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Abstract

The dual isotopes (N and O) of nitrate were measured using a denitrifier bacterial method in the western South
China Sea (WSCS) during September 2015 to elucidate key information during N transformation in the lower
euphotic zone (LEZ)-upper mesopelagic zone (UMZ, down to 500 m in this study) continuum, which is a vital
sub-environment for marine N cycle and sequestration of atmospheric CO, as well. The N isotopic composition
(815N) of nitrate generally decreased from 500 m toward the base of the euphotic zone (~100 m), reaching a value
of ~4.6%o (vs. air N,) at the base of the LEZ, suggesting the imprint of remineralization (nitrification) of isotopically
light N from atmospheric source. The §1°N and §!80 of nitrate only generally conform to a 1:1 line at 50 m and 75 m,
suggesting that nitrate assimilation is a dominant process to shape nitrate isotope signature in this light-limited
and relatively N-replete lower part of the euphotic zone. The fractionation factors of N and O isotopes during
nitrate fractionation (%¢,4q\, 8epggry) UsSing a steady-state model were estimated to be 4.0%0+0.3%o and
5.4%0+0.3%o0, respectively. The occurrence of nitrification at the base of the LEZ and most of the UMZ is
corroborated by the decoupling of 3!°N and the oxygen isotopic composition (§'80) of nitrate. Our results will
provide insights for better understanding N cycle in the South China Sea from a perspective of present and past.
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1 Introduction

The availability of nitrogen (N) nutrients in the surface ocean
acts as an important control on primary production and the se-
questration of atmospheric CO, in the ocean (Sigman et al.,
2010). In low latitude oligotrophic oceans, N is commonly a limit-
ing factor for primary production in the euphotic zone due to
limited input nitrate from subsurface under highly stratified con-
dition of the upper water column (Moore et al., 2013). Besides, N,
fixation and atmospheric deposition also play a complementary
role by providing new N for the ecosystem and thus contribute to
the export of organic matter out of the euphotic zone (Karl et al.,
1997). Post formation in the euphotic zone, a portion of the or-
ganic N, largely in the form of sinking particle N, will be exported
downward undergo remineralization at intermediate depth and
recycle back to nitrate pool (Kao et al., 2012).

For the stratified oligotrophic regimes, a layered structure of
euphotic zones with respect to the rates of chemical scavenging
and elemental transport may be a general and ubiquitous fea-
ture globally (Cai et al., 2008; Dore and Karl, 1996; Dore et al.,
2008). It had been elucidated by 234Th:238U disequilibria that the
oceanic stratified euphotic zone can separated into two layers,
i.e., an upper oligotrophic zone (UEZ) contributing to majority of
the primary production but low net export, and a lower eutroph-
ic zone (LEZ) contributing less to primary production but has
much more intense scavenging (Coale and Bruland, 1987). In-

deed, the oligotrophic regions are featured by remineralization-
intensive ecosystems where most of the organic matter there is
recycled rapidly especially for the UEZ (Karl et al., 2021). Thus,
the LEZ acts as the interface connecting the UEZ and the upper
portion of the mesopelagic zone (UMZ), within which key micro-
bial remineralization and nutrient recycling reactions occur with
the degradation of sinking particulate organic material (Peters
etal., 2018).

The LEZ-UMZ continuum is a key sub-environment for un-
derstanding N cycle in the ocean at least for the following reas-
ons. First, in the UEZ dissolved inorganic N (DIN) is depleted,
while in the LEZ there is usually a non-negligible concentration
of unused nitrate left (like in the South China Sea (SCS)) (Zhang
et al., 2020). Hence, any variability in N assimilation will have the
potential to affect the net export of N and its isotopic composi-
tion (815N). Second, relative to UEZ, LEZ is much more influ-
enced directly by nutrient injections from the bordering UMZ.
Last but not least, LEZ is characterized by low ambient light in-
tensity but elevated nitrate concentration, and a non-negligible
fraction of primary production occurring in the LEZ of the oligo-
trophic regimes (e.g., ~20% at Station ALOHA in the North Pa-
cific Subtropical Gyre; Karl et al., 2021). Considering that the in-
dex of carbon export efficiency, i.e., e-ratio (particulate carbon
export at export interface/depth-integrated primary production),
is typically low in oligotrophic oceanic regions (e.g., ~0.052 at Sta-
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tion ALOHA; Karl et al., 2021), most organic matter produced in
the euphotic zone will have been remineralized before being ex-
ported out of the euphotic zone. Moreover, a large fraction of the
organic matter exported will be remineralized back to nitrate in
the UMZ and replenished the euphotic zone nutrient via physic-
al mechanisms. Interestingly, a recent review compiling 30-a
data at the Station ALOHA shows a sustained, unexpected in-
creasing trend in chlorophyll a concentrations in LEZ (75-125 m)
and suggests that the LEZ accounts for approximately one-half of
the increase in euphotic zone primary production (Karl et al.,
2021), implying that the LEZ in oligotrophic regions is highly
sensitive to climatic/oceanic shift and plays a disproportionately
important role in marine N biogeochemistry. Undoubtedly, the
variability relevant to N dynamics in the LEZ-UMZ is in urgent
need to be discovered, especially for those low-latitude oceanic
regions with distinct characteristics relative to subtropical gyres.

