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Abstract Dissolved organic nitrogen (DON) is the dominant form of fixed nitrogen in most low and
middle latitude ocean surface waters. Here, we report measurements of DON isotopic composition (§'°N)
from the west South China Sea (SCS), with the goal of providing new insight into DON cycling. The
concentration of DON in the surface ocean is correlated (r = 0.70, p < 0.0001) with chlorophyll a
concentration, indicating DON production in these surface waters. The concentration and 8'°N of DON fall
in a relatively narrow range in the surface ocean (4.6 + 0.1 uM and 4.3 + 0.2%o vs. air, respectively; +SD),
similar to other ocean regions. The mean DON 8'°N above 50 m (4.5 + 0.3%o) is similar to the §'°N of
nitrate in the “shallow subsurface” (i.e., immediately below the euphotic zone; 4.6 + 0.2%o) but is higher
than the 8"°N of suspended particles in the surface ocean (~2.3%). This set of isotopic relationships has been
observed previously (e.g., in the oligotrophic North Atlantic and North Pacific) and can be explained by the
cycling of N between particulate organic nitrogen (PON), DON, and ammonium, in which an isotope effect
associated with DON degradation preferentially concentrates *°N in DON. Consistent with this view, a
negative correlation (r = 0.70) between the concentration and the §'°N of DON is observed in the upper
75 m, suggesting an isotope effect of ~4.9 + 0.4%. for DON degradation. Comparing the DON §'°N data from
the SCS with other regions, we find that the 815N difference between euphotic zone DON and shallow
subsurface nitrate §'°N (ABISN(DON_NOS)) rises from ocean regions of inferred net DON production to
regions of net DON consumption, with the SCS representing an intermediate case.

Plain Language Summary In most areas of the (sub)tropical surface ocean, dissolved inorganic
nitrogen (e.g., nitrate) is fully consumed by phytoplankton as a critical nutrient in their growth. In
contrast, the concentration of dissolved organic nitrogen (DON) in these waters is 1-3 orders of
magnitude higher than dissolved inorganic nitrogen. The high concentration of DON in oligotrophic
oceans is often explained as a result of its chemical recalcitrance, which prevents it from being rapidly
assimilated and used by plankton. However, the concentration of DON does vary, and it may play an
important role in upper ocean N cycle. In this study, DON in the South China Sea (SCS) was investigated for
its concentration and natural isotopic composition (i.e., its ratio of heavier *>N relative to lighter **N).

We find evidence for both production and consumption of DON in the shallow waters of the SCS. Our
findings thus support the possibility that DON is an important part of the upper ocean N cycle. In addition, a
comparison of the SCS DON data with those from other ocean regions is consistent with previous
suggestions of lateral transfer of DON from regions of upwelling and vertical mixing to lower-nutrient, more
stratified tropical and subtropical waters.

1. Introduction

Dissolved organic nitrogen (DON) is the dominant form of biologically available nitrogen (fixed N) in most
tropical and subtropical surface oceans, but its bioavailability and cycling remain enigmatic (Hansell
et al., 2009; Knapp et al., 2005; Letscher et al., 2013; Sipler & Bronk, 2014). Although DON has traditionally
been considered to have low lability, it has been argued that classifying all DON as refractory possibly over-
looks an important source of available N in the marine environment (Bronk et al., 2007). Indeed, DON does
contain compounds and functionalities that are believed to be readily bioavailable (Sipler & Bronk, 2014).
Given the relatively high concentration of DON in the surface ocean, even modest reactivity could make
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it an important proximal source of fixed N for biological productivity. Indeed, some studies have suggested
that DON participates in and affects upper ocean biogeochemical cycling (Bronk et al., 2007; Knapp
et al., 2018; Torres-Valdés et al., 2009). Further, extensive data sets of DON concentration and model simu-
lations suggest that the subtropical gyre regions import DON from gyre margins (Letscher et al., 2016). Also,
DON in the gyres may be mixed downward or subducted into the ocean interior prior to breakdown, thus
representing a component of the biological pump in addition to sinking organic matter (Letscher
et al., 2013).

Along with its concentration, the N isotopic composition of DON can be used to study DON cycling in the
ocean (Benner et al., 1997; Feuerstein et al., 1997; Knapp et al., 2005, 2011). Prior work on DON 8N has
mostly focused on the subtropical gyres of the North Atlantic and the North Pacific (Knapp et al., 2005, 2011;
Yamaguchi & McCarthy, 2018). Recently, DON 8"°N has been reported in an oceanographic setting outside
of the oligotrophic subtropical gyres, that is, the Eastern Tropical South Pacific (ETSP), providing new
insights into the production and consumption of DON (Knapp et al., 2018).

The semienclosed South China Sea (SCS) is the largest tropical/subtropical marginal sea in the western
Pacific. It is generally characterized by a shallow mixed layer and oligotrophic conditions, but it
undergoes upwelling and vertical mixing on a seasonal basis, especially along its margins (Liu
et al., 2010). The SCS is strongly influenced by the Asian monsoon, with southwesterly winds prevailing
in summer (June-September) and northeasterly in winter (November-March). The basin-scale surface
circulation responds to the winds, which drive an anticyclonic gyre in summer and a cyclonic gyre in
winter (Hu et al., 2000). The upwelling and associated vertical mixing result in a relatively shallow
nutricline, rapid nutrient supply, and thus somewhat elevated primary production relative to other
tropical and subtropical open ocean regions (Gregg et al., 2003). Despite the relatively rapid supply of
nutrients, N has been suggested to be a key limiting nutrient for primary production in the SCS (Chen
et al., 2004). The nutrient supply into surface layers is characterized by excess phosphorus (N:P < 16),
which has been suggested to encourage N, fixation in the SCS (Ren, Sigman, et al., 2017, Wong
et al., 2007; Wu et al., 2003).

Prior studies had examined the isotopic composition of particulate N (PN) and nitrate in the SCS water col-
umn (Yang et al., 2017, 2018). There are few DON concentration measurements from the SCS (Hung
et al., 2007; Xu et al., 2018), and there are not as yet any reported DON 815N measurements. DON concen-
trations in the mixed layer are 2-3 orders of magnitude higher than those of dissolved inorganic N (DIN) in
the northern SCS basin (Hung et al., 2007). The potential importance of DON in upper water column N
cycling calls for further study of this numerically dominant N pool.

