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Abstract

Nitrogen fixation is one of the most important sources of new nitrogen in the ocean and thus profoundly affects
the nitrogen and carbon biogeochemical processes. The distribution, controlling factors, and flux of N, fixation in
the global ocean remain uncertain, partly because of the lack of methodological uniformity. The 1°N, tracer assay
(the original bubble method > the !°N,-enriched seawater method > the modified bubble method) is the
mainstream method for field measurements of N, fixation rates (NFRs), among which the original bubble method
is the most frequently used. However, accumulating evidence has suggested an underestimation of NFRs when
using this method. To improve the availability of previous data, we compared NFRs measured by three 15N, tracer
assays in the South China Sea. Our results indicate that the relationship between NFRs measured by the original
bubble method and the !°N,-enriched seawater method varies obviously with area and season, which may be
influenced by incubation time, diazotrophic composition, and environmental factors. In comparison, the
relationship between NFRs measured by the original bubble method and the modified bubble method is more
stable, indicating that the N, fixation rates based on the original bubble methods may be underestimated by
approximately 50%. Based on this result, we revised the flux of N, fixation in the South China Sea to 40
mmol/(m?-a). Our results improve the availability and comparability of literature NFR data in the South China
Sea. The comparison of the 1°N, tracer assay for NFRs measurements on a larger scale is urgently necessary over

the global ocean for a more robust understanding of the role of N, fixation in the marine nitrogen cycle.
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1 Introduction

N, fixation, the biological reduction of N, gas to ammonium,
is a dominant source of reactive nitrogen in marine environ-
ments (Gruber and Sarmiento, 1997; Codispoti, 2007), thus play-
ing a key role in carbon and nitrogen biogeochemical cycles and
exerting a profound impact on global climate (Casciotti, 2016;
Zehr and Capone, 2020). In the context of global warming, many
efforts have been made to obtain the distribution of the N, fixa-
tion rates (NFRs) (Zehr and Capone, 2020). However, relatively
large uncertainties remain because of the lack of methodological
uniformity (White et al., 2020; Zehr and Capone, 2020). The most
common method used to measure marine NFRs has been the
15N, tracer assay, which traces the incorporation of isotope
labeled N, gas (1°N,) into the particulate matter. This method
was first applied to the field measurement of marine NFRs in the
Sargasso Sea (Dugdale et al., 1961) and has been optimized and

widely applied since then (Montoya et al., 1996; Mohr et al., 2010;
Klawonn et al., 2015), generating a large body of field NFR data in
the global ocean (White et al., 2020).

According to the introduction of the 5N, tracer to the incuba-
tion system, the present 15N, tracer assay for NFRs measure-
ments can be classified into the original bubble method (B meth-
od hereafter) (Montoya et al., 1996), the '5N,-enriched seawater
method (S method hereafter) (Mohr et al., 2010), and the modi-
fied bubble method (MB method hereafter) (Chang et al., 2019;
Klawonn et al., 2015). The B method was first described in detail
by Montoya et al. (1996). In brief, the 1N, tracer can be intro-
duced into the incubation system by injecting an aliquot of !°N,
gas to facilitate a dissolution equilibrium of the 1°N, gas bubble.
After incubation (typically 6-24 h), the particulate material is
captured by a glass fiber filter for later analyses of the mass and
15N atom abundance of particulate N on an elemental analyzer
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coupled to an isotope ratio mass spectrometer. NFRs can be cal-
culated using the equations in Montoya et al. (1996). Due to its
relative simplicity, high precision, and sensitivity of the B meth-
od, it has been widely applied and has contributed to the main
body of field NFRs data in the global ocean. However, the equi-
libration of labeled !°N, gas is relatively slow and largely de-
pends on the incubation time. This raise the concern that the cal-
culated initial atom abundance of the N, source pool (An,, based
on gas solubility laws) may be overestimated, resulting in the un-
derestimation of NFRs (Bottjer et al., 2017; Montoya et al., 1996;
Grof$kopf et al., 2012; Wilson et al., 2012). Accordingly, the S
method was proposed (Mohr et al., 2010). The key modification
that differentiates the S method from the B method is the intro-
duction of 1°N,-enriched seawater rather than the 1°N, bubble in-
to the incubation bottle (Mohr et al., 2010). The filtered seawater
enriched with >N, gas was added to a target An,=5%, with an in-
oculum addition that was approximately 5% of the total incuba-
tion volume. Additionally, protocols have been developed to fur-
ther optimize the °N, tracer assay for NFRs, including removing
the bioavailable 1°N-contaminants (such as 1°NO,) in commer-
cial 15N, gas (Dabundo et al., 2014; Chen et al., 2018) and redu-
cing the pore size (from 0.7 pm to 0.3 um) of membranes for the
collection of particulate nitrogen (Bombar et al., 2018).