Natural variations in the dual N and O isotopes of nitrate
provide a powerful tool for tracing N cycle processes in the ocean
(Sigman and Fripiat, 2019). Nitrate from the subsurface water is
the source of fixed N for phytoplankton growth in euphotic zone.
Phytoplankton preferentially take up isotopically lighter 1“N- and
160-bearing nitrate during nitrate assimilation, causing the resid-
ual nitrate pool to be relatively enriched in !N and 80 (Casciotti
et al., 2002; Sigman et al., 1999). The isotope effects of N and O
isotopes during NO; assimilation (15¢,¢qy, and 18e,gq\, TeSpect-
ively) are a function of the ratio of the reaction rates (k) for the
molecules containing the two isotopes:

ISSASSIM(%O) = (kuN/klsN — 1) x 1 000, (1)

188A531M (%0) = (kleo/kwo — ].) x 1 0007 (2)

where k is the first order rate constants for NO3 reduction (Mari-
otti et al., 1981). Field studies in the low-latitude oceanic regions
had confirmed that nitrate assimilation by phytoplankton will el-
evate the 3'°N and §'80 of nitrate, evidenced by an increase from
the shallow subsurface into the euphotic zone as the concentra-
tion of nitrate decreases (Fawcett et al., 2015; Yang et al., 2018).
Interestingly, the occurrence of nitrification (microbial oxidation
of recycled ammonium to nitrite and then nitrate) in the euphot-
ic zone (Yool et al., 2007), if any, will complicate the understand-
ing of the nitrate isotope dynamics in the upper water column
(Fawcett et al., 2015). Fortunately, dual measurements of the
815N and 880 allows us to separate processes (like nitrate assim-
ilation and nitrification) that overprint due to the difference
between the N and O isotopes of nitrate that undergo (Sigman et
al., 2005). In brief, 35N and 880 of nitrate will be elevated in uni-
son (1:1) during nitrate assimilation, while nitrification de-
couples the two isotope systems (Stephens et al., 2020). Thus, ex-
amining nitrate isotope dynamics will substantially improve our
understanding of production regime (i.e., new vs. regenerated) in
the upper ocean column.

The largest tropical/subtropical marginal sea of the western
North Pacific Ocean, i.e., the SCS, is strongly influenced by the
Asian monsoon, with southwesterly winds prevailing in summer
(June-September) and northeasterly in winter (November-
March) (Liu et al., 2010). The SCS provides an ideal site for ex-
amining N dynamics of the LEZ-UMZ from an isotopic perspect-
ive at least for the following reasons. First, the SCS generally has
typical tropical/subtropical oligotrophic features with a shallow
mixed layer (Liu et al., 2010). Nevertheless, the SCS also has en-
vironmental conditions that are distinct from other tropical and
subtropical open ocean areas. The SCS is featured by upwelling
and verting mixing on a seasonal basis, resulting in a relatively

rapid nutrient supply/turnover (Bai et al., 2019; Yang et al., 2017).
Second, the SCS is also an ecosystem characterized by intensive
remineralization, with lower euphotic zone contributes relatively
large part of the export production characterized of a two-layered
euphotic zone as evidenced by the radionuclides 234Th/238U dis-
equilibria (Cai et al., 2008). Last but not least, since the nitracline
depth is typically much shallower than the base of euphotic zone
(~100 m, 1% or 0.1% of photosynthetically active radiation (PAR)
at surface; Shang et al., 2011), it is reasonable to propose that
some magnitude of isotope fractionation may be occurring in the
LEZ, thereafter exerting non-negligible influence on the isotopic
signature of exported organic matter. Unfortunately, our under-
standing of nitrate isotope dynamics in the LEZ-UMZ of the SCS
is quite insufficient to date. Few prior studies generally focused
on nitrate 815N in the SCS (Loick et al., 2007; Yang et al., 2017,
2018), while coupled nitrate 380 data are much more lacking
and are restricted to the continental shelf of the northern SCS
(Chen et al., 2020; Lao et al., 2019). Moreover, reported data of
isotope fractionation factor (either for 1°N or 180) during nitrate
assimilation are scarce so far for the SCS open oceanic region eu-
photic zone to the best of our knowledge, hindering us from bet-
ter understanding N isotope dynamics in the upper water
column and possibly the interpretation and reconstruction of
past N dynamic variability based on sedimentary record. Inter-
estingly, prior study in the LEZ-UMZ of the North Atlantic (Sar-
gasso Sea) had revealed a vertical decoupling of nitrate assimila-
tion and nitrification based on dual isotopes (1°N and !80) of ni-
trate (Fawcett et al., 2015), implying that nitrate assimilation is a
good proxy for export production in the Sargasso Sea. It thus calls
for a close look at the N cycle of the SCS LEZ-UMZ from an iso-
topic perspective.