In this study, we report the concentrations and 8'N values of DON, suspended PN (PNjp), and nitrate
from the upper water column of western SCS (WSCS) (Figure 1). With this new data set, we seek to (1) obtain
the spatial distribution of [DON] and the 5'°N of DON (§'*Npoy) in the WSCS, (2) examine the N isotope
dynamics associated with DON production and consumption, and (3) compare the SCS data with measure-
ments from other ocean regions.

2. Materials and Methods
2.1. Study Area

The samples were collected at deep basin stations (with depths of >2,000 m) in the WSCS (Figure 1). In sum-
mer, the sampling region is dominated by the Southeast Vietnam Offshore Current, a strong eastward jet
(Hu et al., 2000). This eastward jet leaves the Vietnam coast between 10°N and 12°N and bifurcates in the
vicinity of 113°E (Chen et al., 2010).

2.2. Field Sampling

Field sampling was conducted on Cruise NORC2015-07 of the R/V Shiyan 3 during 17-27 September 2015 in
the tropical WSCS (Figure 1), sampling the summer monsoon period. At 44 stations, seawater samples were
collected for concentration of nitrate + nitrite analysis from seven depths (5, 25, 50, 75, 100, 150, and 200 m)
with a Seabird SBE 911plus conductivity-temperature-density and rosette system. Out of the 44 stations, 25
were selected for DON and nitrate 5'°N analyses (Figure 1).
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Figure 1. Sampling locations in the western SCS in September 2015. Water samples were collected from 44
stations (circles, station number indicated in white) at seven depths (5, 25, 50, 75, 100, 150, and 200 m). Nitrate
concentrations were measured at all stations. A subset of stations (red circles, n = 25) were selected for measurement of
8'N of DON and nitrate. Color map and arrows indicate mean sea surface Moderate Resolution Imaging
Spectroradiometer chlorophyll a concentration and Archiving, Validation, and Interpretation of Satellite Oceanography
geostrophic current during the period of the cruise, respectively.

2.2.1. Concentrations of Nitrate and Nitrite

Seawater samples for nitrate + nitrite (referred to as nitrate in section 3 and thereafter) or total dissolved
nitrogen (TDN) were filtered through Millipore polycarbonate filters (0.2 pm). The filtrates were collected
into acid-cleaned and sample-rinsed high-density polyethylene bottles (Nalgene), frozen, and stored at
—20°C. The concentration of seawater nitrate + nitrite (referred to as [NO5™ ] in section 3 and thereafter)
was determined by the chemiluminescence method (Braman & Hendrix, 1989). Briefly, nitrate + nitrite
was reduced to nitric oxide by an acidic solution of vanadium (V**) at 95°C. The nitric oxide was then quan-
tified with a Teledyne 200 EU chemiluminescence analyzer. The detection limit was 0.01 uM, and the aver-
age precision based on replicate measurements was 3%.

2.2.2. Isotopic Composition of Nitrate and Nitrite

Nitrogen isotope ratios of seawater nitrate + nitrite was determined using the “denitrifier” method (Sigman
et al., 2001) for samples with [NO3; ™| > 0.3 uM. Briefly, nitrate samples were reduced to nitrous oxide (N,O)
by the denitrifying bacterial strain Pseudomonas chlororaphis ssp. aureofaciens (ATCC 13985, Manassas,
VA, USA) that lacks nitrous oxide reductase activity. The N isotopic composition of the N,O product was
measured at Princeton University on a Thermo MAT253 isotope ratio mass spectrometer coupled with a
custom N,O extraction system (Weigand et al., 2016). Two international reference materials were used
for calibration (—1.8%. for USGS34 and 4.7%. for IAEA-NO-3, vs. air). The N isotope composition is
expressed as
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R
SN = (S“—'"p’e - 1) x 1000,
RStandard

where Rsampie and Rgiandara TEpresent the I5N/MN ratios of sample and air N,, respectively. The average
standard deviation of the 8'°N measurements on sample replicates was <0.1%o.

2.2.3. DON

Samples for DON measurements were collected from the same stations at four water depths (5, 25, 50,
and 75 m). The concentration and §'°N of TDN were measured by persulfate oxidation coupled to the deni-
trifier method following (Knapp et al., 2005), with minor modifications based on the fossil-bound organic
matter §°°N protocol (Ren et al., 2009; Wang et al., 2015). Briefly, in a precombusted 4 ml glass vial, 2 ml
persulfate oxidizing reagent (POR) (1 g K,S,0g + 1.5 g NaOH in 100 ml purified low-N water) was added
to 2 ml seawater sample, followed by autoclaving for 55 min. The pH of the resulting samples was then
adjusted to near neutral. The resulting nitrate was analyzed for 8'°N using the denitrifier method described
above. DON concentration was calculated by subtracting the concentrations of nitrate in the original sam-
ples from that of the oxidized samples ((DON]| = [TDN] — [NO;™ ]). The isotopic composition of DON was
calculated from isotopic mass balance. In each batch of samples, amino acid standards with known 8"°N
(USGS40 and USGS41) as well as the blanks associated with persulfate reagent were measured and used
in the blank correction following (Wang et al., 2018). The main source of nitrogen blank in the full protocol
is associated with the oxidation step, and it comes largely from the POR. The concentrations of the measured
POR blanks were less than 0.3 pM, composing no more than 6% of total N in oxidized samples. The average
standard deviation for duplicate [DON] analyses was +0.12 uM for samples with undetectable nitrate, and
the propagated error for [DON] in the presence of detectable nitrate was +0.14 uM. These two values are
quite close, as the propagated error for [DON] is simple:

O[PON] = 4/ G[ZTDN] + cr[2N03]'

For samples that contain detectable nitrate, an additional step was taken to calculate DON &"°N based on
mass balance (with measured nitrate concentration and §*°N):

SN 8" Nrpy X [TDN] — 8" Nyo3 X [NO3]
DON = [DON] .