In addition to the B and S methods, in recent five years, the
MB method has been employed (Klawonn et al., 2015; Chang et
al., 2019). Briefly, 15N, gas was added to the incubation bottle and
mixed gently for <15 min before the gas bubble was displaced
with unenriched water. Before filtration at the end of the incuba-
tion period, subsamples were collected to quantify the 1SN atom
abundance of the dissolved °N, gas in each incubation by using
Member Inlet Mass Spectrometer (MIMS) or Isotope Ratio Mass
Spectrometer (IRMS). Because Ay, is directly measured, the MB
method largely overcomes the underestimation of NFRs caused
by the non-equilibration of 1°N, gas and may also provide a relat-
ively higher Ay, (approximately 7-9 atom abundance; Chen et al.,
2018) than the S method. Although the S and MB methods have
been indicated to be more feasible for the field measurements of
NFRs and have been gradually promoted in recent years (Gro3kopf
etal., 2012; Wilson et al., 2012; Zhang et al., 2015, 2019; Gradoville
etal., 2017), the comparison of field NFRs measured by the B, S,
and MB methods has rarely been conducted (White et al., 2020).
As most published NFRs are based on the B method and prob-
ably represent underestimates, there is an urgent need to provide
scientific base for the potential correction of the large body of re-
ported field NFR dataset with respect to methodology inconsist-
ency (White et al., 2020; references therein).

The South China Sea (SCS) is the largest marginal sea in the
western Pacific, with a surface area of approximately 3.5x106 km?
(Chen et al., 2014). It provides an ideal site for comparing NFRs
measured by the B, S, and MB methods, and the main reasons for
this are as follows: (1) the SCS has wide continental shelves and a
deep basin with a depth of approximately 4 700 m, causing obvi-
ous variation in the environmental characteristics and diazo-
trophic compositions in the SCS (Shiozaki et al., 2014), which
may help reveal the influence of environmental factors and
diazotrophic composition on the discrepancy of NFRs measured
by the B, S, and MB methods; and (2) field NFR measurements in
the SCS have been widely reported (Voss et al., 2006; Chen et al.,
2008, 2014; Grosse et al., 2010; Li and Zhang, 2018), most of
which were based on the B method, indicating the possible need
for the correction of historical data. In this study, we aim to ob-
serve the discrepancy between NFRs based on the B, S, and MB
methods and reveal the possible influences on their correlations,

improving the availability of the present NFRs in the SCS and re-
evaluating the flux of N, fixation in the SCS. Our results may im-
prove the understanding of global N, fixation and oceanic N
budget.

2 Methods and materials

2.1 Sampling areas

Nine cruises were conducted between 2013 and 2018 (August
2013, July 2014, March and July 2017, and June 2018) in the open
area of the SCS and the coastal Daya Bay (July 2015, December
2015, April 2016, and January 2018) in the northern SCS (Fig. 1).
During the cruises from 2013 to 2016, NFRs measured by the B
and S methods were compared. In March 2017 and July 2017, the
large-scale determination of NFRs by the S method was conduc-
ted in the open areas of the SCS (Fig. 1a), and samples for nitro-
genase gene (nifH) analysis were also collected in March 2017
(Fig. 1a). In January and June 2018, NFRs observed by the B and
MB methods were compared. A part of NFR data in the Daya Bay
can be found elsewhere (Li et al., 2019).