In the present study, we conducted sampling in the western
SCS (WSCS), a hydrographically and biogeochemically dynamic
region. A northeastward jet in the WSCS usually creates an envir-
onment somewhat more favorable for phytoplankton growth
compared to the central or northern SCS during summertime (Li-
ang et al., 2018; and references therein). We aim to (1) explore
and obtain the nitrate isotope (§'°N and §'80) distribution pat-
terns in the LEZ-UMZ of the WSCS; (2) evaluate the isotope ef-
fect during nitrate assimilation in the LEZ; and (3) examine the
link between major N cycling processes from an isotope per-
spective. This study will provide important implications not only
for understanding the N biogeochemical cycle in the SCS both at
present and past.

2 Materials and methods

2.1 Field sampling

Samplings were conducted in the WSCS during September
2015 onboard the R/V Shiyan 3, covering a spatial range of
10°-15°N, 110°-114°E. Seawater samples were collected from
fixed depth (5 m, 25 m, 50 m, 75 m, 100 m, 150 m, 200 m, 300 m,
500 m) using 12 L Niskin bottles attached to a Seabird SBE 911
Plus CTD rosette. All samples were filtered through Millipore
polycarbonate filters (pore size, 0.2 pm) into 60 mL HDPE bottles,
and then preserved at -20°C for later analysis in land laboratory.
Temperature and salinity were recorded in situ by the CTD
Sensors.

2.2 Concentration of nitrate+nitrite

The concentration of nitrate+nitrite was determined by the
chemiluminescence method (Braman and Hendrix, 1989).
Briefly, nitrate+nitrite was reduced to nitric oxide in an acidic
solution of vanadium (V3+, 95°C) for later analysis on a Teledyne
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Fig. 1. Sampling locations in the western South China Sea. Arrows indicate mean sea surface geostrophic current during the period of
the cruise (data source: Archiving, Validation and Interpretation of Satellite Oceanographic Data).

chemiluminescence analyzer. The detection limit for nitrate+ni-
trite was 0.01 pmol/L, and the average precision based on replic-
ate measurements was 3%.

2.3 Isotopic composition of nitrate+nitrite

A bacterial method was used to convert nitrate and nitrite to
nitrous oxide (N,O) for later isotope analysis (Sigman et al.,
2001). The bacterial strain Pseudomonas chlororaphis subsp. au-
reofaciens (ATCC 13985) that lacks N,O reductase enzyme is
used. The N and oxygen (O) isotope of N,0 was subsequently
measured by a Thermo MAT 253 isotope ratio mass spectromet-
er coupled to a N,O extraction system. The international refer-
ence materials, IAEA-NO-3 and USGS-34 were used and run in
parallel with samples. The N and O isotope compositions are ex-
pressed in § notation (81°N and §80):

6(%0) = (Rsample/Rstandard - 1) x 1 0007 (3)

where R is the isotope ratio (1N/1“N concentration ratio for N,
180/160 concentration ratio for O) of sample and standard. N, in
the air and the Vienna Standard Mean Ocean Water (VSMOW)
are chosen as the standards for N and O isotope analysis, respect-
ively. The standard deviation of the !N measurements on
sample replicates averages less than 0.1%eo.

3 Results

3.1 Hydrological properties

The temperature-salinity diagram potential temperature vs.
practical salinity in the WSCS is presented in Fig. 2. The surface
water of our sampling stations has a characteristic of high tem-
perature and low salinity, with the mean temperature of 29.67°C
and the mean salinity of 33.22. The vertical changes of temperat-
ure and salinity are consistent with other studies, with the sub-
surface water (o, 24.0-26.0 kg/m?3) of high temperature and sa-
linity, and intermediate water (o, 26.0-27.0 kg/m?3) with low tem-
perature and salinity, respectively. The temperature and salinity
ranges for each water mass are from Li et al. (2018). Depth pro-
files of temperature, practical salinity and density anomaly were
also shown (Fig. 2).

3.2 Concentration of nitrate+nitrite

The vertical distributions of nitrate+nitrite concentration
([NOz]+[NO]) in the WSCS during sampling period are shown
in Fig. 3a. Nitrate and nitrite in the UEZ (~upper 50 m) is gener-
ally below detection limit (Fig. 3b). The nitracline (defined as the
depth where the nitrate concentration is 0.1 pmol/L; Chen et al.,
2008) generally occurs between 50 m and 75 m in sampling pro-
files. Nitrate+nitrite concentration increased drastically below
the nitracline. At the depths of 75 m and 100 m, the average ni-
trate concentration reaches 7.1 pmol/L and 10.7 pmol/L, respect-
ively. In the open waters of the SCS, the depth of the euphotic
zone is ~100 m during summer (Shang et al., 2011). Thus, we here
define the depth range from below 50 m through 100 m as the
LEZ. The UEZ and LEZ adopted here roughly corresponds to the
so-called “N depleted layer” and “N replete layer” (Du et al.,
2017), respectively. In the upper portion of the UMZ, nitrate+ni-
trite concentration keeps elevating with depth and reach an aver-
age of ~32.6 yumol/L at 500 m.

