodesmium is a major diazotrophic cyanobacterium that is widespread in tropical and subtropical oceans
(Capone et al., 2005). Annually, around half of the new bioavailable nitrogen introduced by N2 fixation could
be attributable to Trichodesmium in the global oceans (Bergman et al., 2013). Previous studies demonstrated
that physical processes, such as eddies and currents, might play a vital role in shaping the spatial pattern of
Trichodesmium in the ocean (Davis & McGillicuddy, 2006; Fong et al., 2008; Lipschultz & Owens, 1996;
Olson et al., 2015; Taboada et al., 2010). In the Northern Hemisphere, elevated Trichodesmium abundance
is often observed within anticyclone eddies (warm eddy) due to nitrogen limitation but sufficient phosphorus
and iron (Davis & McGillicuddy, 2006; Fong et al., 2008; Olson et al., 2015). In addition, due to the buoyant
character of Trichodesmium (Walsby, 1978 and Walsby et al., 1992), the ocean currents are found to spread
Trichodesmium widely (Lipschultz & Owens, 1996; Taboada et al., 2010). However, whether the transported
Trichodesmium is active and capable of N2 fixation after the long‐distance transportation remains unclear
(Lipschultz & Owens, 1996). Moreover, the quantitative field information on how and to what extent the
ocean currents may impact Trichodesmium‐derived N2 fixation and its association with primary production
is still insufficient. Recently, several Trichodesmium N2 fixation hot spots were discovered around islands,
sometimes forming extensive blooms, likely due to iron supply (Berthelot et al., 2017; Bonnet et al., 2017;
Dupouy et al., 2011; Shiozaki, Kodama, et al., 2014). If most of the hot spots signals could be transported
to remote oceans (Shiozaki et al., 2013), it will reshape the global N2 fixation flux and thus influence the ocea-
nic nitrogen and carbon cycling significantly.
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The South China Sea (SCS), the largest marginal sea in the North Pacific, has a low N2 fixation rate and
Trichodesmium abundance during the warm season (Lee Chen et al., 2003, 2014). The reported N2 fixation
rates (with an average of 51.7 ± 6.2 μmol N·m−2·day−1) fall within the lowest range of rates
(1–100 μmol N·m−2·day−1) in the global N2 fixation database complied by Luo et al. (2012). Such low rates
and low Trichodesmium abundances have been attributed to a deficiency of iron and the relatively shallower
nitracline in the SCS (Lee Chen et al., 2008; Wu et al., 2003). In contrast, the Kuroshio, a western boundary
current to the east of the SCS, is characterized by high N2 fixation rates (~200 μmol N·m−2·day−1) mainly
driven by Trichodesmium (Lee Chen et al., 2008, 2014). The Kuroshio intrudes into the SCS through the
Luzon Strait seasonally. A previous study showed that the intrusion of nutrient‐depleted Kuroshio may
act as a diluter to diminish the nutrient stock in the upper water column of the SCS (Du et al., 2013).
Meanwhile, the oligotrophic Kuroshio Current brings in dissolved organic carbon‐enriched seawater (Wu
et al., 2015), which may stimulate nitrification in the frontal zone during mixing (Xu et al., 2018).
Presumably, the Kuroshio intrusion also exhibits a distinguished high Trichodesmium abundance and N2

fixation rate in the SCS. This seasonal intrusion phenomenon facilitates a perfect case to investigate how
the current could affect the spatial distribution and activity of Trichodesmium and consequently primary
production in the euphotic zone in the SCS. Despite its potential significance, such an effect has not yet been
explored in Pacific marginal seas. In this paper, we provide a biogeochemical view of the intrusion of a
western boundary current into a marginal sea, to advance our knowledge of the coupling of carbon and
nitrogen cycling in the euphotic zone of a semiclosed basin.

2. Materials and Methods
2.1. Hydrography and Nutrients

This study was conducted on board the R/V Dongfanghong 2 in the northern South China Sea (NSCS) from
15 May to 7 July 2016. In order to investigate the potential influence of KI to N2 fixation, 19 stations were
selected from the region close to Luzon Strait to the further west region in the NSCS basin (Figure 1a). At
each station, temperature and salinity were recorded by a Seabird 911 CTD. Five to six depths (corresponding
to 92%, 54%, 28%, 14.4%, 8.8%, and 1% of the surface irradiance measured in our incubators) were sampled
from the upper 100 m for the determination of chlorophyll a, nutrients, and nifH gene abundance and for

Figure 1. (a) The spatial pattern of the KI index. The color bar represents the value of Rkave‐100. Black solid dots represent the sampling stations. The two open
diamonds are the two end member stations (SEATS for the SCS and P4 for the Kuroshio) chosen for the isopycnal mixing model. (b) θ‐S diagram of the upper
400 m for all the investigated stations. The red dashed curve denotes typical Kuroshio water, and the black dashed curve denotes typical SCS water. KI = Kuroshio
intrusion; SCS = South China Sea.
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N2 fixation and primary production incubations. Unfortunately, the photosynthetically active radiation
detector was malfunctioned during our cruise. The sampling depths corresponding to each irradiance were
decided using the average photosynthetically active radiation value measured previously in the NSCS during
the same season (supporting information Figure S1).