2.2 N, fixation rate

The 15N, gas (98% atom !°N) used in this study was obtained
from Cambridge Isotope Laboratories Inc., USA. A simplified
purifying pathway (15N, gas stock cylinder > degassed sulfuric
acid trap -> potassium permanganate trap) was applied to effi-
ciently remove any possible residual contamination of the 1°N
labeled fixed N (possibly nitrate and ammonium) described by
Dabundo et al. (2014). Seawater samples were collected in Niskin
bottles. Duplicate samples were collected and filled bubble-free
into pre-cleaned (soaked in 0.1 mol/L HCI for 24 h and washed
with Milli-Q water) clear 1.2 L Nalgene polycarbonate bottles. For
samples measured by the B method, purified 1°N, gas was imme-
diately injected into the incubation system (2 mL/L). For samples
measured by the S method, approximately 40 mL of the prepared
15N-enriched seawater (10 mL of purified 1°N, gas > 1 L of pre-
filtered degassed seawater) was added to the incubation bottles.
For samples measured by the MB method, purified !°N, gas was
added to the incubation system and then shaken until bubbles
disappeared, duplicate subsamples (approximately 12.5 mL)
were collected to observe the >N abundance in the incubation
system, and the incubation bottles were refilled before incuba-
tion. Samples collected from the Daya Bay and the open areas of
the SCS were incubated for 6 h and 24 h, respectively.

After incubation, NFR samples were filtered onto pre-com-
busted (450°C, 4 h) glass fiber filter membranes (GF-75). The
membranes were then dried at 60°C and stored at -20°C until
measurement. Natural suspended particulate organic matter
samples were also collected for background '°N analysis by filter-
ing 4 L of seawater onto the filters. Particulate nitrogen and N
abundance (3'°N vs. air N,) were measured by EA (Carlo Erba NC
2500)-IRMS (Finnigan Delta V Advantage). The reproducibility of
315N measurements was smaller than 0.2%o. NFR was calculated
using the equations described by Montoya et al. (1996). The min-
imum quantifiable rate (MQR) of NFRs was also calculated after
error propagation (Montoya et al., 1996; Gradoville et al., 2017).
Measured NFRs below the MQR were considered undetectable
(n.d.). Only validated values were used for the interpretation.

2.3 Analysis of nifH

Samples for nifH gene analysis were collected at seven sta-
tions (Fig. 1a) in March 2017 by filtering approximately 2 L of sea-
water onto Millipore polycarbonate filters (pore size 0.2 pm) and
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Fig. 1. Sampling locations in the South China Sea (SCS): a. stations in the open areas of the SCS from 2013 to 2017 (“A-”, “K-", “C-”,
“G-" and “D-” indicate cruises in August 2013, July 2014, March 2017, July 2017 and June 2018, “0” indicates the sampling stations of
nifH in March 2017); b. stations in the Daya Bay (prefixed with “E-”, July 2015, December 2015, April 2016 and January 2018).

then stored in liquid nitrogen until analysis. In the laboratory, the
filters were cut into small pieces, and genomic DNA was extrac-
ted using a Qiagen DNeasy plant extraction kit by following the
manufacturer’s instructions. NifH gene fragments of approxim-
ately 360 bp were amplified using nested PCR (Zehr and Turner,
2001; Zehr et al., 2007). Barcodes were incorporated with primers
to enable sample multiplexing during sequencing. Paired-end se-
quencing of the amplicons was performed using an Illumina
MiSeq sequencer (Novogene Co., Ltd., www.novogene.com).

The sequences generated in this study were processed using
Mothur software (Schloss, 2009). Barcodes and primer se-
quences were trimmed, and chimeric sequences were identified.
Reads less than 310 bp in length and sequences with undeter-
mined nucleotides were removed. The remaining sequences
were translated into amino acid sequences using Ribosomal
Database Project Framebot and then aligned against the nifH ref-
seqs database from National Center for Biotechnology Informa-
tion (http://www.ncbi.nlm.nih.gov). Sequences showing less
than 80% similarity with the reference database were removed. In
the remaining sequences, operational taxonomic units (OTUs)
were defined with 95% sequence similarity as the cutoff value
(Kong et al., 2011; Osorio-Santos et al., 2014). To identify the
phylogenetic affiliation of the nifH sequences, the 50 most
abundant OTUs and selected reference sequences from different
diazotrophic groups were used to construct a neighbor-joining
tree by using Molecular Evolutionary Genetics Analysis software.
All sequences generated in this study have been submitted to the
NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/
Traces/sra, SRP 181068).