3.3 The 6'5N of nitrate+nitrite

The 85N for measured nitrate+nitrite samples (concentra-
tion>0.5 pmol/L) fell in a range of 4.0%o0 and 6.9%o. (Figs 3c, d). A
most prominent feature of the vertical distribution pattern of ni-
trate+nitrite 3!°N is an evident shallow subsurface minimum,
with values decreasing upward from ~6.0%o at 500 m to ~4.6%o at
~100 m. Above the shallow subsurface §'>N minimum layer, ni-
trate+nitrite !°N increased toward the surface, reaching values
as high as 6.9%o for few measurable samples at 50 m.

3.4 The 6’80 of nitrate+nitrite

Measured $'80 values for nitrate+nitrite ranged between
1.8%o and 5.2%o for the upper 500 m during sampling period
(Figs 3e, f). Unlike 315N of nitrate+nitrite, there did not appear an
evident shallow subsurface minimum for §180. However, 3180 of
nitrate+nitrite did decrease from 500 m to 100 m and increased
upward thereafter as well. The relatively high values of §'°N and
3180 in the upper mesopelagic water may be attributed to the in-
vasion of the North Pacific Ocean seawater which is typically high
in 815N and §'80 (Xu, 2021).
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Fig. 2. Temperature-salinity diagram (a); depth profiles of temperature (b), practical salinity (c), and density anomaly (d) in the upper
500 m of the western South China Sea (during sampling period). Major water masses include the near-shore surface water (SW), the
surface water of the SCS (SCSSW), the subsurface water (SSW), and the intermediate water (IW), respectively. The grey line in a is
isopycnal. o,: potential density. The colorful lines and shapes of the dots in the figure represent different sampling stations.

3.5 A(15-18)

The parameter A(15-18) had been raised to examine the devi-
ation of N and O isotopes besides nitrate assimilation (Rafter et
al., 2013; Sigman et al., 2005):

A (15—18) = 615NNO; — (15€ASSIM:188ASSIM) X SIBONO;, (4)

where 815NN0; and 818NNO; are the isotopic composition in a
given sample and 15¢, g1 1% g5 1S the N-to-O isotope effect ra-
tio during nitrate assimilation, which is assumed to be ~1
(Granger et al., 2010). Thus, A(15-18) is simplified to be the relat-
ive difference in nitrate 3!5N and §'80 in this study as usual. For
those samples at 50 m and 75 m, values of §!°N and 380 had
been corrected for nitrite. See Section 4.1 for details. The value of
A(15-18) generally decreased upward from ~3.3%o at 500 m to
~2.1%o at 100 m, in accordance with the pattern of !°N within

this depth range (Fig. 4). Above 100 m, A(15-18) continued to in-
crease upward for most stations, reaching values as low as ~1.3%o
for measurable sample.

4 Discussion

4.1 Deduction of the isotope signal of nitrite

Although nitrite is typically in low concentrations for most
portion of the tropical/subtropical oligotrophic oceanic regions,
there is a ubiquitous accumulation of nitrite at the base of the eu-
photic zone, i.e., the primary nitrite maximum (PNM) layer
(Chen et al., 2021; Zakem et al., 2018). The causes for PNM in oli-
gotrophic oceanic regions generally remain unsolved (Chen et
al., 2021; Zakem et al., 2018). Although the concentration of ni-
trite even at PNM (~75 m) did not exceed 0.2 pmol/L in the SCS
in general (Chen et al., 2021; Wong et al., 2007), its impact on ni-
trate+nitrite isotope values should not simply be neglected. Inter-
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Fig. 4. Depth profile of A(15-18) in the upper 500 m. For those
samples at 50 m and 75 m, values of §'°N and 880 had been cor-
rected for nitrite. See Section 4.1 for details. UEZ: upper oligo-
trophic zone; LEZ: lower euphotic zone; UMZ: upper portion of
mesopelagic zone. The colorful lines and shapes of the dots in
the figure represent different sampling stations.

estingly, nitrite had been found to have distinct !°N values from
nitrate, possibly due to its active participation in complex biotic
and abiotic processes in the ocean (Casciotti, 2016b; Chen et al.,
2021; Kemeny et al., 2016). Therefore, to better examine the iso-
tope dynamics of nitrate, it is necessary to deduct the isotope sig-
nal of nitrite especially for those samples (50-75 m, around the
PNM layer) that may be isotopically imprinted to a large extent
by the presence of nitrite. The concentration of nitrite is much
lower while nitrate increases dramatically for samples at 100 m or
below (Chen et al., 2021), and the isotopic values of nitrate+ni-
trite will mainly reflect the signature of nitrate only.