Standard colorimetric techniques were used for the determination of NO3
− + NO2

− (NOX) and soluble
reactive phosphorus (SRP) concentrations on board with the same detection limits of 0.03 μmolL−1 (Du et al.,
2013). Trapezoidal integration method was used to calculate the 100 m depth‐integrated nutrient
concentration. The mixed layer depth (MLD) and nitracline was applied to compare the physical setting
among the different stations. The MLD was defined as the depth with a 0.8 °C change from the sea surface
temperature (Kara et al., 2000). The nitracline was defined as the depth at which NOX concentration equaled
0.1 μmolL−1 (Borgen et al., 2002).

2.2. Calculation of the Degree of KI Influence

To evaluate the influence of KI in the NSCS, an isopycnal mixing model proposed by Du et al. (2013) was
applied. The basic assumption of this model is that isopycnal mixing dominates the mixing of water masses,
which is detailed in both Du et al. (2013) and Xu et al. (2018). Two end‐members are required for index
estimation. Here we selected the SEATS station at 116°E/18°N to represent the proper SCS water mass
end‐member and P4 station at 122.959°E/20.003°N for the Kuroshio water mass end‐member (Figure 1a).
According to the assumption, we can quantify the proportion of the SCS (RS) and the Kuroshio (RK) water
for any observed water parcel in the θ‐S diagram in Figure 1b, basing on the conservation of either potential
temperature (θ) or salinity (S) along an isopycnal surface (Figure 1b):

RK þ RS ¼ 1; (1)

RK×θK þ RS×θS ¼ θ or RK×SK þ RS×SS ¼ S: (2)

Note that the fraction of water mass derived from this model represents a relative value of the two selected
ends instead of the absolute fraction of typical Kuroshio water since the two end‐members might vary in
different seasons. The average of Rk values of the upper 100 m (Rkave‐100, 1 m interval) was therefore applied
as a proxy, that is, the KI index to reflect the degree of KI influence at the sampling stations. The stations with
KI index >0.5 were classified as KI affected, and the others were identified as the NSCS region.

2.3. N2 Fixation and Primary Production Rate Measurements

Duplicated N2 fixation rates were determined by the 15N2 gas dissolved method (Mohr et al., 2010). The 15N2

predissolved seawater was made with 15N2 gas (98.9 atom%, Cambridge Isotope Laboratories), and a detailed
procedure and the 15N2 gas contamination tests are described in Lu et al. (2018). After preparation, 200 mL
of 15N2‐enriched seawater was slowly injected into each 4.5‐L polycarbonate bottle, with the enriched water
constituting <5% of the total sample volume. A NaH13CO3 (99 atom% 13C, Cambridge Isotope Laboratories)
solution was added (final concentration of 100 μM) to the same bottle to measure primary production rate
simultaneously. After addition of tracers, the bottle was shaken intensively before incubation.

The light conditions of the incubators were manipulated by neutral density and blue (061 Mist blue; 172
Lagoon blue) filters on deck (Mourino‐Carballido et al., 2011; Rijkenberg et al., 2011). After 24 hr of
incubation, precombusted GF/F filters were used to collect the particle samples (<200 mm Hg).
Particulate organic matter were collected from each depth at all stations to determine background
15N‐PON and 13C‐POC natural abundance. All filter samples were stored at −20 °C immediately.

An elemental analyzer coupled to a mass spectrometer (EA‐IRMS, Thermo Fisher Flash HT 2000‐Delta V
plus) was used to determine the concentrations of particulate organic carbon (POC) and particulate organic
nitrogen (PON) and their δ13C and δ15N values. The N2 fixation and primary production rates were
calculated according to Montoya et al. (1996) and Hama et al. (1983), respectively. The raw data and detailed
information are shown in supporting information Data S1 and Text S1, respectively. To represent the
inventories, the upper 100 m depth‐integrated N2 fixation (INF) and primary production (IPP) were
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calculated by the trapezoidal integration method. The contributions of N2 fixation‐derived nitrogen to 
primary production are converted using Redfield ratio of 6.6 directly.