3 Results

3.1 NFRs

NFRs in the SCS open waters ranged from n.d. to 0.90 nmol/(L-d)
during the sampling cruises (Fig. 2). The highest average NFR
was observed in June 2018 (MB method), and the lowest value
was observed in March 2017 (S method). In August 2013, surface
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Time

Fig. 2. The range of NFRs in the open area of the SCS (the top
margins and the bottom margins of the boxes represent the third
quartile (Q3) and the first quartile (Q1) respectively. The upper
limit and the lower limit were calculated as follows: upper limit =
Q3 + (Q3 - Q1) x 1.5, lower limit = Q1 - (Q3 - Q1) x 1.5. Values
larger than the upper limit or less than the lower limit were
defined as outliers. The solid lines in the boxes represent the me-
dians, and the dotted lines represent the average values).

NFRs ranged from n.d. to 0.73 nmol/(L-d) ((0.15+0.23) nmol/(L-d),
n=17). In July 2014, surface NFRs ranged from 0.26 nmol/(L-d) to
0.58 nmol/(L-d) ((0.39+0.10) nmol/(L-d), n=7), with higher NFRs
observed at stations near Vietnam. In March 2017, surface NFRs
ranged from n.d. to 0.80 nmol/(L-d) ((0.11+0.16) nmol/(L-d), n=
24), and the NFRs from 0 m to 150 m ranged from n.d. to 0.80
nmol/(L-d) ((0.16+0.09) nmol/(L-d), n=138). The highest NFRs in
March 2017 were observed at Station C-S27 (Fig. 3) and were ob-
viously higher than those observed at other stations. In July 2017,
surface NFRs ranged from n.d. to 0.36 nmol/(L-d) ((0.16+0.14)
nmol/(L-d), n=7), among which the surface NFRs at Stations G-N2
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and G-F2 were higher than those of other stations. NFRs from
0-100 m ranged from n.d. to 2.08 nmol/(L-d) (0.17+0.38 nmol/(L-d),
n=31). In June 2018, surface NFRs ranged from 0.11 nmol/(L-d) to
0.90 nmol/(L-d) ((0.43+0.30) nmol/(L-d), n=5), with the highest
NER observed at the Station D-B3 and the lowest NFR at the Sta-
tion D-D1 (Fig. 3a). NFRs at 0-150 m ranged from n.d. to 1.03
nmol/(L-d) ((0.34+0.27) nmol/(L-d), n=29). NFRs in the north-
eastern SCS (near the Luzon Strait) and the sea areas east of Viet-
nam were generally higher than those in the other sampled areas
(Fig. 3). At most sampling stations in this study, higher NFRs
were generally observed in surface water, except for a few sta-
tions near Luzon Strait (such as Station G-N2), where the highest
NERs were observed at the subsurface.

NEFRs in the Daya Bay ranged from n.d. to 4.51 nmol/(L-h),
with higher NFRs observed in spring and summer (Li et al., 2019).
The prominent feature of NFRs in the Daya Bay during the
sampling period is that the NFRs were obviously higher than
those in the neighboring open areas of the SCS.

3.2 Taxonomic composition of diazotrophs

A total of 26 000 high-quality reads based on nifH genetic
fragments were obtained from the five stations during the cruise
in March 2017 (see locations in Fig. 1a). The rarefaction curves
reached plateaus, and the sequencing depth was sufficient to re-
cover the diazotrophic communities. Cyanobacteria and proteo-
bacterial nifH were the most abundant phylotypes in all samples,
among which the cyanobacterial nifH was mainly composed of
the unicellular cyanobacterium group A (UCYN-A) and Trichode-
smium, and the proteobacteria nifH were mainly composed of
Gammaproteobacteria and Alphaproteobacteria (Fig. 4). Except
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for Station C-S1, Gammaproteobacteria were major contributors
at all stations (>50% at Stations C-S41 and C-S57 and approxim-
ately 94% at 100 m of Station C-S59). Generally, the relative con-
tribution of cyanobacteria decreased with depth, and the relative
contribution of Gammaproteobacteria and Alphaproteobacteria
increased. The fraction of cyanobacteria in the diazotrophic com-
munity at stations in the northern SCS (Stations C-S1, C-S6, and
C-S25) were higher than those at the other stations.

