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Abstract Lateral input of dissolved organics may play a significant role to support productivity in
oligotrophic ocean although associated biogeochemical evidences are lacking in the field. Ammonia
oxidation (AO), the first step of nitrification that bridges organic remineralization and nitrate, is potentially an
immediate responder. By using 15N-NH4

+, the spatial distribution of AO was investigated in the northern
South China Sea, where Kuroshio Current intrudes frequently. AO ranged widely (0.001 to
134 nmol · L�1 · day�1) in space and the depth-integrated (200m) AO peaked where the Kuroshio influence is
moderate suggesting that enhanced AO had occurred due to lateral mixing. Since oligotrophic Kuroshio is
characterized by high dissolved organic nitrogen (DON), such lateral mixing not only introduces external
DON into the northern South China Sea but also enhances NH4

+ regeneration and subsequent oxidation to
complicate the conventional new production in the boundary zone with DON gradient.

Plain Language Summary The horizontal mixing is widespread in oligotrophic ocean; however,
the mixing-induced biogeochemical response is hard to detect and remains less explored. We measured
ammonia oxidation (AO), a critical process immediately responds to remineralization of dissolved organic
matter (DOM), along the pathway of Kuroshio intrusion into the South China Sea. We found AO peaked at
stations where the influence of Kuroshio Current intrusion is moderate. We hypothesized that intrusion of
oligotrophic water brings on-site recalcitrant DOM into marginal seas and enriches ammonium level via
bacteria decomposition of the foreign DOM. Accompanied is the enhancement of AO, which transfers DOM
into nitrate, further complicating the conventional concept of N-based new production. Such lateral intrusion
or transport appears also along a meridional direction. For example, the western boundary current (warm
and saline) carrying DOM-rich water flows toward higher latitudes where nutrients are high. According to our
findings, such hemispheric scale transport may exert considerable influence on high-latitude nitrogen
biogeochemistry. Knowledge of the impact of Kuroshio intrusion on AO in the northern South China Sea was
a step forward in documenting this type of response in frontal zone, but more studies will be needed to
validate the underlying mechanisms.

1. Introduction

Nitrogen (N) plays a prominent role in oceanic biogeochemistry, as it is tightly coupled with various
elemental cycles, particularly carbon and phosphorus (Gruber, 2008). Among various N forms, nitrate
(NO3

�) dominates the bioavailable nitrogen reservoir in the deep ocean, and the vertical supply of
NO3

� largely controls marine productivity in the euphotic ocean (Falkowski, 1997; Moore et al., 2013;
Tyrrell, 1999). This vertical NO3

� transport contributes to new production as defined by Dugdale and
Goering (1967) in regions less influenced by atmospheric deposition and N2 fixation. On the other hand,
ammonium (NH4

+) is recycled rapidly in oligotrophic surface ocean, acting as the primary recycled N source
to sustain regenerated production (Dugdale & Goering, 1967; Eppley et al., 1973).

Besides vertical NO3
� supply from deep ocean, lateral input of dissolved organic matter (DOM, dissolved

organic carbon or nitrogen, DOC/DON) must be considered as an important process for nutritional
supplement. It transports additional new nutrients to oligotrophic regions, such as the center of the
subtropical gyre (Abell et al., 2000; Bacastow & Maier-Reimer, 1991; Mahaffey et al., 2004; Peltzer &
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Hayward, 1996). Some model results show that horizontal advection of such new nutrients is comparable or
exceeded the vertical transport of inorganic nutrients in at least some regions (Anderson et al., 2015, and
references therein; Letscher et al., 2016). In spite of the potential importance of such lateral advection of
DOM, field investigations of associated biogeochemical responses, particularly nitrogen cycle processes,
are still lacking.

Nitrification is one of the most important N transformation processes in the N cycle, as it links the most
reduced form (NH4

+) with themost oxidized form (NO3
�) and can produce the strong greenhouse gas nitrous

oxide as a byproduct (Ward, 2008, 2011). In the sunlit ocean, remineralization-produced NH4
+ may be trans-

formed to NO3
� via nitrification and the newly produced recycled NO3

� may refuel the phytoplankton
uptake. If this pathway proceeds in euphotic ocean, it may not only regulate the distribution of N species
and thus the community structure responsible for productivity but also influence the estimation of conven-
tionally defined new production (Yool et al., 2007).