2.4. nifH Gene Abundance

The seawater samples for the nifH analyses were collected from 6 (SEATS, K8, N1, A3, D6, and F1) among 
the 19 stations. Briefly, 4 L of water sample was filtered onto 0.2‐μm pore‐sized membrane filters 
(Supor200, Pall Gelman, NY, USA) and then frozen in liquid N2. To extract the DNA, membranes were 
cut into pieces under sterile conditions and then placed in tubes containing 800 μL of sucrose lysis buffer 
(40‐mM EDTA, 50‐mM Tris‐HCl, 0.75‐M sucrose) for bead beating using 0.1‐ and 0.5‐mm glass beads. The 
cells were broken using a physical method, agitated for 3 min in a Fast Prep machine (MP Biomedicals, 
USA), and frozen in liquid nitrogen three times. Lysozyme (5 μL, 100 mgmL−1) was then added, and the 
samples were incubated for 1 hr at 37 °C. After incubation, the lysate was transferred into a new 2‐mL 
Eppendorf tube. Proteins were digested by incubation with 1% sodium dodecyl sulfate and proteinase K 
(250 μLmL−1) at 55 °C for 2 hr and were removed by centrifuge at 12,000 g for 20 min at 4 °C after treatment 
with equal volumes of phenol:chloroform:isoamyl alcohol (25:24:1) containing 5‐M NaCl. As a result, the 
samples were separated into three layers. The top aqueous layer containing genomic DNA was transferred 
into a new tube, to which an equal volume of chloroform:isoamyl alcohol (24:1) was added, followed by 
centrifugation at 12,000 g for 20 min at 4 °C. Genomic DNA was purified by precipitation with 100%
isopropanol at −20 °C overnight, followed by washing with 70% ethanol and air drying. Genomic DNA 
was then eluted into 50‐μL TE buffer and stored at −20 °C.

The quantitative polymerase chain reaction (qPCR) analysis was targeted on the nifH phylotypes of 
Trichodesmium spp., unicellular cyanobacterial UCYN‐A1, UCYN‐A2, and UCYN‐B, Richelia spp. (het‐1), 
and a gamma‐proteobacterium (γ‐24774A11) using previously designed primers and probe sets in supporting 
information Table S1 (Church, Jenkins, et al., 2005; Church, Short, et al., 2005; Foster et al., 2007; Langlois 
et al., 2008; Moisander et al., 2008; Thompson et al., 2014). The nifH standards were obtained by cloning the 
environmental sequences from previous samples of the SCS (Table S1). qPCR analysis was carried out as 
described previously (Church, Jenkins, et al., 2005) with slight modifications. Each 20‐μL reaction mixture 
contained 2 μL 10 × TaqMan® PCR buffer (Tiangen®), 250 μmolL−1 dNTP mixture, 250 nmolL−1 of 
fluorogenic probe, 250 nmolL−1 each of the forward and reverse primers, 0.5 U Taq DNA polymerase 
(Tiangen®) and 5 μL of environmental DNA or standard. Triplicate qPCR reactions were run for each 
environmental DNA sample and for each standard on a CFX96 Real‐Time System (Bio‐Rad Laboratories). 
The thermal cycle program was 50 °C for 2 min and 94 °C for 10 min, followed by 49 cycles of 95 °C for 
15 s, 60 °C for 1 min. Standards corresponding to between 5 × 101 and 5 × 109 copies per well were amplified 
in the same 96‐well plate. The copy numbers of the target genes in the environmental samples were 
calculated from the standard curve (supporting information Table S2). The Ct values of nontarget template 
were all less than the Ct value corresponding to 5 × 101 nifH copies for Trichodesmium (34.1), UCYN‐A1 
(36.1), UCYN‐A2 (34.9), UCYN‐B (34.9), het‐1 (36.1), and γ‐24774A11 (35.9). The detection limit of the 
qPCR reaction corresponded to around 50 nifH gene copies per PCR reaction, which was equivalent to 
around 625 gene copies per liter of seawater depending on the volume of seawater sample filtered (4 L). 
The efficiency of the PCR reaction varied between 90.3% and 95.3% (mean 93.1%).

2.5. Statistical Analysis

Statistical significance was tested using a t test, with values of p < 0.05 considered significant.

3. Results
3.1. Environmental Conditions

High‐temperature, high‐salinity water was found in the eastern part of NSCS, which is near the Luzon Strait, 
specifically at given depth of isopycnal surface of the potential density anomaly (σ) of 23 and 24 kgm−3 

(supporting information Figure S2). This distribution pattern indicates a clear intrusion of Kuroshio deep 
into the NSCS during the time we made our survey. In addition, the contours of the depth of the isopycnal 
layer (Figure S2) showed a shoaling pattern toward the west, agreeing with previous findings that the SCS 
is a basin‐scale upwelling system (Wong et al., 2007).
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In the θ‐S diagram (Figure 1b), almost all of our sampling stations fell within the range of the two end‐members.
The spatial distribution of the KI index showed a tongue‐like pattern revealing the KI pathway (Figure 1a), with a
much higherRkave‐100 (>0.5) at stations close to the Luzon Strait (D4, D6, F1, F3, F7, andA3), whichwe defined as
the KI‐affected region. The remaining 13 stations with lower Rkave‐100 (<0.5) were located in the NSCS region
(SEATS, K2 to K8, A6, A9, A10, N1, and E4).

The fundamental parameters are presented as the averaged values in Table 1 for the comparison of the NSCS
and KI‐affected regions. The mean sea surface temperature and sea surface salinity showed a significant
difference between the two regions, with an average 0.8 °C lower sea surface temperature and a slightly
higher sea surface salinity (on average 0.33) in the KI‐affected stations relative to the NSCS stations
(Table 1). The MLD also revealed a significant difference between the KI‐affected (26.2 ± 3.6 m) and the
NSCS region (19.0 ± 4.3 m).