Nitrite in the SCS is in low concentrations even at the PNM
layer (Chen et al., 2021; Wong et al., 2007), making it difficult to
measure its isotopic composition directly. Nitrite in the Southern
Ocean showed a wide range of 6 values, and the enzyme-level in-
terconversion of nitrate and nitrite had been attributed as the
main cause (e.g., ~-58%o0152%o for §15N; Kemeny et al., 2016). In
contrast, Chen et al. (2021) reported the first data set of nitrite
isotope values at PNM in the SCS, showing a much narrower
range (-4.2%o0%0.6%o for 81°N, 11.5%0%0.8%o for 5180, respect-
ively) in the basin. For samples at 50 m and 75 m, which § values
(815N and 8'80) of nitrate only may be imprinted by nitrite not-
ably, a simplified correction for nitrite is applied based on mass
balance as following:

_ 8"Nyyn x ([NO3 ] + [NOy ) 8" Nyo, * [NO; |

15
® Moy = [NO; ] [NO; |
(%)
519 _8"0nn x ([NOG] + [NO; ])
NO;~ [NO;}
580, - — 25%0) x [NO;
(6" Oo; ° ) x [NO, | 7 ©)
[NO; |

where the subscripts N+N and NO; denote nitrate+nitrite and ni-
trate-only, respectively. Note that the constant 25% is adopted to
compensate for the underestimation of 5180N0; due to the
chosen reference materials (IAEA-NO-3, USGS-34) in practice
(Casciotti, 2016a). The concentration of nitrite ([NO,]) was
chosen at 0.2 pmol/L as per PNM values in the SCS (Chen et al.,
2021; Wong et al., 2007). The 8'5N and 880 of nitrite is taken as
-4.2%0 and 11.0%o, respectively (Chen et al., 2021). For 3180,
there is an additional constraint, i.e., the equilibrium fractiona-
tion between nitrite and ambient water (Buchwald and Casciotti,
2013). An empirical equation is adopted for such consideration
(Buchwald and Casciotti, 2013):

Bgeq = —0.12 x T+ 48.79, Q)

8"%0y0; g = 8Om0 + Péeq, ®)

where mgep is the nitrite-water equilibrium isotope effect, T'is the
absolute temperature of the seawater, and 8'°On,o is the oxygen
isotopic composition of the ambient seawater, respectively. A
3" 0,0 value of 0.02%o in the SCS surface layers (Wu et al., 2021)
is adopted. The calculated 3'80 of nitrite when only abiotic pro-
cess (equilibrium fractionation with ambient seawater) exists is
13%o, somewhat higher than the values in situ (Chen et al., 2021),
likely implying the influence of biological processes. In the Arabi-
an Sea the measured 380 of nitrite is relatively close to the equi-
librium value (Buchwald and Casciotti, 2013). We propose that
the value of 8180N0; variability generally has minor influence on
3180 of nitrate only_f. In general, the above correction for nitrite
will result an elevation of ~0.6%o for 815NN0; and ~1.0%o for

SIBONOJ, respectively.

4.2 The occurrence of nitrification inferred from N and O isotope

decoupling

The relationships for 3!°N and $'80 of nitrate+nitrite or ni-
trate in the LEZ (50-100 m) only are shown in Fig. 5. In general,
the values of 315N and 380 for nitrate only at 50 m and 75 m fit
the 1:1 line very well after correcting for nitrite, implying that
such data points are mainly subject to the isotopic enrichment
during nitrate assimilation (Sigman and Fripiat, 2019). In con-
trast, the 815NN0; and 8180N0; deviates from the 1:1 line much at
100 m. We suggést that such deviation can be explained by the
combined results of negligible nitrate assimilation in the pres-
ence of relatively active nitrification at the base of the euphotic
zone. Indeed, unlike in the North Atlantic subtropical gyre Sta-
tion BATS where euphotic zone nitrification appeared negligible
(Fawcett et al., 2015), nitrification had been confirmed in the SCS
euphotic zone (Wan et al., 2018). During nitrification, the N and
O isotope systems are decoupled, i.e., the 3180 of nitrate will be
largely reset by nitrification, while the §'5N of nitrate is mainly
dependent on the source N to be nitrified (Casciotti et al., 2011).

Theoretically, the light inhibition on nitrite oxidation (second
step of canonical nitrification) will likely be relieved with depth,
making the deeper layers a more favorable environment for mi-
crobial nitrification. In fact, the non-unison change of N and O
isotopes also exists for the UMZ as inferred from the vertical dis-
tribution pattern of A(15-18) (Fig. 4) or the §1°N vs. §!80 relation-
ship (figure not shown), suggesting an isotopic imprint of remin-
eralization on nitrate pool.