The uncertainties in [DON] and 8'°N were calculated from error propagation using the following equation
(Ku, 1966):

- 3pon \° 2 d8pon \° 2 8pon ) 2 8pon ) 2
Tooon = \/(B[TDN]) X Oton ¥ O[NO;] > o 981N C O8n03 % Tbvon-

The POR 8"N correction for TDN analysis is generally between ~0%o and ~0.2%o, with USGS40 and USGS41
as internal standards. The average standard deviation of 8"°Npoy for replicate samples with undetectable
nitrate was 0.2%o. The propagated uncertainty of 8 Npon for samples that had [NO; ™| similar to [DON]
was +0.4%o.

2.2.4. Suspended PN

Suspended particles were collected in surface waters (from a depth of ~5 m, n = 41) by filtering ~20 L sea-
water onto precombusted (450°C, 4 hr) Advantec GF75 glass fiber (0.3 um poresize) filters. Sample filters
were stored frozen (—20°C) until analysis. The N content and isotopic composition of these filters were ana-
lyzed at Xiamen University on a Finnigan Delta V Advantage isotope ratio mass spectrometer interfaced
with a Carlo Erba NC 2500 elemental analyzer. The standard deviation for these 8'°N measurements was
+0.2%o. Data set of N concentration and 8"°N for this study are available in Mendeley Data (https://data.
mendeley.com/datasets/7k53k4nzc7/draft?a=b91ee88f-5355-4d64-ae04-080ac2955265).

2.2.5. Surface Chlorophyll a

Seawater-collected chlorophyll a data for each station are not available for this cruise. Instead, surface chlor-
ophyll a concentration with 8 day temporal resolution and 9 km spatial resolution was taken from the
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Moderate Resolution Imaging Spectroradiometer (MODIS; https://oceandata.sci.gsfc.nasa.gov/MODIS-
Aqua), with averaging of the satellite data closest to each sampling location. In general, the MODIS product
overestimates chlorophyll a, and its annual mean bias in the global ocean is ~8% (Gregg & Casey, 2007). The
uncertainty in MODIS chlorophyll a for much of open ocean is less than +35% (Moore et al., 2009). In the
SCS, the MODIS product has been used extensively (e.g., Shang et al., 2011; Wang & Tang, 2014) and has
been shown to be accurate (Liu et al., 2013; Zhang et al., 2006).

3. Results

3.1. Ancillary Environmental Measurements

Sea surface temperature ranged from 28.76°C to 30.31°C and averaged 29.66 + 0.35°C (£SD), and sea surface
salinity ranged from 32.48 to 33.73 practical salinity unit and averaged 33.20 + 0.31. The lowest sea surface
salinity were observed at the southwestern stations, consistent with freshwater input from the Mekong River
plume (Voss et al., 2006). The distribution of surface chlorophyll a was patchy, with elevated phytoplankton
biomass (chlorophyll a ~ 0.4 mg/ m?) as a narrow northeastward jet-shaped protrusion into the WSCS in the
southern area during our sampling period (Figure 1). For the offshore stations further to the east, surface
chlorophyll a decreased to ~0.1 mg/m?, typical of tropical oligotrophic waters.

3.2. Nitrate Concentration and §"°N

Nitrate concentration ([NOz ™ |) was <20 nM in surface water (5 m) at all stations. In the upper 50 m, [NO3 ™|
was generally <100 nM, except for northwestern station Sta. 61, where elevated nitrate concentration
(1.8 uM) was observed at 25 m and deeper. The “nitracline” (defined as the depth at which [NO5™] equals
0.1 uM; Chen et al., 2008) was generally between 50 and 75 m (Figures 2 and 3a). Below the nitracline depth,
[NO; ] increased progressively with depth. At 75 m, [NO3™ | was 5.4 + 4.2 uM, and N isotopic composition of
nitrate (referred to as 8°Nyos hereafter) was 5.2 + 0.8%o. Notably, a shallow subsurface minimum in
5°Nnos was observed at ~100 m at most stations, with a mean value of 4.6 =+ 0.2%0
([NO3™] = 10.5 + 2.5 uM) (Figures 3a and 3d). Below the depth of the 8" Nno3 minimum, both [NO;7]
and 8" Nyos increased steadily with increasing depth, reaching 14.3 + 3.2 uM and 5.3 + 0.5%. at 150 m
and 18.0 + 1.9 uM and 5.4 + 0.2%o at 200 m.

3.3. TDN Concentration and §*°N

The vertical pattern of [TDN] was mainly caused by [NOs ™| because of the large gradient in its concentra-
tions. [TDN] showed a similar vertical pattern as [NO5™ |, increasing with depth below ~50 m (Figures 3a
and 3b). In the upper 50 m, TDN was predominantly composed of DON. The 8*°N of TDN showed little var-
iation over the upper mixed layer (29 + 7 m), with an increasing trend from 25 to 75 m, often with a sharp
rise at 75 m (Figure 3e). This last observation was likely driven by the assimilation-driven elevation of nitrate
8'°N at 75 m, due to the isotopic fractionation associated with nitrate assimilation by phytoplankton
(Fawcett et al., 2015; Knapp et al., 2005). Below this, at ~100 m, 515NTDN was on average 4.5 + 0.2%o and
[TDN] = 14.3 + 2.4 uM. At stations where the nitracline was shallower, the 8" NrpN depth structure was also
displaced to shallower depths. Below the nitracline, 8" Npn increased gradually to 200 m.

3.4. DON Concentration and §'°N

Surface (5 m) water [DON] had a relatively narrow range (4.4-4.9 pM, 4.6 + 0.1 uM) (Figures 3c and 4a).
Relatively higher surface [DON] was observed between 13°N and 14°N and at the southwestern stations.
[DON] was generally the highest at the surface and decreased with depth, averaging 4.3 + 0.2 uM at 50 m
and 4.1 + 0.3 uM at 75 m.

In the surface ocean, DON 8"°N (§"*Npon) averaged 4.3 + 0.2%o, with lower 5" Npon generally correspond-
ing to the sites of higher [DON]. Vertically, 8'°Npoy generally increased with depth, reaching 4.7 + 0.2%o at
50 m (Figures 3f and 4b). At 75 m, 5" Npon averaged 4.8 + 0.4%o.