The South China Sea (SCS) is the largest marginal sea in the world, and its surface circulation pattern varies
seasonally according to monsoons (e.g., Li, 2008; Shaw & Chao, 1994; Wong et al., 2007). A branch of the wes-
tern boundary current, Kuroshio Current (KC), intrudes into the northern SCS (NSCS) seasonally when passing
by the Luzon Strait (Nan et al., 2015, and references therein) (Figure 1a). Encountering the warm, nutrient-
depleted, and DOM-rich KC, the NSCS provides a good experimental ground to explore the response of
ammonia oxidation (AO) to the lateral intrusion of oligotrophic water. The Kuroshio intrusion (KI) occurs year
round, though it varies in magnitude and has been shown to influence the nutrient biogeochemistry of the
upper 100 m in the NSCS through dilution of inorganic nutrients (Du et al., 2013) and enrichment of DOC (Wu
et al., 2015). Using 15N-labeled NH4

+ addition techniques, this study provides the first information on the spa-
tial distribution of AO and the potential mechanism for lateral advection of water mass to modulate AO in the
boundary zone of the NSCS.

2. Material and Methods
2.1. Sample Collection and Measurements

The cruise was conducted during 15 May through 7 June 2016 on the R/V Dongfanghong II in the NSCS.
Samples were collected by using a 24-bottle Niskin rosette system with 12-L PVC bottles, equipped with a
SeaBird conductivity-temperature-depth. Samples for NH4

+, NO2
�, and NO3

� concentration were preserved
in 50-mL polypropylene centrifuge tubes (BD FALCON) at �20 °C without filtration until analysis. In total, 48
stations covering the shelf and the route of the KI were probed by conductivity-temperature-depth to assess
the chemical hydrography influenced by the Kuroshio in spatial scale. Among the 48 stations, 13 were
selected for AO measurement to explore the Kuroshio impact on the spatial distribution of AO (Figures 1
and S1 in the supporting information).

NH4
+ concentrations were analyzed by using the fluorometric o-phthaldialdehyde method with a detection

limit of 0.7 nmol/L (Zhu et al., 2013). Samples for NO2
� and NO3

� concentrations (μM level) were determined
by classical colorimetric methods with a Technicon Auto-Analyzer III (AA3, Bran-Luebbe). The detection limits
for NO2

� and NO3
� were 0.02 and 0.07 μmol/L, respectively (Dai et al., 2008). For low-level NO2

� and NO3
�,

we used flow injection analysis-liquid waveguide capillary cell method with a detection limit of 2 nmol/L
(Patey et al., 2008).

2.2. Estimate of Kuroshio Fraction

To quantify the hydrographic change induced by lateral KI, we applied an isopycnal mixing model (Du et al.,
2013) to calculate the fractional contribution of Kuroshio water in every individual water sample. Themodel is
under the assumption that diapycnal mixing is negligible when compared with isopycnal mixing (see sup-
porting information). In the isopycnal model, 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 (see Figure 1a for locations and discussions
of end-member selection). 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 S1, basing on the conser-
vation of either potential temperature (θ) or salinity (S) along an isopycnal surface (See profiles in Figure S2.):
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Figure 1. Study area and sampling stations during the 2016 summer cruise in the northern South China Sea. The white and red arrows stand, respectively, for the
wintertime and summertime surface circulation in northern South China Sea. The solid dots are for CTD sampling stations. The red and blue triangles in panel (a) are
for ammonia oxidation incubation stations featured with more and less Kuroshio water influence, respectively (see text; and the same in the following figures).
The SEATS and P4 are the two end-members used in the mixing model; and (b–e) showing the spatial distributions of depth and salinity of isopycnal surface of the
potential density anomaly (σθ) of 23 and 24 kg/m3. CTD = conductivity-temperature-depth.
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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 fractional contribution from end-member varies according to end-member selections. Though
we named P4 “Kuroshio,” the RK values were just used to describe the relative contributions from P4, rather
than providing absolute contribution from “typical Kuroshio” water mass (see more details of isopycnal
model in Text S1). On the other hand, the vertical mixing during lateral transport may violate the assumption
of isopycnal mixing (see Text S1). In the NSCS, however, the mixed layer depth occupied a limited fraction
while we integrate/average RK values throughout the upper 100-/200-m water column. Thus, the influence
of mixed layer depth on RK estimation is negligible at least in our study.