Interestingly, there appears a possibility that salinity change
may have played an additional role on shaping the 580 of nitrate
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Fig. 5. Relationship of 3'5N and 380 of nitrate+nitrite and nitrate only in the LEZ. Nitrite correction is applied for samples at 50-75 m
water column. The correlation for nitrate-only isotope ratios at 50 m and 75 m yields a linear relationship (8!80=1.0x3!5N-1.4, R?=0.95,
p<0.05). N, in the air (x-axis) and the Vienna Standard Mean Ocean Water (y-axis) are chosen as the standards for N and O isotope

analysis, respectively.

derived from nitrification. The 3'80 of seawater is not constant in
the ocean’s water column, rather, it co-varies well with salinity in
the ocean (Craig and Gordon, 1964). Nevertheless, the correc-
tion practice will likely elevate nitrate §'80 relative §'°N and fur-
ther enlarge (rather than reduce) the deviation of N and O iso-
topes as salinity generally increased with depth in this study (Fig.
2¢), further corroborating the importance of nitrification in influ-
encing A(15-18).

4.3 The isotope fractionation during nitrate assimilation in the

LEZ

Considering the disproportionate importance of LEZ in con-
tributing to export production (Karl et al., 2021), isotope fraction-
ation during nitrate assimilation in the LEZ represents a key con-
straint for interpreting the 5!°N variability of N export. Previous
study in the Southern Ocean had suggested that the isotope ef-
fect calculated from 3'°N of nitrate-+nitrite better reflects N assim-
ilation in the euphotic zone (Fripiat et al., 2019). Nevertheless, in

tropical/subtropical regions like the SCS, the 3!°N of nitrite is
much more dominated by relevant nitrite processes like nitrite
oxidizing and nitrite reduction (Chen et al., 2021), rather than ni-
trate-nitrite interconversion dominated in low temperature en-
vironment like the Southern Ocean (Kemeny et al., 2016). There-
fore, we propose that the isotope effect calculated from 3!°N of
nitrate only is probably a better measure of isotope fractionation
during N assimilation in the SCS euphotic zone.

At 50 m and 75 m of the LEZ, the SISONO; VS. SISNNO; of ni-
trate conform well to the 1:1 line (Fig. 5), impiying that nitrate as-
similation may be the major process regulating nitrate isotope
variability there (Deman et al., 2021). Assuming that nitrate as-
similation proceeds with a constant isotope effect (1%¢, ¢, and
18, s T€SPeECtively), we can estimate 5¢, gy, and 8¢, ogpy from
6180N0;, 615NN0;, and nitrate concentration based on two sys-
tem settings, i.e., the Rayleigh and steady-state fractionation sys-
tems, respectively. For the Rayleigh (closed) fractionation model,
the N and O isotopic composition of the reactants can be ex-
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pressed as:

15 15 15
8 Nreactant = 0" Ninitial + €assiM X lnﬁ O]

618Oreactant = 618Oinitial + 18‘QASSIM X lnﬁ (10)
where fmeans the ratio of the remaining reactant and initial re-
actant. The subscripts “reactant” and “initial” refer to the react-
ant remaining reactant and initial reactant, respectively (Sigman
and Fripiat, 2019). The mean values of 815NN0;' SISONO; and
concentration of nitrate at the base of the euphotic zone (1A00 m)
are chosen as the starting point of the regression lines. While for
the steady-state (open) model, the counterpart equations are as
follows:

8N = 6" Ninitial + Ceassiv X 1-5, (11)

3'%0 = 3" Otitial + Beassiv x (1 — f). (12)

Interestingly, the LEZ (75 m mainly) data in this study appear
to fit the Rayleigh closed model and the steady-state model both
well, especially for nitrate N isotope (Fig. 6). The steady-state
model yields fractionation factors of 5¢,g¢;,=4.0%0+0.3%0 and
18¢ , ssim=D-4%0%0.3%o during nitrate assimilation, falling in the re-
ported value range of ¢ during nitrate assimilation by phyto-
plankton (15 ,gg1n 2%0—6%o, 186, gg1g 2%0—6%o0; Fawcett et al., 2015;
Fripiat et al., 2019; Kemeny et al., 2016). In contrast, the Rayleigh
closed model will yield seemingly inexplicable much lower ¢ val-
ues (P&, ggn=2-0%0%0.1%o, 18, o5\ =2.4%0%0.2%o) for this region.
Based on ¢ results, we suggest that a steady-state model may be
more suitable for describing isotope fractionation during nitrate
assimilation in the WSCS LEZ at least for two reasons. First, in the
LEZ where light is a limiting factor for primary production,
15, sspv during nitrate assimilation by phytoplankton tends to be
elevated rather than decreased (Needoba and Harrison, 2004).
The main cause is the changed relative rates of NO; uptake and
efflux from phytoplankton cells will increase under low light con-
ditions, thus elevating the 5¢,4¢\ (Needoba and Harrison, 2004).
Second, though Fe-replete condition may favor nitrate uptake
rates and reduce isotope fractionation during nitrate assimila-

a B 3N —— y=(—2.0+0.1)x+(9.3340.1), R>=0.88
® 550 —— y=(—2.4+0.2)x+(8.21+0.2), R>=0.56

¥
¥

§5Nyo/%0
or
5 0y0./%0

tion process (Karsh et al., 2003), this is unlikely for the SCS, as
dissolved Fe (dFe) had been observed to be in low concentra-
tions (<0.3 nmol/L) in the upper water column of the SCS (Wu et
al., 2003).