3.3 Discrepancy of NFRs by using the B and S methods

A comparison of the NFRs measured by the B and S methods
is shown in Fig. 5. In the southern SCS, NFRs observed by the B
method (NFR-B) and S method (NFR-S) had significant differ-
ence (7 test, p<0.05, n=17 in August 2012, and p<0.01, n=7 in July
2014). In August 2013, NFR-B and NFR-S ranged from n.d. to
0.78 nmol/(L-d) ((0.21+0.23) nmol/(L-d), n=17), and n.d. to
0.73 nmol/(L-d) ((0.15+0.24) nmol/(L-d), n=17), respectively, and
the ratio of NFR-S/NFR-B (at the stations where both the NFR-B
and NFR-S were both above the detection limit) ranged from 0.76
to 1.56 (1.09+0.31, n=6). In July 2014, NFR-B and NFR-S ranged
from n.d. to 1.33 nmol/(L-d) ((0.25+0.48) nmol/(L-d), n=7) and
0.26 nmol/(L-d) to 0.58 nmol/(L-d) ((0.39+0.10) nmol/(L-d), n=7),
respectively. Excluding the highest NFR observed by using the B
method at Station K-C50 (1.33 nmol/(L-d)), NFR-S were obvi-
ously higher than NFR-B during this cruise (¢ test, p<0.01, n=6),
with NFR-S/NFR-B ranging between 0.29 and 4.37 (2.55+1.76,
n=3).

The NFR-S/NFR-B ratio showed obvious seasonal variation in
the Daya Bay (Fig. 5, excluding the bloom Station E-S4). During
the summer cruise in July 2015, NFR-B and NFR-S ranged from
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Fig. 3. Surface distribution of NFRs (nmol/(L-d)) in the open waters of the South China Sea (“A-”, “K-", “C-”, “G-" and “D-" indicate
cruises in August 2013, July 2014, March 2017, July 2017 and June 2018, respectively).
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Fig. 5. The relationship between N, fixation rates (NFRs) meas-
ured by the original bubble (B) method and the !°N,-enriched
seawater (S) methods: the unit of NFRs observed in this study
and in Grof3kopf et al. (2012) is nmol/(L-d) , and the unit of NFRs
(depth-integrated NFRs) in Wilson et al. (2012) is pmol/(m?2-d).
To improve the visibility of Fig. 5, the unit of NFRs in the Daya
Bay (DB) are converted to nmol/(L-d).

0.03 nmol/(L+h) to 0.94 nmol/(L+h) (0.03 nmol/(L-d) to 0.94 nmol/(L-d),
(5.97+7.62) nmol/(L-d), n=7) and 0.06-4.51 nmol/(L-h) (1.53 nmol/(L-d)
to 108.32 nmol/(L-d), (24.02+37.82) nmol/(L-d), n=7), with the
max NFR observed at the bloomed Station E-S4. NFR-S was obvi-
ously higher than NFR-B (¢ test, p<0.01, n=9), with NFR-S/NFR-B
ratios ranging between 1.87 and 4.79 (3.27+0.93, n=7). In Decem-
ber 2015 (winter), NFRs in the Daya Bay were generally lower
during, and NFR-S/NFR-B ratios were obviously higher than
those in the spring and summer cruises (¢ test, p<0.01, n=10).

NFR-B and NFR-S ranged from 0.01 nmol/(L-h) to 0.08 nmol/(L-h)
(0.34 nmol/(L-d) to 1.81 nmol/(L-d), (0.89+0.45) nmol/(L-h),
n=10) and 0.10-0.70 nmol/(L-h) (2.40 nmol/(L-d) to 22.80
nmol/(L-d), (8.51+6.29) nmol/(L-h), n=10), respectively, with
NFR-S/NFR-B ranged from 4.50 to 18.53 (10.10+5.36, n=10). In
spring (April 2016), the discrepancy between NFR-B and NFR-S
was not significant (¢ test, p>0.05, n=9). NFR-B and NFR-S ranged
from 0.25 nmol/(L-h) to 1.46 nmol/(L-h) (2.88 nmol/(L-d) to 41.35
nmol/(L-d), (17.87+15.52) nmol/(L-h), n=7) and 0.27-1.43
nmol/(L-h) (6.43 nmol/(L-d) to 34.47 nmol/(L-d), (17.71£10.26)
nmol/(L-h), n=7), respectively, while NFR-S/NFR-B ratio ranged
from 0.98 to 2.23 (1.60+0.46, n=7).