In the upper 25 m, both concentrations of NOX and SRP were below the detection limit for all stations, while
vertically, the concentration of nutrients increased with depth (Figure 2). The average depth of the nitracline

Table 1
Fundamental Parameters (Averaged Values) for the KI‐Affected Region and the NSCS Region

Parameter KI‐affected stations (n = 6) NSCS stations (n = 13) p value

Sea surface temperature (SST, °C) 28.9 ± 0.8 29.7 ± 0.4 0.009**
Sea surface salinity (SSS) 34.53 ± 0.05 34.20 ± 0.25 <0.001**
MLD (m) 26.2 ± 3.6 19.0 ± 4.3 0.003**
Nitracline depth (m) 45.4 ± 20.5 42.5 ± 13.3 0.726
Surface Chla (μgL−1) 0.28 ± 0.09 0.23 ± 0.07 0.191
Integrated NOX (INOX, mmolm−2) 159 ± 60 256 ± 107 0.112
Integrated SRP (ISRP, mmolm−2) 14.6 ± 3.4 19.1 ± 7.5 0.238
INOX:ISRP 10.8 ± 2.8 13.2 ± 0.8 0.046*
Surface N2 fixation (nmol N·L−1·day−1) 8.5 ± 4.1 1.0 ± 0.7 0.007**
Surface primary production (μmol C·L−1·day−1) 0.45 ± 0.20 0.38 ± 0.13 0.382
INF (μmol N·m−2·day−1) 463 ± 260 50 ± 19 0.011*
IPP (mmol C·m−2·day−1) 61.5 ± 19.5 27.9 ± 10.4 <0.001**
INF N contribution to IPP (%) 5.1 ± 2.5 1.3 ± 0.5 0.012*

Note. The Equal Variance Test was conducted using Brown‐Forsythe method, with p > 0.05 equal variance assumed.
Student's t test (p > 0.05) or Welch's t test (p < 0.05) were conducted to compare the difference between the KI‐affected
stations and the NSCS stations. INF = integrated N2 fixation; IPP = integrated; primary production; KI = Kuroshio
intrusion; NSCS = northern South China Sea; SST = sea surface temperature; SSS = sea surface salinity;
MLD = mixed layer depth; SRP = soluble reactive phosphorus.
*p < 0.05. **p < 0.01.

Figure 2. The vertical profiles of NOx and SRP concentration (μM) at incubation stations. SRP = soluble reactive
phosphorus; NSCS = northern South China Sea; KI = Kuroshio intrusion.
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in the KI‐affected region (45.4 ± 20.5 m) showed no difference from the NSCS region (42.5 ± 13.3 m). In
general, the nutrient concentrations at the depths below the 50 m were higher in the NSCS region than in
the KI‐affected (Figure 2). No significant difference of the upper 100 m depth‐integrated NOx and SRP
concentration was found between the NSCS region and the KI‐affected region (t test p > 0.05, Table 1).
However, the average concentration of integrated NOx in the NSCS region (256 ± 107 mmolm−2) was higher
than in the KI‐affected region (159 ± 60 mmolm−2). No significant difference of depth‐integrated SRP
concentration was found between regions. The ratio of depth‐integrated NOX to SRP in the NSCS
(13.2 ± 0.8) region was significantly higher (t test, p = 0.046) than that observed in the KI‐affected region
(10.8 ± 2.8, Table 1), showing N deficit of upper 100 m in the KI‐affected region. The sea surface Chl a
concentration ranged from 0.16 to 0.4 μgL−1, showing no difference between the two regions (Table 1).

3.2. Horizontal and Vertical Distributions of N2 Fixation and Primary Production

The surface (5m)N2fixation rate ranged from 1.8 to 14.3 nmol N·L−1·day−1, with an average of 8.5 ± 4.1 nmol
N·L−1·day−1 in the KI‐affected region, which was significantly higher than that observed in the NSCS region
(in average 1.0 ± 0.7 nmol N·L−1·day−1, t test, p < 0.001, Figure 3 and Table 1). The surface primary
production ranged from 0.25 to 0.84 μmol C·L−1·day−1 and showed no visible difference between the
KI‐affected and the NSCS region (Figure 3 and Table 1). Vertically, the relatively high rates of N2 fixation
and primary production were found in the upper 30 m, while below 30 m, the rates dropped rapidly
(Figure 3). The INF in the KI‐affected region (ranging from 105 to 885 μmol N·m−2·day−1 with an average
of 463 ± 260 μmol N·m−2 day−1) were significantly higher than these in the NSCS region (from 29 to
89 μmol N·m−2·day−1 with an average 50 ± 19 μmol N·m−2·day−1, t test, p < 0.05, Figure 4a and Table 1).
Although the surface primary production showed no noticeable difference between the KI‐affected and
NSCS region, the IPP were twice as high in the KI‐affected region (average 61.5 ± 19.5 mmol C·m−2·day−1)
than in the NSCS region (average 27.9 ± 10.4 mmol C·m−2 day−1, t test, p < 0.001, Figure 4b and Table 1).