3.5. Suspended PN Concentration and §*°N

The concentration of suspended PN [PNy,,]| in surface water ranged from 0.11 to 0.41 uM and averaged
0.20 + 0.07 uM (n = 41) (Figure 5a). Higher [PNg,q,] was observed in the northwestern and southwestern
parts of the sampling region. The §'°N of suspended PN (5" Niusp) had a range of 1.0-5.2%. and averaged
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Figure 2. Concentration of nitrate + nitrite ((NO3;~ + NO, ™ ]) in the upper 200 m along the six zonal sections (10°N, 11°N, 12°N, 13°N, 14°N, and 15°N) of

sampling stations.

2.3 +0.9%o0 (n = 41) (Figure 5b). Most stations (35 of 41) had a 515Nsusp < 3.0%o. Higher 515Nsusp values were
only observed in the northwestern part of sampling region (Stations 60-64, n = 5; mean values for [PN] of
0.31 + 0.07 uM and for 515Nsusp of 4.2 + 0.7%0), where the nitracline was shallower. For the majority of
sampling stations, in the surface water (5 m), suspended PN 815N was ~2%o (2.1 + 0.5%0).

4. Discussion
4.1. DON Production in the Surface SCS

[DON] and [PNgysp] were the highest at the surface, where primary production in the SCS water column is
also the highest (Liu et al., 2007). A positive correlation (r = 0.96, p = 0.01) between DON stock in the upper
50 m and remote-sensed surface chlorophyll a has been observed in the ETSP, which was used to infer net
DON production in the local euphotic zone (Knapp et al., 2018). In the SCS, a positive correlation between
[DON] and chlorophyll a concentration was also observed in surface waters (Figure 6a; r = 0.65, p = 0.002,
n = 19), suggesting surface DON production at these sites as well. However, the intercept of the correlation is
4.2 + 0.1 uM, suggesting that only a small fraction of the DON in the surface waters was newly produced. In
addition, [PNgyp] and chlorophyll a also showed a moderate correlation (Figure 6b; r = 0.64, p < 0.001,
n = 29) but with an intercept close to zero. This is consistent with the canonical view that suspended PN
in the surface waters has a short residence time, such that most surface suspended PN is generated and con-
sumed within the region that it is observed (Sigman & Fripiat, 2019; Waser et al., 2000). Like organic N, both
dissolved organic carbon and particulate organic carbon in the euphotic zone have been reported to be well
correlated to chlorophyll a in the SCS basin (Hung et al., 2007). The spatial pattern of [DON] agrees broadly

ZHANG ET AL.

60f19



AF20 | . .
NI Global Biogeochemical Cycles 10.1029/2020GB006551
AND SPACE SCIENCE
(a) [NO3] M (b)  [TDN]pM ()  [DON]pM
0 5 10 15 20 5 10 15 20 25 3.5 4 4.5 5
0 ; : 0 — 30 —_ S— —_ —
16N 61 59
ssi® ™ @55 |
. 901 50 67 69 71 73
= 14°N 657 X + o
St 79 77 75 |
.E 81e @ & @
S« 100 100 95 93
5 12N 97@ 4 = ¥
101 105 107 |
9m & A Y
150 | 150 3 : 113 111
g 10°N 1150 4 X %109
s [ -~ 7" _|
s 110F 112°E 114°E
200 200 8
(d) Nitrate 8'5N (%o vs air) ()  TDN 815N (%o vs air)
4 5 6 7 4 4.5 5 5.5 6 4 4.5 5 5.5
0 0 — E : : : 0
50 o 50 20
E
< 100 100 40
2.
3
=)
150 150 60 .
s
i
200 200 80 H

Figure 3. Depth profiles of concentration and 8N of different N pools. Panels (a)-(c) are for concentration of nitrate, TDN, and DON, respectively. Panels
(d)-(f) are for the isotopic composition of nitrate, TDN, and DON, respectively. TDN and nitrate data are shown in the upper 200 m, while DON data are
shown in the upper 75 m. Averages of [DON] and DON 8'°N are shown in black filled circles with dashed lines (panels c and f). Nitrate was depleted, and thus,
the corrections for nitrate were insignificant in the upper 50 m, while the interference of nitrate became significant at 75 m.

with prior compilation of global observations that [DON] is coherent with primary productivity in general,
with low concentrations of DON in the gyre centers and higher concentrations in areas of upwelling
(Letscher et al., 2013).

Anthropogenic atmospheric N (AAN) input via deposition can impact the SCS on annual basis (Kim et
al., 2014; Ren, Chen, et al., 2017). However, the existing evidence argues against a major role for atmospheric
N deposition in the production of “labile” DON and its 8" Npon in this study, for following reasons.
Multiyear-averaged total aerosol optical thickness from MODIS for each month in the SCS implies that
our sampling region (~10-15°N, 110-115°E) received minimal atmospheric deposition during the sampling
month (Lin et al., 2007). There are two main sources of terrestrial aerosols to the SCS: the northern source
comprised of fossil fuel aerosols from East China and Asian desert (Gobi Desert) and the southern source
from biomass burning in Sumatra and Borneo of the Southeast Asia (Lin et al., 2007, 2009). These
aerosols are transported by the prevailing NE and SW monsoons, respectively (Lin et al., 2007, 2009). The
northern source usually can extend southward to around 15-16°N, while the southern source can extend
northward to around 11°N (Lin et al., 2007, 2009), such that our study region (~10-15°N, 110-115°E) sits
in an approximate gap between the two sources, and it receives much less atmospheric deposition than
the northern SCS. Moreover, the input of aerosols associated with biomass burning in Borneo and
Sumatra during the sampling month is also minimal over our sampling region (Lin et al., 2007). Even in
the northern SCS, where AAN deposition rate is higher and has been rising since 2000
(~50 mmol m™> yr_1 in 2014; Ren, Chen, et al., 2017), this rate can explain only ~3% of primary
production (Ren, Chen, et al., 2017). Thus, it is unlikely that the correlation between the [DON] and
chlorophyll a is caused by AAN deposition.
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Figure 4. Spatial distributions of [DON] (a) and SISNDON (b) at 5, 25, and 50 m.