2.3. Incubation Experiments

Duplicate water samples for AO rate measurements were collected from four to eight depths in the upper
200 m (shown in Figure 2). For more accurate rate measure, we followed the protocol in Ward et al. (1989).
For each sample, 250 mL HDPE bottle was injected with 15NH4Cl plus carrier Na

14NO2 to reach final concen-
trations of 50 nmol/L for 15NH4Cl and 1 μmol/L for Na14NO2. After tracer addition and homogeneous mixing,
~45 mL water was immediately taken out from the incubation bottle and then filtered through a 0.22 μmdis-
posable syringe filter. The filtrates were frozen to serve as t0 samples. The remaining water in the incubation
bottle was dark, incubated in a thermostat incubator at in situ temperature. Incubations were ended by filtra-
tion (0.22 μm filter) after 12 hr, except samples from one station (K4), which were incubated for 12, 24,
and 36 hr.

2.4. Isotope Measurement and Rate Calculation

The isotopic composition of NO2
� was measured at t0 and at the end of the incubations. Rates of AO were

thus calculated according to the net accumulation of 15N in NO2
� during the incubations. The effect of bio-

logical fractionation is assumed to be negligible during incubation. To determine δ15N-NO2
�, we followed

the protocol of McIlvin and Altabet (2005). NO2
� was first quantitatively converted into N2O by a helium-

purged 1:1 (v:v) solution of 2 mol/L NaN3 and 20% acetic acid. The isotopic composition of the N2O produced
was measured by a gasbench coupled with an isotope ratio mass spectrometer (Thermo Delta V Advantage).

Rates were calculated according to equation (3):

R ¼ rt� NO2�½ �t � r0� NO2�½ �0
T

� 1
F
; (3)

where R is the AO rate (nmol · L�1 · day�1), rt and r0 are the
15N fractions in NO2

� (defined as 15N/(15N + 14N))
at the end and the start of the incubation, respectively; [NO2

�]t and [NO2
�]0 stand for NO2

� concentrations
(nmol/L) at the end and the start, respectively; T is the period of incubation (hr) and F is the fraction of NH4

+

labeled with 15N at the start of incubation.

Figure 2. The vertical profiles of (a) NH4
+ concentration (nmol N/L), (b) ammonia oxidation rate (nmol N · L�1 · day�1), and (c) nitrate at ammonia oxidation incuba-

tion stations. The dashed blue line is data for N8 station.
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To ensure the accuracy and reliability of rate measure, we conducted time course incubations. The rate of 15N
accumulation in the end-product (15N-NO2

�) over time course incubation was then used for in situ AO rate
derivation. For example, at Station K4 (Figure S3), 15N-NO2

� increased with elapsed time, displaying
significant linear pattern for all depths although the rate value (slope) varied from as low as 0.0002 up to
0.58 nmol · L�1 · hr�1. Such strong linear regression patterns affirmed the data reliability.

3. Results and Discussions

As the KC is characterized by warm and saline surface water, the zonal distribution of salinity in a contour plot
can be used to reveal the spatial pattern of KI. The contours of the depth of the isopycnal layer (potential den-
sity anomaly (σθ) of 23 and 24 in Figures 1b and 1c, respectively) showed a shoaling pattern toward the west,
agreeing with previous findings that the SCS is a basin-scale upwelling system (Wong et al., 2007). A clear
intrusion pattern of high-salinity water to the east near the Luzon Strait can be seen in salinity contours
(Figures 1d and 1e) specifically at given σθ of 23 and 24. Similar intrusion patterns have been reported pre-
viously (Du et al., 2013). Accordingly, the upwelled subsurface SCS water may introduce nutrients and bac-
teria into Kuroshio water during the lateral intrusion into the NSCS.