3.3. Contribution of N2 Fixation to N Demand of Primary Production

The percent contribution of N2 fixation to the N demand of primary production was estimated based on a C:
N ratio of 6.6. The vertical profile revealed opposite patterns between the KI‐affected and NSCS regions
(Figure 5). N2 fixation contributed up to 22.0% of the N demand of primary production in the surface water
at F3, and the contributions declined to a limited level at or below 50 m. The contributions were significantly
higher in the KI‐affected region (average 12.8% and 11.2% at 5 and 25 m, respectively) than in the NSCS
region (average 1.4% and 1.8% at 5 and 25 m, respectively) at depths of 5 and 25 m (t test, p < 0.05). At
50 m or below, the fractional contribution decreased to <2% in the KI‐affected region. In the NSCS region,
the contribution increased with depth (up to 13.1% at 100 m at A10), and the average contribution at deeper
depths was much higher than the contribution in the corresponding layer in the KI‐affected region

Figure 3. The vertical profiles of N2 fixation rate (nmol N·L−1·day−1) and primary production (μmol C·L−1·day−1) at
incubation stations. NSCS = northern South China Sea; KI = Kuroshio intrusion.
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(Figure 5). Overall, the INF accounted for <8.2% of the N demand of the IPP at all stations in this study. The
collective contribution of N2 fixation was significantly higher in the KI‐affected region (5.1 ± 2.5%) than in
the NSCS region (1.3 ± 0.5%, t test, p = 0.012, Table 1).

3.4. Distribution of nifH Abundance

The diazotroph groups targeted by qPCR assays were detected at six stations, except for het‐1, which was
undetectable in all depths (Figure 6). Trichodesmium was nearly uniformly distributed from surface to
25 m and generally decreased at the depth below 50 m (Figure 6). Instead, unicellular cyanobacterial diazo-
trophs were most abundant in the subsurface water (25 or 50 m), where UCYN‐A1 reached 7.1 × 104 to
3.7 × 105 nifH gene copiesL−1. The nifH of γ‐24774A11 was observed from the surface to the depth of
100 m, and the abundance at depths showed relatively constant at around 104 copiesL−1 in the upper
100 m (Figure 6).

Trichodesmium dominated the diazotrophic phylotypes throughout the water column in the KI‐affected
stations (A3, D6, and F1, Figure 6). The depth‐integrated abundance was 2–4 orders of magnitude greater
than that of the other phylotypes (contributed >98% of total gene abundance) and was 1–2 orders of magnitude
higher than the Trichodesmium abundance in the NSCS stations (SEATS, K8, and N1, Table 2, t test p= 0.048).

The depth‐integrated abundance of unicellular cyanobacterial
diazotrophs (UCYN‐A1, UCYN‐A2, and UCYN‐B) and γ‐24774A11
revealed no significant difference between the NSCS region and
KI‐affected region (Table 2, t test, p > 0.05). In contrast to the
KI‐affected region, unicellular cyanobacterial diazotrophs contributed
substantial portions at stations SEATS and K8 (45.3% and
56.1%, respectively).

4. Discussion
4.1. N2 Fixation in the KI‐Affected and NSCS Region

Kuroshio water, with a higher temperature and salinity, is well known
to hold relatively low inorganic nutrients but high organic nutrients in
the upper water compared to the central NSCS (Du et al., 2013; Wu
et al., 2015). Thus, the intrusion of Kuroshio would substantially alter
the nutrient inventory and subsequently the biogeochemical cycles in
the NSCS (Du et al., 2013; Wu et al., 2015; Xu et al., 2018).

In our study, the surface N2 fixation rates in the KI‐affected region
were significantly higher than the rates in the NSCS region
(Figure 3). The average INF, 463 ± 260 μmol N·m−2·day−1, fell within
the upper range of 100–1,000 μmol N·m−2·day−1 in the N2 fixation

Figure 4. Spatial distributions of (a) the depth‐integrated N2 fixation rate (μmol N·m−2·day−1) and (b) depth‐integrated
primary production (mmol C·m−2·day−1). The dashed curves represent the isopleth of Kuroshio intrusion index of 0.5.

Figure 5. The depth distribution of N2 fixation contribution to the N demand of
primary production based on Redfield ratio of 6.6. The green and pink lines
represent the average contribution of N2 fixation to primary production in the
NSCS region and KI‐affected region, respectively. NSCS = northern South China
Sea; KI = Kuroshio intrusion.
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database complied by Luo et al. (2012) and much higher than that in typical oligotrophic gyre ocean (Dore
et al., 2002; Falcon et al., 2004; Knapp et al., 2016; Moore et al., 2009; Table 3). In addition, the rates
resembled that in the downstream Kuroshio near Japan, ALOHA station, and the western tropical South
Pacific, regions considered “hot spots” for nitrogen fixation (Berthelot et al., 2017; Bonnet et al., 2015,
2017; Böttjer et al., 2016; Shiozaki et al., 2010, 2015). The “KI‐affected” region in our study was in the
region Lee Chen et al. (2014) defined as “NSCS basin”. To date, such high rate of nitrogen fixation in this
region has not been reported previously, and the mean value was 1 order of magnitude higher than Lee
Chen et al. (2014) reported (average 52 ± 6 μmol N·m−2 day−1). The difference in N2 fixation rates
between Lee Chen et al. (2014) and our study is probably due to the method inconsistency in N2 fixation
measurement. In the study conducted by Lee Chen et al. (2014), 15N2 gas was injected directly before the
incubation for N2 fixation. Recent studies have demonstrated that nitrogen fixation activity determined by
the gas bubble addition method could be >50% underestimated compared with that estimated by the 15N2