4.2. DON Consumption With Isotope Fractionation in the Upper Layers

[DON] and 8"*Npon showed a negative correlation (r = 0.70; Figure 7a). DON is mainly produced from PN
through a range of mechanisms including cell lysis, exudation, and particle solubilization (reviewed in
Bronk & Steinberg, 2008, and Sipler & Bronk, 2014), processes that would not be associated with strong iso-
topic fractionation because they do not specifically attack C-N bonds. Thus, it is expected that “fresh” DON
8'°N should be similar to the 8'°N of PN from which it is produced from (Knapp et al., 2011). This inference
is supported by field observations, which show no clear §'°N elevation in surface detrital PN relative to living
PN in the Sargasso Sea (Fawcett et al., 2011). Thus, explanations for DON 8N variation in the surface ocean
have focused on the isotopic fractionation associated with deamination and similar chemical DON break-
down processes (Knapp et al., 2011, 2012, 2018).

There are two possible explanations for the observed negative correlation: (1) production/addition in WSCS

surface waters of DON with a lower 5'°N than that of DON generated in other regions and (2) DON degra-
dation with an isotopic fractionation. The former explanation is unlikely, as mass balance would require the
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Figure 6. Relationships of [DON] (a) and [PNgysp] at 5 m (b) with remotely sensed chlorophyll a. The mapped 8 day
averaged MODIS chlorophyll a data with a 9 km spatial resolution was used. At each sampling station, chlorophyll
a was calculated by averaging the closest chlorophyll a values.
addition of 0.3 uM DON with 8"°N of —1.4%. in WSCS surface waters. This 5'°N value is far lower than that
of subsurface nitrate, the dominant form of fixed N for surface new production (Liu et al., 2010). While it is
close to the 8'°N of N, fixer biomass and the DON they produce (Carpenter et al., 1997; Macko et al., 1987;
McRose et al., 2019; Minagawa & Wada, 1986; Zerkle et al., 2008), we know of no reason to expect N, fixers to
dominate net DON production in this region. The SCS has relatively strong vertical exchange and net upwel-
ling, with both monsoonal seasons hosting conditions that encourage vertical fluxes (Liu & Gan, 2017). This
results in high vertical nitrate flux to the euphotic zone on an annual basis, which dominates new produc-
tion (Liu et al., 2010; Ren, Chen, et al., 2017). Overall, work to date in the SCS suggests that the rate of N,
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Figure 7. Relationship between 515ND0N and [DON] in the upper 75 m of the WSCS (a) and in the upper 120 m of the Eastern Tropical South Pacific (ETSP) (b).
The ETSP data are from Knapp et al. (2018). In panel (b), data points from 2010 and 2011 cruises are denoted in filled and open circles, respectively. In (a),
assuming the Rayleigh model for DON consumption (i.e., irreversible consumption of DON with constant isotopic fractionation in a closed system), the slope of
the linear fit of 515NDON against In[DON] provides an estimate of isotope effect (¢) for DON consumption of 4.9 + 0.4%..
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fixation is low relative to the vertical nitrate flux (~20 mmol N m™2 yr™" vs. 200 mmol N m™2yr™ '), based on
multiple lines of evidence including bottle incubations, natural-abundance nitrogen isotope analyses,
genetic analysis, and biogeochemical modeling (Chen et al., 2014, 2008; Kao et al., 2012; Liu et al., 2010;
Lu et al., 2019; Ren, Chen, et al., 2017; Shiozaki et al., 2014; Voss et al., 2006; Wang et al., 2019; Wong
et al., 2007; Yang et al., 2017; Zhang et al., 2015, 2011). It remains possible that N, fixation is channeled
directly to DON, focusing its isotopic impact on the DON pool. However, the existing data from other regions
show no sign of such a connection (Knapp et al., 2012).

Pursuing the second possibility and applying the Rayleigh model (i.e., a closed system with irreversible con-
sumption occurring with a constant isotopic fractionation), an isotope effect () of ~4.9 + 0.4%. during DON
consumption was calculated (Figure 7a). In the ETSP, a negative correlation (r = 0.64, p = 0.53) between
[DON] and 8"*Npon Was also observed in the upper 50 m (Figure 7b), yielding an € of 5.5 + 1.2%. for
DON degradation (Knapp et al., 2018), which is similar to the value estimated here, considering the uncer-
tainties. Moreover, an € of ~3-5%o for DON degradation has been estimated from data near Station ALOHA
in the subtropical North Pacific and the Sargasso Sea (Knapp et al., 2011). The origins of this isotopic fractio-
nation are likely the hydrolysis and deamination of protein, in which there is preferential loss of low-8"°N
amino groups (Bada et al., 1989; Macko et al., 1986; Silfer et al., 1992).

As the concentration of DON is much higher than that of DIN in the surface ocean, even a proportionally
small amount of DON degradation may represent an important source of recycled N to the surface ocean.
DON degradation may release bioavailable N in the forms of simple organic N compounds and ammonium,
which can be directly and rapidly assimilated (Sipler & Bronk, 2014). Since DON degradation appears to
release N with a low 8'°N, it should have influenced the §'°N of the PNgusp pool, a large fraction of which
can be viewed as short-term accumulated fresh photosynthetic products. Indeed, low-surface 515Nsusp
(2.3%0) was observed during our sampling period (Figure 5b), consistent with the contribution of N with a
low 8"°N from DON degradation.

The upper 50 m of the SCS basin represents a N-depleted layer, with nitrate + nitrite or ammonium near
detection limits (Du et al., 2017). Any allochthonous N sources, either as DIN or degradable DON, would
help relieve the N deficiency in the euphotic zone. Our interpretation suggests that some portion of DON
in the SCS is degradable, supporting the importance of DON consumption in the upper ocean nitrogen cycle.