Except for very near surface water at a few stations (influenced by rainfall or riverine freshwater), θ and S of
all the sampling stations fell well within the field between the two end-members (red and blue curves in
Figure S1a), indicating that we may properly evaluate the Kuroshio influence using this two-end-member
model. Station N8, which contained a significant freshwater signal located on the shallow shelf (Figure 1a),
was viewed as lacking Kuroshio influence (i.e., RK of zero) and thus not taken into account in the two-end-
membermodel (yellow dots in Figure S1a). In Figure S1b, the degree of Kuroshio influence can be seen clearly
from the color, which represents the value of RK, distribution in the θ-S diagram.

The degree of KI influence varied vertically. The vertical distributions of the RK for the AO sampling stations
are depicted in Figure S4. For the mixed layer with uniform θ or S, we can see uniform RK in the surface about
10–40 m. Generally, RK showed relative higher values in the upper 100 m with subsurface lows near 100 m
(horizontal dashed line in Figure S4) and then increased with depth (Figure S4). Since the most intensive bio-
logical activities like photosynthetic production, regeneration, and export production processes occur in the
euphotic ocean (e.g., Fawcett et al., 2015; Karl et al., 2001; Lipschultz, 2001; Tseng et al., 2005), which is usually
defined by 1% of photosynthetically active radiation (PAR; Kirk, 1994). Moreover, in most of oligotrophic
ocean in low latitude, the annual mean depth of 1% sPAR is ~100 m (94.3 ± 12.3 m at BATS based on
Siegel et al., 1995; 75–94 m at SEATS station based on Tseng et al., 2005); thus, the selection of 100 m for inte-
gration is reasonable. Moreover, the average RK for upper 200 m resembles that of the 100 m (Figure S6a).
Thus, the depth average RK of upper 100 m (RKave-100) can be a proper indicator to assess the influence of
KC intrusion on sampling stations in the NSCS although the KC intrusion may deepen to 400 m (e.g., Tian
et al., 2006).

The spatial contour of RKave-100 showed a distinct zonal distribution with higher values to the east (Figure S5),
resembling the spatial distribution pattern of salinity. In the study region, themaximum RKave-100 was ~0.8. As
mentioned above, RKmay vary as changing the two end-members. Therefore, the criterion of 0.35 was just set
as a boundary for more and less Kuroshio influence for convenient discussion and to portray data point
distribution in figures (see discussions in Text S1). Accordingly, Stations D1, D6, D5, F6, A3, K4, and A8
(RKave-100 > 0.35) were classified as more Kuroshio-influenced stations (Figure S5 and Table S1).

Vertical NH4
+ concentrations ranged from 0.7 to 224 nmol/L, with two distinct distribution patterns. One

showed a subsurface maximum, while the other displayed no significant vertical structure (Figure 2a). In
general, both NH4

+ concentration (average of vertical profile) and inventory (depth integration for upper
200 m) for more Kuroshio-influenced stations (59 ± 49 nmol/L for concentration; 9,034 ± 4,803 μmol/m2 for
depth integration) were significantly higher than those of less Kuroshio-influenced stations (23 ± 27 nmol/L
and 2,995 ± 2,861 μmol/m2, respectively; Figure 2a and Table S1; for one-way ANOVA, P = 0.021 < 0.05). In
addition to reported μM level inorganic nutrient dilution and DOC additions (Du et al., 2013; Wu et al.,
2015), our results further suggested that KC intrusion is accompanied by higher NH4

+ concentrations,
although at nM levels. Whether the NH4

+ was directly brought by KC or induced by postintrusion warrants
further examination.
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As NH4
+ is the initial substrate for AO, the KC intrusion-associated NH4