3.4 Discrepancy of NFRs by using the B and MB methods

During the Daya Bay cruise in January 2018, NFR-MB and
NFR-B ranged from 0.02 nmol/(L-h) to 4.06 nmol/(L-h) ((0.45+
1.10) nmol/(L-h), n=13) and 0.01 nmol/(L-h) to 2.20 nmol/(L-h)
((0.25+0.60) nmol/(L-h), n=13), respectively. NFR-MB was obvi-
ously higher than NFR-B and had a significant linear correlation
with NFR-B (¢ test, p<0.05, n=13; Fig. 6a, with a slope of 1.8).
Leaving aside the high NFR observed at Station E-S7 (NFR-MB =
4.06 nmol/(L-h), NFR-B = 2.20 nmol/(L-h)), the slope of the linear
equation in Fig. 6a is approximately 1.5. During the SCS cruise in
June 2018, NFR-MB and NFR-B ranged from 0.07 nmol/(L-d) to
1.01 nmol/(L-d) ((0.41+0.24) nmol/(L-d), n=24) and 0.03 nmol/(L-d)
to 0.41 nmol/(L-d) ((0.16+0.11) nmol/(L-d), n=24), respectively,
with obvious discrepancy (f test, p<0.01, n=24). A linear correla-
tion between NFR-MB and NFR-B was also observed (Fig. 6b),
with a slope of 1.9, which is similar to the slope observed in the
Daya Bay. According to Fig. 6, the relationship between NFR-MB
and NFR-B seems to be more stable than that between NFR-S
and NFR-B, which has less variation by area. Although the incub-
ation time, diazotrophic composition, and hydrological factors in
the Daya Bay and the northeastern SCS have obvious differences,
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Fig. 6. The correlation between N, fixation rates measured by
the original bubble (B) and modified bubble (MB) methods: a.
the Daya Bay, January 2018; b. the northeastern SCS, June 2018.

the correlation between NFR-MB and NFR-B seems unaffected.
This finding indicates that the comparison between NFR-MB and
NFR-B may be more feasible for correcting the prior absolute
majority of NFR datasets based on the B method.

4 Discussion

4.1 Toward a better understanding of the discrepancy between

NFR-B and NFR-S

NFR-B and NFR-S observed in the open waters in this study
generally fell in the range of published NFRs in the SCS (Table
S1). Both the NFR-B and NFR-S in the Daya Bay were obviously
higher than the earlier data of NFR in the open SCS.

The ratios of NFR-S/NFR-B observed in this study (0.76-4.37,
1.83+1.27, n=9 in the open SCS, 0.42-18.53, 5.58+5.23, n=24 in the
Daya Bay) were also within the range reported in the literature.
Grof$kopf et al. (2012) reported a large variation scale of NFR-
S/NFR-B (0.53-42, 6.949.2, n=25) in the oligotrophic North At-
lantic (Fig. 5). In contrast, the ratio observed at Station ALOHA in
the North Pacific Subtropical Gyre appeared to fall in narrower
ranges (NFR-S/NFR-B, ~1.8 to 3.5, Wilson et al., 2012; ~1.8 to 3.5,
Bottjer et al., 2017). The obtained depth-integrated NFR based on
S method in the open waters of the SCS (July 2017) averaged
(22.36+36.09) pmol/(m2. d) (=31, 0-200 m). However, the
present understanding of average depth-integrated NFR of the
SCS based on the B method was approximately 55 pmol/(m?- d)
(Voss et al., 2006; Lin, 2013; Chen et al., 2014; Zhang et al., 2015;
Liu et al., 2016, 2020; Wen et al., 2017; Li et al., 2019), which is ob-

viously higher than our result based on NFR-S. It seems to be
contradictory to the average NFR-S/NFR-B in this study and the
published literature (both>1). Thus, we propose that it may be
risky to reevaluate the flux of N, fixation in the SCS solely based
on the relationship between NFR-B and NFR-S, as the discrep-
ancy between NFR-S and NFR-B may be complicated by other
factors including the composition of diazotrophs and the length
of incubation time.