dissolution method (Grosskopf et al., 2012; Mohr et al., 2010). Nevertheless, even the methodology was
considered, no more than 10% of the N2 fixation difference between studies can be explained. Therefore,
other factors rather than methodology contributed to the high N2 fixation rates in the KI‐affected region,
as well as the 1 order of magnitude higher rates compared to the NSCS region, during our investigation

Figure 6. The vertical profiles of nifH phylotype abundances (nifH gene copiesL−1) at stations SEATS, K8, and N1 in the
northern South China Sea (upper panels) and stations A3, D6, and F1 in the Kuroshio intrusion‐affected region (lower
panels).

Table 2
Depth‐Integrated (upper 100 m) Gene Abundances of Five nifH Phylotypes of Dizaotroph at Six Stations We Surveyed
(A3, D6, and F1 for KI‐affected stations; SEATS, K8, N1 for NSCS Background Stations)

Station Trichodesmium UCYN‐A1 UCYN‐A2 UCYN‐B γ‐24774A11

SEATS 2.21 × 109 8.28 × 108 8.93 × 106 2.02 × 109 1.24 × 109

K8 4.00 × 109 8.35 × 109 7.51 × 108 1.01 × 108 3.21 × 109

N1 3.20 × 1010 1.27 × 109 9.03 × 108 4.96 × 107 1.48 × 109

A3 1.37 × 1011 1.50 × 108 8.69 × 107 3.22 × 107 1.93 × 109

D6 4.24 × 1011 2.12 × 109 2.88 × 108 3.22 × 107 5.79 × 108

F1 5.84 × 1011 5.51 × 108 3.31 × 108 8.58 × 107 1.74 × 109

Note. The het‐1 nifH gene abundances were undetectable at all stations. KI = Kuroshio intrusion; NSCS = northern
South China Sea.
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(Figures 3 and 4). Lee Chen et al. (2014) found that the INF in the main stream Kuroshio was several times
higher than that in the NSCS basin. They suggested that the much deeper nitracline in the upstream
Kuroshio might provide a suitable condition for diazotrophs competing for nutrients (such as Fe and P)
with fast‐growth nondiazotrophs (Lee Chen et al., 2003, 2008, 2014). In addition, bio‐essential Fe sourced
from the islands upstream (Aguilar‐Islas et al., 2007; Blain et al., 2007) and the continental shelf due to
sediment resuspension and pore water diffusion (Bruland et al., 2005; Lam & Bishop, 2008), probably
promote diazotrophic abundance and activity along the Kuroshio Current (Shiozaki et al., 2015). Thus, the
high rates of N2 fixation appeared in the KI‐affected region probably due to the lateral transport from the
main stream of the Kuroshio.

4.2. Advection of Trichodesmium to the NSCS

In the NSCS region, other diazotrophic phylotypes rather than Trichodesmium dominated the nifH gene
abundance at stations SEATS and K8. The unicellular cyanobacterial diazotrophs (UCYN‐A1, UCYN‐A2,
and UCYN‐B) account for around half of the total gene abundance, while the Trichodesmium and
γ‐24774A11 composed less than 30%, respectively (Table 2). The result was consistent to previous findings
that unicellular cyanobacterial diazotrophs were the major contributors to the N2 fixation in the NSCS

Table 3
The Reported N Fluxes in Global Ocean and Measured INF in This Study (μmol N·m−2·day−1)

Region Research type Flux or INF Reference

NSCS basin N2 fixation 45.3 ± 6.2 Lee Chen et al. (2014)
Kuroshio upstream N2 fixation 180.5 ± 34.3 Lee Chen et al. (2014)
Kuroshio downstream N2 fixation 199 ± 142 Shiozaki et al. (2015)
NSCS basin N2 fixation 50 ± 19 this study
KI‐affected NSCS N2 fixation 463 ± 260 this study
ALOHA N2 fixation 230 ± 136 Böttjer et al. (2016)
North Pacific Ocean N2 fixation 30–120 Dore et al. (2002)
South Pacific Ocean N2 fixation 23–98 Knapp et al. (2016)
Tropical North Atlantic Ocean N2 fixation 73–90 Falcon et al. (2004)
South Atlantic Ocean N2 fixation ~20 Moore et al. (2009)
NSCS basin Atmospheric deposition 20–150 Kao et al. (2012),

Kim et al. (2014),
Yang et al. (2014)

NSCS basin Export PON flux 365–650 Cai et al. (2015),
Chen et al. (1998)

Kuroshio upstream Export PON flux 350–600 Hung and Gong (2007)

Note. INF = depth‐integrated N2 fixation; KI = Kuroshio intrusion; NSCS = northern South China Sea;
PON = particulate organic nitrogen.