+ enhancement probably stimulates
the AO rate, with implications for the proportion of new and regenerated production in the NSCS. In
Figure 2b, we present vertical profiles of in situ AO rate. AO was slow in surface layers (0.001–
0.6 nmol · L�1 · day�1) with high values ranging from 3.5 to 133.5 nmol · L�1 · d�1 at depths of ~40 to
100 m. Such downward increasing trend had been observed in previous studies and been attributed to light
inhibition (Ward, 2005) and ambient nitrate concentration (Wan et al., 2018). Here in this study, AO appeared
at around nitracline being consistent to previous observations. Below the depth of the AO rate maximum,
rates decreased gradually with depths (Figure 2b). The AO rate at the N8 station influenced by freshwater
(blue dashed line) was low at the surface and high at the bottom depths. Similar to the distribution pattern
of NH4

+, higher AO rates appeared at stations with higher Kuroshio influence (Figure 2b). In contrast to NH4
+

concentration and AO, there is no significant difference in [NO3
�] profile for more and less KC-influenced sta-

tions (Figure 2c), suggesting that in horizontal scale nitrate is not a major driver for AO enhancement.
Although the nitrate profiles showed no distinctive difference, the nitrate inventory of upper 100 m roughly
revealed an inverse correlation with Rkave-100 (Figure S6a), being consistent with the dilution effect indicated
by Du et al. (2013).

According to results and discussions above, we further integrated AO rates for the water column (IAO) and
estimated the depth-averaged AO (Ave. IAO) to explore the KI influence on NH4

+ inventory and AO rate in
the upper water column. Statistical results for the upper 200 m showed rates at more Kuroshio-influenced
stations (251–4,594 μmol · m�2 · day�1 for IAO; 4.5–25.3 μmol · m�3 · day�1 for Ave. IAO) were significantly
larger than those at less influenced stations (18.1–333.6 μmol · m�2 · day�1 and 0.4–2.6 μmol · m�3 · day�1,
respectively; for one-way ANOVA, P = 0.022 < 0.05). The upper 100 m integrated and averaged AO rates fol-
lowed the same trend as those for the upper 200 m, being consistent with the RK influence for both 100 and
200 m (Table S1).

As aforementioned, oligotrophic KI may dilute the NO3
� inventory in the upper 100 m, thus, may diminish

new production in NSCS and promote the ecological role of recycling nitrogen, that is, NH4
+, in sustaining

the system. To identify the source of this NH4
+ is critical to understanding the function of this western

boundary current intrusion. We plotted these integrated rate values (IAO and Ave. IAO) for the upper
200 m against RKave-100 to examine and evaluate the KI impact on the AO distribution. Results showed an
inverse V shape, and surprisingly the AO peaked at moderate RKave-100 (0.35–0.70; see Figure 3) rather than
at the highest RKave-100 end. Thus, the elevated AO signal was not directly carried by the Kuroshio. The only
exception not following the inverse V pattern was the coastal station N8 on the Y axis (the symbols at
RKave-100 = 0 in Figure 3) that was influenced by freshwater. Additionally, the average RK for the upper
200 m (RKave-200) showed a good positive correlation with that in the upper 100 m, with a slope of
1.01 ± 0.09 (P < 0.0001; Figure S6b). The upper 200 m integrated and averaged IAO rates (IAO and Ave. IAO)

Figure 3. The scatter plot of (a) depth-integrated (upper 200 m) ammonia oxidation rate (IAO, μmol N · m�2 · day�1) and
(b) average ammonia oxidation rate (μmol N · m�3 · day�1) against average Kuroshio fraction in upper 100 m.
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plotted against RKave-200 (Figures S6c and S6d) showed the same pattern with rates as against average RK of
the upper 100 m in Figure 3. Such consistency further illustrated that the conclusion of postintrusion induced
AO enhancement would not be biased by the depth range selected for integration.