4.3. DON and the Subsurface §"°Nyo3; Minimum

The presence of a shallow subsurface 8'°Nyos; minimum is ubiquitous in low-latitude oligotrophic oceans
(Casciotti et al., 2008; Knapp et al., 2005; Liu et al., 1996). In the WSCS, we also observed a §'°Nyo3 mini-
mum (4.6%0) at most stations at ~100 m (Figures 3d and 8). This 85 Nno3; minimum value from the WSCS
is identical, within error, to those reported in other regions of the SCS (~4.8%. at 18-22°N, Ren, Sigman,
etal., 2017; Yang et al., 2017, and ~4.7%o at 12-20°N, Yang et al., 2018), indicating spatial and temporal per-
sistence of the §'*Nyos; minimum in the SCS and arguing for a basin-wide process as its cause.

The subsurface 8"°Nyo3; minimum in oligotrophic regions has been suggested to result from an addition
of isotopically light N to the surface ocean ecosystem (e.g., N, fixation) (Casciotti et al., 2008; Knapp
et al., 2005, 2008; Lehmann et al., 2018; Liu et al., 1996; Yang et al., 2017). This interpretation may at first
appear contradictory to the evidence that these fluxes are low relative to the upward nitrate supply to the
euphotic zone, as discussed above (e.g., Kao et al., 2012; Liu et al., 2010; Zhang et al., 2015). However, the
N budget of the euphotic zone should be differentiated from that of the thermocline and above. The N in
the euphotic zone has a short residence time, with most of the N being supplied from below and exported
within a year; in this context, N, fixation and atmospheric N deposition are less important additional fluxes.
In contrast, the residence time of fixed N in thermocline is longer, allowing the isotopic signals of N, fixation
and atmospheric N deposition to accumulate over multiple years. This explains why N, fixation changes
have been identified in studies of foraminifera-bound N (Ren, Sigman, et al., 2017) even though these fluxes
represent the minority of the fixed N being supplied to the euphotic zone in any given year.

It should be noted that the signal of low-5'°N N from N, fixation or atmospheric deposition cannot impact
the subsurface 8'°Nyos directly, as any added DIN would be consumed in the upper euphotic zone before it
can reach the subsurface. Rather, it should be the downward transport and remineralization of organic N

ZHANG ET AL.

10 of 19



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2020GB006551

100 m

125 m

150 m

Euphotic zone

Shallow
thermocline

N, fixation (-1%o)

|

Atmospheric deposition (-3%o to 1%o)

\

615Nsusp“ o
(+2.3%o0) :
0 R\
W ) Net downward Net [DON] SI5N
L S £ PN € DON
¢Sinking PN MIXINE O .s'“" DON transport b
(X ) ° 0 |
*t 31" 1 ‘
° p
/

[NO;]

| Partial remineralization— 55N | |

10 15 3.5 4 4.5 5 5.5
[NOs] (M) [DON] (nM)
or

15N (%o vs air)

Figure 8. Schematic of the N fluxes in the upper water column of the SCS basin. Depth profiles of nitrate concentration, DON concentration, nitrate 8'°N, and
DON 8"°N are also shown, based on calculations from the data reported here. The depth range 0-75 m roughly represents the euphotic zone in the SCS

basin. It should be noted that the arrows for nitrate, DON, and downward mixing of suspended PN all represent net (not gross) fluxes. Riverine input of N

is minimal for the open water stations (Cai et al. 2004) and is not shown. The 5N range of atmospheric N deposition is from Yang et al. (2014) and

Xiao et al. (2018). These values are based on measurements of deposition and do not correct for any N deposition with a local marine origin (Altieri et al., 2016).
8N of N, fixation product is from Montoya et al. (2002).

derived from N, fixation or atmosphere deposition that communicates the low-8"°N signal to the subsurface
nitrate pool. The importance of DON relative to PON in downward transport and remineralization is not
well known, and the N isotopes may provide new constraints.

Another important question is whether the 8'°N lowering of the thermocline nitrate relative to deeper
nitrate requires N, fixation and atmospheric N deposition, the alternative being that it derives solely from
fractionation during partial remineralization of organic N being exported from the euphotic zone. This ques-
tion is important, for example, in the effort to reconstruct past changes in N, fixation and/or atmospheric N
deposition. Below consider in turn the N pools and fluxes that might work to generate the nitrate 8'°N mini-
mum without requiring any input of low-8">N newly fixed N to the euphotic zone.

The suspended PN in surface waters has a low 8'°N (~2%o. lower than the 8'°N of the nitrate supply in the
SCS), probably due to the preferential remineralization of "N into ammonium that is then assimilated into
the phytoplankton pool (Altabet, 1988; Checkley & Entzeroth, 1985; Checkley & Miller, 1989; Fawcett
et al., 2011, 2015; Treibergs et al., 2014). This implies that a complementarily higher SN N is exported as
sinking N (fecal pellets, etc.) (Altabet, 1988; Altabet & Small, 1990). A portion of the sinking N penetrates
deeply into the ocean interior before being remineralized. In contrast, the low-8"°N suspended PN can only
be mixed downward before remineralization. The 8'°N difference between sinking and suspended PN thus
effectively concentrates N in the upper ocean (including the shallow subsurface) relative to the deeper
ocean and may contribute to lowering the 5'°N of shallow thermocline nitrate. However, this process is
probably a minor contributor to the §'°Nyo3; minimum (Knapp et al., 2005), as surface [PNgysp] is low
(<0.2 uM in this study), such that only small amounts of PN are available to be mixed down into the shallow
subsurface and then remineralized.
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Fractionation during remineralization of sinking PN represents a second process that might, by itself, lower
the 8'°N of thermocline nitrate, by preferentially releasing low-8"°N ammonium into the shallow subsur-
face. It would be easy for this process to lower the §'°N of shallow subsurface nitrate, as the sinking flux
of PN is the dominant mechanism by which N is transferred from the surface to the subsurface. However,
there is not clear evidence for isotopic fractionation (preferential loss of **N relative to *°N) associated with
N loss during sinking. Yang et al. (2017) reported sinking PN 8"°N to be 4.9%o at 100 m and 3.3%. at 150 m by
floating trap in the SCS basin (18°N), implying a decreasing trend of sinking PN "N with depth in the upper
water column of the SCS. Over a greater depth range, prior studies have found that the §'°N of sinking PN
generally decreases with depth in the North Atlantic (Altabet et al., 1991). Thus, while the remineralization
of low-8"°N sinking PN would work to lower the 8'°N of the shallow thermocline nitrate, it does not appear
that isotopic fractionation during the remineralization of sinking PN is the cause.