Figure 7. (a) The depth‐integrated (upper 100 m) N2 fixation rate (INF, μmol N·m−2·day−1) against the average Kuroshio
fraction in the upper 100m; (b) N2 fixation rate (nmol N·L−1·day−1) against the Kuroshio fraction at each depth (5, 25, and
50 m). NSCS = northern South China Sea; KI = Kuroshio intrusion.
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(Lee Chen et al., 2014; Wong et al., 2015). In addition to unicellular
cyanobacterial diazotrophs, proteobacteria was also found to be a
potential N2 fixation contributor in the SCS (Kong et al., 2011;
Zhang et al., 2011). The absolute depth‐integrated abundances of
UCYN‐A1, UCYN‐A2, UCYN‐B, and γ‐24774A11 revealed no signifi-
cant difference between the NSCS region and KI‐affected region
(Table 2). In contrast, Shiozaki, Lee Chen, et al. (2014) found orders
of magnitude higher of UCYN‐B abundance in the main stream of
Kuroshio in summer than that in NSCS. During our cruise, we did
not investigate the stations in the main stream Kuroshio. Thus, we
are not sure whether there is a high abundance of UCYN‐B in
the Kuroshio as found by Shiozaki, Lee Chen, et al. (2014).
Nevertheless, the intrusion of Kuroshio likely creates a new biogeo-
graphic regime in the front zone suitable for the growth of
Trichodesmium.

The orders of magnitude higher Trichodesmium abundance in the KI‐
affected region relative to the NSCS background strongly suggests the
observed high N2 fixation rates was attributed to Trichodesmium
brought by the Kuroshio. In the oligotrophic ocean, Trichodesmium

often formed extensive bloom in stratified water with low turbulence, slow NO3
− input from deep water,

and a sufficient supply of Fe and P (Capone et al., 1997). Thus, the environmental conditions in the
Kuroshio might suitable for Trichodesmium. Indeed, Trichodesmium dominated the diazotrophic commu-
nity in the main stream of Kuroshio, especially around islands (Lee Chen et al., 2003; Shiozaki et al.,
2015). Given its buoyant feature, the distribution pattern of Trichodesmium can be regulated by the ocean
currents. For example, Trichodesmium in the western subtropical North Atlantic can be transported by the
Gulf Steam to the high‐latitude regions (Lipschultz & Owens, 1996). Similarly, Trichodesmium flourished
around islands in upper stream of the Kuroshio can be transported to the downstream region near Japan
(Shiozaki et al., 2015). Thus, we infer that the high abundance of Trichodesmium in KI‐affected region during
our study may be transported from the main stream of Kuroshio during the intrusion events, which signifi-
cantly enhance the N2 fixation rate in the regions with Rk > 0.5 (Figures 4 and 7). However, we found higher
INF values with higher KI index, yet the highest INF did not appear at the Kuroshio end (Figure 7a). Since
the majority of the N2 fixation had occurred in the surface 30 m, we combined the measurements of the cor-
responding layers for comparison (Figure 7b) and found that the high N2 fixation values located at KI index
are around 0.6 in the surface 5 and 25 m. Either we missed sampling the surface waters from regions with
high KI index during our cruise or some other process further amplified the nitrogen fixation in the shallow
water at stations with Rk of around 0.5–0.6. Our results demonstrated that diazotrophs (mainly
Trichodesmium) and high N2 fixation were tightly associated with the KI, which modulated the biogeo-
graphic distribution of N2 fixers.

To better estimate the global N2 fixation budget and understand the role of N2 fixation in the biogeochemical
cycles of complicated physical domains, further studies are required to explore the influence of this kind of
boundary current effect and its spreading capacity and the biogeochemical behavior therein. Further isotope
and molecular level studies are needed to constrain the internal mechanisms to stimulate on‐site N2 fixation
or to sustain diazotrophs over long‐distance travel.

4.3. Linkage Between Nitrogen Fixation, New Production and Primary Production

Linking to the biological pump, the amount of N2 fixation was comparable with previously reported export
production, accounting for 50–100% of the export production in the NSCS euphotic zone (Cai et al., 2015;
Chen et al., 1998, 2008; Table 3). Such a high contribution suggests that N2 fixation associated with the KI
alone may play a considerable role in the biogeochemical cycles of carbon and nitrogen in the SCS.