The Kuroshio water, featured with higher potential temperature and salinity, is well known to hold low
inorganic nutrients (Du et al., 2013). By contrast, DOC in the upper 200 m was significantly higher than that
of the NSCS (51–70 μmol/L in NSCS and 60–79 μmol/L of Kuroshio water). The annual averaged TOC
inventory in the central NSCS (~6.7 mol/m2) was significantly lower than that in the Kuroshio (7.5 mol/m2),
indicating that the KC intrusion would increase the TOC inventory in the upper 100 m of the NSCS (Wu et al.,
2015). Similarly, higher DON was also observed at more Kuroshio water influenced stations (5.4 ± 0.6 μmol/L)
than at more SCS water-influenced stations (2.9 ± 1.2 μmol/L on average; Figure S7 and Table S3). Thus, we
hypothesized that the high DOM brought by the Kuroshio water is recalcitrant to the Kuroshio-carried
bacteria; however, Kuroshio DOM is bioavailable to bacteria dwelling in the SCS. A similar hypothesis had
been proposed previously by Carlson et al. (2011) and Letscher et al. (2013), who found that refractory
DOM at one place may be bioavailable for microbes at another site. Whether the DOM sourced from KC is
bioavailable to bacteria living in NSCS required further tests; nevertheless, high-throughput rRNA sequence
analyses of biological samples from NSCS and the Luzon Strait showed diverse community in the upper
100 m (Zhang et al., 2014). On the other hand, Shiah et al. (1998) showed that DOC degradation in western
equatorial Pacific was stimulated by inorganic nutrient addition. Consequently, the relatively high-surface
DOC in the western equatorial Pacific relative to the central equatorial Pacific was due to a shortage of
inorganic nutrient supply, thus resulting in sluggish DOC degradation. Such phenomenon of inorganic
nutrient limitation of DOM degradation was confirmed by subsequent studies (Berthelot et al., 2015; Van
Wambeke et al., 2016), suggesting that nutrient limitation is an important factor for DOM accumulation.

From the depth distribution on the isopycnal surface of 23 and 24 (Figures 1b and 1c), the intruded Kuroshio
water shoaled westward andmixed with the uplifted SCS water. Physical mixing-induced nutrient supply and
nonlocal bacteria inoculationmight activate remineralization and ammonification of DON in amanner similar
to the studies cited above, thus, produced NH4

+ for microbial use. Enhanced AO in waters within
intermediate RKave-100 (0.35–0.70) supports this notion. More specifically, DON was insufficient in water with
RKave-100 < 0.35, while DON was high yet refractory for the on-site bacteria in water with RKave-100 > 0.7.

The newly produced NH4
+ may be consumed either by nitrifiers or by phytoplankton. If the NH4

+ was directly
oxidized by ammonia oxidizers, the NO3

� produced by enhanced AO in the euphotic zone is involved directly
in new production. Alternatively, if nitrifiers were outcompeted by phytoplankton in the sunlit ocean (Smith
et al., 2014), the remineralized NH4

+ was taken up by phytoplankton. Whether this production induced by
lateral input of new DON can be exported out of the euphotic zone remains uncertain; however, the regen-
eration of NH4

+ underneath may also stimulate AO. The enhanced NH4
+ regeneration and subsequent AO

rates, which is caused by lateral intrusion of the oligotrophic KC, is absolutely a significant yet hitherto unex-
plored process in the boundary zone regardless of the mechanism behind.

As high N2 fixation rates and high Trichodesmium abundance in the route of KC were reported (Chen et al.,
2008, 2013; Shiozaki et al., 2014), we may argue diazotrophs’ release could be a direct source of NH4

+

(Capone et al., 1994; Mulholland et al., 2004) to stimulate AO. If so, AO rates would be positively correlated
with RK, that is, the maximum AO rates appeared at the highest RK but not at RK with medium values. This
is apparently not the case since nitrification did not peak in waters with the highest RK value.

4. Conclusion

This is the first report of AO distribution in the NSCS. We found distinct spatial distributions of NH4
+ concen-

trations and oxidation rates associated with the KI. Lateral transport of oligotrophic water brings on-site
recalcitrant organic nitrogen into marginal seas and enriches NH4

+ level via bacteria decomposition of the
foreign DON. Enhancement of NH4

+ production and oxidation further complicate the conventional concept
of N-based new and regenerated production. Such lateral intrusion or transport may appear elsewhere with
DON and nutrient gradients. Knowledge of the impact of KI on AO in the NSCS was a step forward in
documenting this type of response, but more studies will be needed to validate the real
underlying mechanisms.
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