Given the focus of our study on DON, we are motivated to ask whether isotopic fractionation during degra-
dation of DON as it is mixed downward might explain or contribute to the shallow subsurface 8"*Nnos mini-
mum (Figure 8). Fractionation during DON remineralization contributing to nitrate 8'°N minimum would
need to rely on the downward mixing of DON also occurring in waters below ~100 m depth, with the resi-
dual high-8'N DON escaping into deeper layers. This is plausible, as the vertical gradients of [DON]
(Figure 3) could support a flux of DON out of the euphotic zone and into waters below ~125 m (Abell et
al., 2000). In this way, isotopic fractionation during the degradation of DON as it is mixed downward would
preferentially add *N-rich nitrate into the shallow subsurface.

This last mechanism should be evidenced by an increase in DON 8'°N with increasing depth that accompa-
nies the commonly observed decline in DON concentration with depth. In this regard, the data are ambig-
uous. In the Sargasso Sea, Knapp et al. (2005) observed an increase in total organic nitrogen
(TON = DON + PNgyqp) 8'°N with depth but found that most of that increase could be explained by sus-
pended PN changes. Near Hawaii, Knapp et al. (2011) reconstructed a decline in TON §"°N with depth, a
sense of change that contradicts the expectations above. In the SCS data reported here, a downward increase
in DON 8"°N is observed down to 75 m (Figure 3f), but the data do not speak to deeper levels. To advance this
question further, approaches are needed to measure the bulk DON 8N in samples with high DIN
concentration.

4.4. The Shallow Subsurface Nitrate §'°N Minimum in the SCS: Comparison With Other
Subtropical Regions

The value of the shallow subsurface 8'*Nyo3 in the SCS (4.6 + 0.2%0) is higher than that reported in the adja-
cent West Philippine Sea (~2%o) at a similar potential density surface (Yang et al., 2017), near Hawaiian
Ocean Time series (HOT) in the subtropical North Pacific (~4%o) (Casciotti et al., 2008; Knapp et al., 2011;
Sigman et al., 2009) and Bermuda Atlantic Time series Site (BATS) (~2.5%0) (Fawcett et al., 2015; Knapp
et al., 2005). Conceptually, the magnitude of the shallow subsurface 8'°Nno3 minimum should be the net
result of the input of N to the upper ocean that is lower in §'°N than that of the nitrate supply from below
(e.g., from the deeper thermocline). With regard to the latter, the SCS has distinct characteristics compared
to the subtropical gyres. The SCS is a region of strong vertical exchange and net upwelling, with both mon-
soonal seasons hosting conditions that encourage vertical fluxes (Liu & Gan, 2017). This relatively rapid
gross input of nitrate from below may contribute to the observation of a weaker decline in the §'°N of nitrate
from the deep ocean to the shallow thermocline of the SCS.

The nitrate concentrations between 150 and 300 m in the SCS are much higher than that observed at other
subtropical regions such as HOT and BATS (Figure 9), which suggests that the supply rate of nitrate from
below to this layer is higher in the SCS. This is consistent with the previously estimated short residence time
of water in the shallow subsurface (~3 yr) in the SCS (Liu & Gan, 2017). This suggests that an isotopic dis-
tinction between the nitrate above and below 150 m has much less time to develop in the SCS than in other
subtropical ocean regions. For example, the residence time of nitrate in the comparable shallow subsurface
layer at HOT is ~25 yr (Casciotti et al., 2008). Due to a short residence time of the shallow subsurface nitrate
at the depths of the §'°Nyo3 minimum, the amount of organic matter (DON or sinking PN) decomposition
in the water column is insufficient to produce a 8'°Nyo3; minimum as strong as that observed elsewhere (e.g.,
at BATS). Moreover, the net upwelling leads to shallow thermocline nitrate concentrations in the SCS that
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ETSP data are from Knapp et al. (2016) and Knapp et al. (2018). The SCS euphotic zone mean 6 5N of suspended PN (5 Nsusp) st N of shallow sinking
PN (5 Nsmk) and 5' Nsmk at 200 m data are from Yang et al. (2017). SCS [NO3~ ], [DON], st NNos, st NDON, and surface (5 m) st NSusp data are from

this study.

are much higher than in the subtropical gyres, such that the isotopic signal of any low-8"°N N addition from
above is diluted by the abundance of nitrate supplied from below. These considerations currently represent
the best explanation for the observation that the shallow thermocline nitrate 5'°N minimum is weaker than

in other oligotrophic waters.

4.5. Net Production and Consumption of DON: A Global Comparison

Regional variations in the 8'5Npon have also been identified. Knapp et al. (2011) measured a ~1%o difference
in euphotic zone DON 8'°N between BATS in the North Atlantic and the HOT site in the North Pacific,
which was interpreted as originating from the different subsurface nitrate 5'°N between the regions of the
two sites. We compare our data from the SCS with the BATS and HOT results and with recent measurements

from the ETSP.
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Figure 10. Comparison of A515N(DON,NO3) (=euphotic zone 515NDON — shallow subsurface 515NN03), euphotic zone
st Npon and shallow subsurface 5]5NN03 (a), and [DON] and surface chlorophyll a concentration in four regions
(ETSP, SCS, HOT, and BATS) (b). Mean values for each parameter were used. BATS [DON] and 8N data are from
Knapp et al. (2005). HOT [DON] and 8'N data are from Casciotti et al. (2008) and Knapp et al. (2011). ETSP [DON] and
8'°N data are from Knapp et al. (2016) and Knapp et al. (2018). Chlorophyll a data for ETSP and SCS were obtained
from MODIS multiyear mean (2002-2015). Mean values for chlorophyll a at HOT and BATS are from Karl and
Church (2017) and Saba et al. (2010), respectively.