Relative to the diapycnal supply of dissolved inorganic nitrogen (~110 μmol N·m−2·day−1) to the euphotic
zone observed previously at SEATS (Du et al., 2017), the water column INF rates were much lower in the
NSCS region (~50 μmol N·m−2·day−1). In contrast, the INF was ~4 times higher in the KI‐affected region,

Figure 8. Linear correlation between INF and IPP for all 19 stations. Solid
triangles represent the KI‐affected stations, while the solid circles represent the
NSCS stations. NSCS = northern South China Sea; KI = Kuroshio intrusion;
INF = integrated N2 fixation; IPP = integrated primary production.
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as high as 460 μmol N·m−2·day−1. Such high INF rates demonstrate the significance of the lateral input of
new nitrogen induced by diazotrophs. It also suggests that the primary producers in the KI‐affected region
benefitted from the nitrogen input via diazotrophs during our sampling period.

A significant positive correlation was obtained between the INF and the IPP across the 19 research stations
(Figure 8, R2 = 0.61, p < 0.001). The high INF is accompanied with relatively high IPP in the KI‐affected
region, implying the potential role of diazotrophs in the primary productivity. Our result was in line with
the findings of previous mesocosm studies, in which higher primary production was associated with higher
N2 fixation (Berthelot et al., 2015; Van Wambeke et al., 2016). Similarly, in field studies, N2 fixation were
reported to have a positive linear relationship with primary production regardless surface or water column
integrated (Bonnet et al., 2015; Shiozaki et al., 2018).

As indicated in Figure 5, the N2 fixers were not the mainly contributor of primary production. Assuming that
most N2 fixation activity was contributed by cyanobacterial diazotrophs, collectively, the measured INF in
the upper 100 m may only account for ~1.3% of the N demand of IPP in the NSCS region and ~5.1% in the
KI‐affected region, despite the maximum contribution reaching as high as ~22% in the surface water
(Figure 5). It is likely that additional nitrogen sources associated with Trichodesmium activity generated a
linear correlation between INF and IPP.

Principally, Trichodesmium has been shown to release a substantial portion (up to 90%) of newly fixed
nitrogen to the dissolved pool and transfer it to nondiazotrophs in the short term (24 hr; Bonnet et al.,
2016; Lee Chen et al., 2011; Mulholland & Bernhardt, 2005). This new bioavailable nitrogen derived from
Trichodesmium may accumulate and substantially enhance regenerated production in the euphotic zone
(Shiozaki et al., 2018). In many previous studies, bacterial production was limited by lack of bioavailable
N. Thus, the accumulated newly fixed nitrogen, on the other hand, may stimulate bacterial production,
which could degrade more dissolved organic matter into bioavailable N and relax the N limitation for
primary producers in the euphotic zone (Berthelot et al., 2015; Van Wambeke et al., 2016). At depths below
25 m, the contribution of N2 fixation to primary production declined quickly to a level of <2% at the depth of
50 m in the KI‐affected region (Figure 5). Although most N2 fixation and primary production both are light
driven in euphotic zone, under low‐light stress, Trichodesmium physiologically preferred to allocate more
energy for carbon fixation to alleviate the intensive carbon consumption by respiration, thus nearly shutting
down N2 fixation at depths below 50 m (Lu et al., 2018). On the other hand, low‐light stress may further
enhance the diazotrophic‐derived nitrogen release by Trichodesmium to the surrounding water directly or
indirectly (Bonnet et al., 2016; Lu et al., 2018; Mulholland et al., 2004). Although not settled, three mechanisms
(diazotrophic‐derived nitrogen release, new nitrogen accumulation, and stimulation of heterotrophic bacterial
productivity) are offered here to explain the linear relationship between INF and IPP and to address the role of
Trichodesmium in the coupled nitrogen and carbon cycle from a biogeochemical perspective.

In the NSCS region, the opposite vertical pattern of N2 fixation contribution to the N demand of primary
production was probably induced by the distinct diazotrophic abundance and community structure
(Figures 5 and 6). Apparently, the total primary production in the NSCS region was mainly maintained by
the N flux from the deep water (Lee Chen et al., 2008), thus, diazotrophs may play a minor role in carbon
fixation. Unicellular cyanobacterial diazotrophs and proteobacterium were the dominant diazotrophic
species at station SEATS and K8, which most likely support the observed N2 fixation (Table 2). The fate of
dinitrogen fixed by unicellular cyanobacterial diazotrophs and proteobacterium is not well understood.
Among which, the unicellular cyanobacterial UCYN‐A lacks key genes for carbon fixation and thus lives
in symbioses with specific eukaryotic algae (Bombar et al., 2014; Tripp et al., 2010). It is known that
dinitrogen fixed by UCYN‐A efficiently transferred to its host (Martinez‐Perez et al., 2016), and thus the
surrounding planktonic communities may not benefit from this new nitrogen directly in short term
(Shiozaki et al., 2018).

5. Conclusions

The seasonal intrusion of the western boundary Kuroshio Current into the SCS may not only influence the
nutrient structure but also the community of diazotrophs, the N2 fixation rate, and primary productivity as
well. Our findings provide clues to linking the physical circulation pattern to biogeochemistry and
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demonstrate that the western boundary current could effectively spreads the active Trichodesmium‐dominated
N2‐fixation signal widely. Meanwhile, a significant positive correlation between N2 fixation and primary
productivity shows that N2 fixation is tightly tied to marine carbon cycling, although the
mechanisms remain unresolved.
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