Diazotrophic composition may be an important factor influ-
encing the ratio of NFR-S/NFR-B. The analysis of nifH in March
2017 (Fig. 4), combined with the published literature (Bombar et
al., 2010; Grosse et al., 2010; Ding et al., 2016), revealed the im-
portant contribution of Trichodesmium (Fig. 4) in the open area
of SCS, indicating that the contribution of Trichodesmium to N,
fixation can not be ignored here. However, Trichodesmium was
not detected during our investigation in the Daya Bay. In this
study, NFR-S/NFR-B in the Daya Bay was generally higher than
that observed in the open areas of the SCS, indicating that dom-
inance of Trichodesmium may lead to a lower NFR-S/NFR-B,
which is similar to the results of Grof3kopf et al. (2012). Grofikopf
et al. (2012) observed an average NFR-S/NFR-B of 2.6 for the
community-dominated Trichodesmium. For the diazotrophic
community dominated by UCYN-A, diatom diazotroph associ-
ations, and proteobacteria, the ratios of NFR-S/NFR-B were high-
er (~6). This finding may be the result of the simultaneous incub-
ation of floating Trichodesmium and the non-floating fraction.
When NFRs were measured by the B method, the floating Tricho-
desmium was closer to the source of the tracer, the 1°N, bubble,
causing a smaller discrepancy between the NFR-S and NFR-B of
Trichodesmium (Grof3kopf et al., 2012). The diurnal rhythm of N,
fixation by diazotrophs may also influence NFR-S/NFR-B. Be-
cause a complete dissolution equilibration of 15N, gas generally
takes longer than 12 h (Van Wambeke et al., 2018), the diazo-
trophic communities dominated by species fixing N, only during
the daytime (such as UCYN-A) will probably be subject to a
greater underestimation (Groffkopf et al., 2012). The results in
this study (Fig. 4) indicate a higher contribution of UCYN-A at
Station C-S1, which located near the northern coast of the SCS.
Our results in the Daya Bay also indicated the important contri-
bution of UCYN-A (Li et al., 2019), especially at Station E-S11
(~96.6%), which may be one of the possible reason for the higher
NFR-S/NFR-B in the Daya Bay. However, the understanding of
the impact of diazotrophic composition on the discrepancy of
NFRs measured by different methods is generally lacking, calling
for further studies in the future.

The length of incubation time may be another important
factor resulting in the discrepancy between NFR-B and NFR-S.
For our sampling in August 2013 and July 2014 in the southern
SCS, an incubation length of 24 h was adopted to be consistent
with most of the published studies in open oceans (White et al.,
2020); a shorter incubation duration (6 h) was adopted for the
coastal cruises (the Daya Bay). The shorter duration is often used
in the study of environmental settings, such as coastal and eu-
trophic waters. Because the equilibration degree of the injected
15N, gas bubble with seawater generally increases with time, a
shorter incubation time may cause a larger discrepancy. Wan-
nicke et al. (2018) found that a short incubation length (1 h) may
cause a 30% underestimation of the 5N, concentration in the in-
cubation system; they also found that a 12-24 h incubation may
be sufficient for the equilibration between !5N, gas bubbles and
surrounding water, which would have less influence on the dis-
crepancy between NFR-B and NFR-S.

In addition to the composition of the diazotrophic com-
munity and incubation length, the spatiotemporally varying en-
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vironmental parameters (i.e., water temperature, nutrient status,
stratification, etc.) may also contribute to the discrepancy
between NFR-S and NFR-B in the study area. Furthermore, the
published results in the Atlantic and the fixed Station ALOHA in
the North Pacific Subtropical Gyre (Bottjer et al., 2017; Gro3kopf
etal., 2012; Wilson et al., 2012) may indicate that the discrepancy
between NFR-B and NFR-S may be more influenced by the spa-
tial variation of these factors, however, which need to be further
tested in the future.