As shown in Figure 9, [DON] and 8" Npon in the WSCS fall in the reported range in the low-latitude waters.
The ETSP has both the highest [DON] and 8"*Nyo3 among the four regions, due to the influence of higher
productivity and water-column denitrification in the eastern Pacific (Deutsch et al., 2001; Pennington
et al., 2006) and the associated isotopic fractionation leaving the residual nitrate pool enriched in >N
(Brandes et al., 1998; Liu & Kaplan, 1989). [DON] in the upper 75 m of the WSCS is close to the global mean
surface DON concentration, ~4.4 + 0.5 uM (Letscher et al., 2013). [DON] shows a similar decline with depth
through the upper water column in all four regions (Figure 9b). In contrast, the 8'°Npoy variation with
depth is not consistent among the four regions, implying a different set of influences on DON &°N
(Figure 9c).

The difference between the 8°N of euphotic zone DON and shallow subsurface nitrate (ASISN(DON,
NO3) = 8" Npon — 8"°Nyos) is a potentially useful property. ASISN(DON_Nm) in the four regions are as fol-
lows, listed in order from lowest to highest: ETSP (—4.9 + 0.4%o), SCS (—0.1 + 0.4%0), HOT (0.7 + 0.2%o),
and BATS (1.6 + 0.5%o). As revealed by prior studies and supported by our results, nitrate upwelled from
the shallow subsurface is the main N source for DON formation in the upper ocean (Knapp et al., 2005, 2011;
Yamaguchi & McCarthy, 2018). The newly produced autochthonous DON should have a §'°N similar to its
PN source (Knapp et al., 2005), while DON consumption generally makes residual DON more enriched in
15N (Knapp et al., 2018, and this study). Since euphotic zone PNgusp 8'°N is typically lower than the
8N of the nitrate supply from below, in the case of DON production but minimal DON consumption

ZHANG ET AL.

14 of 19



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2020GB006551

(net production), ABlSN(DON_Nm) should tend to be low and possibly negative. In the case of net DON con-
sumption, A615N(DON,NO3) should tend toward higher values. Thus, we propose that this pattern reflects
variations among the regions in whether they are characterized by net production or consumption of
DON, with net DON production in the more eutrophic ETSP and net DON consumption in more oligo-
trophic subtropical gyres in the North Pacific and North Atlantic (Figure 10a). Notably, A515N(D0N_N03)
is intermediate (close to zero) in the SCS, suggesting a near equivalence in DON production and consump-
tion in the SCS euphotic zone. Two lines of evidence are consistent with this overarching interpretation.
First, chlorophyll a varies across the sites as would be expected for ETSP to be the region of net DON pro-
duction and HOT and BATS to characterize regions of net DON consumption (Figure 10b). Second, this
same pattern in DON production and consumption has been found from analysis of DON concentration
data (Letscher et al., 2013).

One obvious flaw in this analysis relates most strongly to the ETSP. The region is characterized by rapid lat-
eral flows at the surface (Kessler, 2006) and strong spatial gradients in nitrate 8*°N in the shallow subsurface
(Peters et al., 2018). Moreover, DON can be transported at basin scale by circulation (Letscher et al., 2013;
Letscher et al., 2016; Torres-Valdés et al., 2009), which tends to homogenize the isotopic composition of
the oceanic DON pool. Thus, in the ETSP, the shallow subsurface nitrate 815N cannot be taken as accurately
reflecting the 8'°N of the nitrate supply that fueled the DON produced in the surface waters (Knapp
et al., 2018), potentially explaining the high amplitude negative value of ASISN(DON_Nm) in the ETSP.

In addition, these considerations point to the persistence and circulation of DON in surface waters as a broad
alternative explanation for the observed pattern in ASISN(DON—NO3)- If there is an adequately long-lived por-
tion of DON in surface waters, its widespread circulation would tend to homogenize the 8'°N of bulk DON
across the surface waters of the global ocean. In this case, the 8'5N of bulk DON in the surface ocean would
vary less than the 8'°N of shallow subsurface nitrate, as observed (Figure 10a). The relative importance of
this explanation relative to the explanation involving net production/consumption can be addressed with
measurements from as-yet unstudied regions.

5. Conclusions

In this study, we present the first data set of DON isotopic composition (8'°N) from the SCS, the largest mar-
ginal sea in the western Pacific. A positive correlation between the concentration of DON in the surface
ocean and chlorophyll a concentration suggests DON production in these surface waters. As in other oligo-
trophic ocean regions, the concentration and §'°N of DON fall in a relatively narrow range. DON shallower
than 50 m has a mean 8'°N value (4.5%0) that is close to that of subsurface nitrate (4.6%o) but higher than the
8N of surface ocean suspended particles (2.3%o), implying the cycling of N among PON, DON, and ammo-
nium in which DON degradation occurs with isotopic fractionation. A negative correlation (r = 0.70)
between [DON] and DON 8'°N was observed in the upper 75 m, indicating an isotope effect for DON degra-
dation of ~4.9%o., consistent with findings from elsewhere. Comparing the SCS data with those from three
other regions, we propose that the 8'°N difference between euphotic zone DON and shallow subsurface
nitrate 8"°N (A" Npon-no3)) reflects the balance between net DON production or consumption.
Specifically, ASISN(DON,NCB) appears to rise from regions of inferred net DON production (e.g., the ETSP)
to regions of net DON consumption (the subtropical gyres of the North Atlantic and North Pacific), with
the SCS representing an intermediate case. An additional possible contributor to the pattern in
ASY Non-No3) is that there is a long-lived portion of DON, the widespread circulation of which homoge-
nizes the 8'°N of bulk DON across the surface waters of the global ocean. In this case, the 8'°N of bulk
DON in the surface ocean would vary less than the 8'°N of shallow subsurface nitrate. The relative impor-
tance of these two explanations can be addressed with additional measurement campaigns from as-yet
unstudied regions.

Our findings provide additional support for the possibility that DON plays an important role in the upper
ocean N cycle. Lateral transport of DON from regions of net production (such as basin margins and upwel-
ling areas) potentially influences the nutrient balance in the more oligotrophic and stratified tropical and
subtropical basin interior. More spatially extensive N isotopic data sets for DON, complementing the grow-
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