Interestingly, calculated 8¢, ¢4\, was higher than %¢ 44\
either for Rayleigh or steady-state models in this study (Fig. 6),
indicating a decoupling of N and O isotopes during nitrate assim-
ilation in the SCS LEZ. On the other hand, prior studies had
shown normal kinetic isotope fractionation and the 3!°N and
8180 of the residual nitrate pool increase in parallel (1%, g
18g, ssiv) (Granger et al., 2010; Karsh et al., 2012). We propose that
such seemingly discrepancy may have resulted from the influ-
ence of nitrification. Unlike N isotopes which experience almost
zero net isotope effect from source to product nitrate, nitrate pro-
duced by nitrification will have a 6180 signal of ~1.1%o higher
than the ambient seawater (Sigman et al., 2009). Surface layers
seawater 8180 is around 0%o in the SCS (Wu et al., 2021). In this
case, even the lower 8¢, 4q\; (2.4%0%0.1%o) from steady-state
fractionation model will yield a 8180 of 4.8%o for the reactant re-
maining, further corroborating the role of nitrification at the base
of the LEZ. Thus, the calculated fractionation factors from both
models are “apparent” value especially for O isotope, which is
governed by complex physical and biological processes.

A short compilation of 8¢, ¢\ and 1%, ¢4\, across different
oceanic regions is shown in Fig. 7. It is evident that most data
points from field studies do not strictly conform to the 1:1 line,
implying that the isotope effect during nitrate assimilation by
phytoplankton may be imprinted by complex processes like nitri-
fication (occurring in situ or “preformed” elsewhere). It is prob-
ably not surprising that relatively high ¢,¢¢,, values can be found
in N-replete oceanic regions, like the equatorial upwelling (Rafter
and Sigman, 2016) and the Southern Ocean (Fripiat et al., 2019).
It should also be noted that non-negligible ¢, 4, values may also
be applied to some sub-environment in the so-called oligotroph-
ic oceanic regions, like the SCS where N is relatively replete in at
least the LEZ (this study).

4.4 Export of organic matter and its remineralization in meso-
pelagic waters
The export of organic matter (mainly in the form of sinking
particulate matter) is a key process that channels element cycle
in the euphotic zone and deep ocean, thus exerting fundamental

b B 5IN —— y=(—4.040.3)x+(8.6£0.3), R*=0.82
® §1"0 —— y=(—5.4£0.3)x-+(7.8£0.3), R*=0.84

85Ny /%0
or
% 0y0/%0

0 01 02 03 04 05 0.6 07 08 09 1.0

JiNosyINO; initial

Fig. 6. The N and O isotope fractionation during nitrate assimilation in Rayleigh (a) or steady-state (b) models. Data points of 50 m
and 75 m are used for regression. The blue triangles represent the mean endmember value at 100 m. The standard deviation is 0.10%o
and 0.20%o for 8'°N and 3'80 at 100 m, respectively. The dotted lines represent the confidence interval of 95%. The fmeans the ratio of

the remaining reactant and initial reactant.
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Fig. 7. A brief compilation of 18¢,4¢\; and 5¢, ¢, during nitrate
assimilation by phytoplankton. Data are cited from the subtrop-
ical North Atlantic (Fawcett et al., 2015), the equatorial Pacific
(Rafter and Sigman, 2016) and the Southern Ocean (Fripiat et al.,
2019), and in-lab culture (Granger et al., 2004, 2010).

role on the sequestration of atmospheric CO, (Eppley and
Peterson, 1979). Here we tentatively estimate the §1°N of expor-
ted matter out of the euphotic zone based on a 1-D mass balance
box model:

Fex = FNo; + Fx, + Fatm, (13)