4.2 Re-evaluation of N, fixation flux in the SCS based on B and

MB methods

It is fundamental to compare NFRs by using the B method for
potentially fully use of available datasets of N, fixation and an im-
proved understanding of the distribution pattern and controlling
mechanism of this key biogeochemical process. There are two
main reasons for this result. First, the majority of available mar-
ine NFR data are based on the B method (Grofikopf et al., 2012;
White et al., 2020). Second, the MB method may offer the most
accurate field NFR that the science community can obtain using
the 15N, tracer assay (Chang et al., 2019; Klawonn et al., 2015;
White et al., 2020). When compared to the discrepancy between
NFR-B and NFR-S, the relationship between NFR-B and NFR-MB
is more stable, which seems not to be influenced by the large dis-
crepancy of the diazotrophic composition, the incubation time
and other environmental factors between the coastal Daya Bay
and the open area of the SCS (Fig. 6). Hence, we suggest that the
MB method may be the preferred method for NFR measure-
ments and correction for three reasons: (1) MB methods can
provide a higher and directly measured Ax,, which may improve
the availability of measured NFRs; (2) it can also avoid the pre-
paration and preservation of the liquid tracer necessary for the S
method and may minimize unprecedented contamination; (3)
the correlation between NFR-MB and NFR-B is more stable,
which seems to be more feasible for the correction of historical
data based on the B method.

Our results suggest that earlier published data of NFRs based
on the B method may have been underestimated by approxim-
ately 50%. This value is similar to the average result of Grofikopf
et al. (2012) and Bottjer et al. (2017). Based on the observed NFR-
MB/NFR-B (approximately 2:1) in this study, the reevaluated av-
erage value of the depth-integrated NFRs in the SCS was elevated
to be 110 pmol/(m?2-d) (40 mmol/(m2-a)). This value is within
the range of our NFRs measured by the MB method (this study)
in the northeastern SCS (June 2018, 49-114 pmol/(m?2.d), (68+
16) pmol/(m?-d), n=5). Our results may improve the availability
and comparability of prior NFRs in the SCS. However, a large-
scale comparison between the NFRs measured by the B, S, and
MB methods is required in future research.

In addition to nitrogen fixation (40 mmol/(m?-a)), the source
of new nitrogen in the euphotic layer of the SCS mainly includes
the inputs of nitrate by deep water and atmospheric deposition,
with an average flux of approximately 204 mmol/(m?2-a) (Ren et
al., 2017) and 49 mmol/(m?-a) (Kim et al., 2014), respectively. N,
fixation accounts for approximately 20% of the total nitrogen in-
put, similar to the nitrogen input from atmospheric deposition.
Under a steady state, the export flux of nitrogen from the euphot-
ic layer is approximately 293 mmol/(m?-a), which is within the
range of the reported flux observed by sediment traps (Wong et
al., 2007; Yang et al., 2017). However, the spatial-temporal vari-
ation of N, fixation may introduce uncertainty in the evaluation
of N flux. Moreover, dissolved organic nitrogen may play a long
overlooked role in N cycle in the SCS upper water column (Zhang
etal., 2020).

5 Summary

In this study, we compared the divergent 5N, tracer assay for
NFRs in the SCS, including the B method, S method, and MB
method. Our results indicate that the discrepancy between NFRs
measured by the B and S methods may vary obviously with area
and season, which may be influenced by incubation time, diazo-
trophic composition, and hydrological factors. The correlation
between NFRs measured by B and MB methods appears more re-
liable, indicating that the NFRs based on B methods may be un-
dervalued by approximately 50%. Correcting the NFRs measured
by the B method gave an average depth-integrated NFR of ap-
proximately 110 pmol/(m?2-d) (extrapolated annual rate ~40
mmol/(m? a)), falling in the range of our field-measured depth-
integrated NFRs by MB methods in the northeastern SCS. Our
results provide implications for improving the validity of pub-
lished NFRs in the SCS. Further validation of the 5N, tracer as-
say and the comparison of NFRs with respect to methodological
difference are called for a more robust understanding of the dis-
tribution, controlling factors, and flux of N, fixation in the SCS
and other oceanic regions as well.
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