3" Nix - Fex = 515NN03— “Fyo; +8"5 N, - Fr, +8"°Narm - Fatm, (14)

where Fgy, Fyo-) Fy, and F, ), represent the fluxes of N export,
upward nitrate from subsurface via physical pathways, N, fixa-
tion and atmospheric deposition of N, respectively. The 515Ny,
SISNNO;, 8'°Ny, and 815N 1, represent the N isotopic composi-
tions of each flux, respectively. The shallow subsurface minim-
um of 515NN0; at 100 m (~4.6%o) is chosen as the endmember
value, as it turns to be a year-round feature for the SCS (Ren et al.,
2017; Yang et al., 2017, 2018). Other endmember values are
chosen as follows: FNO;:(204140) mmol/(m2.a) (in terms of N)
(Ren et al. 2017; references therein), Fx,=20 mmol/(m?2-a) (in
terms of N) (Kao et al., 2012; Voss et al., 2006; Zhang et al., 2015),
F,r\=50 mmol/(m?-a) (in terms of N) (Yang et al., 2017), 8" Nn,=
-1.0%o (Montoya et al., 2002), and 8N )=1.1%o (Xiao et al.,
2018). Above calculation will yield a value of 3.7%o for 31°Npy. It
should be noted that the estimated §!°Npy is relatively coarse and
needs to be treated with caution, considering that relatively large
range for most F and § values of the endmembers. If the value of
815Ny here is solid, it thus implies that N export from the euphot-
ic zone may be ~1%o lower than the 515NN0; of the shallow sub-
surface nitrate source on an annual basis.

Ammonium assimilation in the LEZ appears to be another
constraint that will influence the 3'°N of exported N at first sight,
mainly because ammonium is generally assumed to have relat-
ively low 815N due to recycling processes (Sigman and Fripiat,
2019). However, we propose that this is unlikely a significant
factor for the 3!°N of exported N for following reasons. First, am-
monium concentration in the SCS basin water column is gener-
ally at nanomolar level (Zhu et al., 2021). Second, though am-
monium assimilation proceeds with a normal kinetic isotope ef-
fect (Ward, 2005) and will likely cause the produced PN relatively
high in §'°N, any ammonium remaining will soon be assimilated
and transformed to PN, roughly resulting in no net effect. Indeed,

active ammonium oxidation had been reported in the SCS (Wan
etal., 2018).

A caveat of such mass balance model is the neglection of pos-
sible lateral flux. Although a lateral homogeneity of dissolved in-
organic nitrogen is generally valid for the SCS (Du et al., 2017),
the spatial variability of dissolved organic N (DON) recently re-
ported (Zhang et al., 2020) implies that DON may also represent
an overlooked new N source for the SCS water column. Indeed,
the production and consumption of DON in the SCS is active
from an isotopic perspective (Zhang et al., 2020). More studies
are called for to take DON (concentration, isotope ratio, bioavail-
ability, etc.) into account when examining N cycle in the SCS.

A schematic of N cycle as implied by our nitrate isotope data
for the WSCS EZ-UMZ is shown in Fig. 8. In the UMZ, an isotopic
signal of the remineralization of the exported organic N is evid-
enced by the decoupling of 35N and 3'80. Such signal is largely
overprinted when depth increases, where the characteristics
(higher 815N) of the western Pacific-sourced nitrate becomes
dominant (Xu, 2021; Yang et al., 2018).

5 Conclusions

In this study, we examine the nitrate isotope dynamics in the
LEZ-UMZ continuum of the WSCS, aiming to elucidate the ma-
jor N processes in this key sub-environment. Although the UEZ is
depleted in nitrate, the LEZ provides a relatively N-replete sub-
environment for nitrate assimilation, yielding an isotope effect of
4.0%0%0.3%o for 15¢, ¢¢;\ and 5.4%0+0.3%o for 18¢,4q\, from a
steady-state model, respectively. A minimum of nitrate 3'°N
(~4.6%0) at ~100 m is consistent with prior studies in the SCS,
suggesting that such phenomenon is a year-round feature and
deserves to be further explored in the future. A notable decoup-
ling of nitrate 8'5N and 8'80 from 100 m downward suggest the
role of nitrification in shaping the isotopic composition of dis-
solved inorganic pool. Based on a mass balance method, the N

[NO;+NO;]/(pmol-L™")
0 5 100 15 20 25 30 35

PN — DON— NH; UEZ

PN — DON—> NH; —NO; LEZ
1

v
NO;
--- NOj#+NO;  UMZ
R 31N
\\\\ 5150
TN A(15-18)
6 8
35N/%o or 8'0/%o
0 2 4 6 8 10 12
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Fig. 8. Schematic of N cycle as inferred from nitrate isotopes in
the upper 500 m of the western South China Sea. Depth profiles
of nitrate+nitrite concentration, 315N, 680 and A(15-18) are
based on the mean values from this study. The vertical patterns
of NH,* uptake rate and nitrification rate based on isotope tracer
assay are considered (Wan et al., 2018). N, in the air and the Vi-
enna Standard Mean Ocean Water are chosen as the standards
for N and O isotope analysis, respectively. UEZ: upper oligo-
trophic zone; LEZ: lower euphotic zone; UMZ: upper portion of
mesopelagic zone.
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isotopic composition of the exported N (81°Np,) was estimated to
be ~3.7%o, which is lower than the shallow subsurface nitrate
81N minimum. In the UMZ, an isotopic signal of the remineraliz-
ation of the exported organic N is evidenced by the decoupling of
815N and 8'80. This study likely provides insights for understand-
ing N dynamics in the SCS for both present and past.
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