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Abstract Marine nitrogen ﬁxation contributes to the budget of biologically available N and thus fuels
phytoplankton productivity and carbon cycle through biological pump. Modern N ﬁxation rates are
proved to be constrained by oceanographic condition and nutrient supply to the surface waters. However,
the paleoceanographic reconstruction of N ﬁxation and its regulation mechanism remain highly uncertain
in many regions. Here we present records of N ﬁxation changes in the South China Sea over the past 250,000
years reconstructed by compound‐speciﬁc nitrogen isotopes of individual amino acids. The δ15N of source
amino acids (δ15NSrc), reﬂecting the δ15N of the substrate nitrate originating from the subsurface water, is
distinctly lower during interglacial periods, indicating intensiﬁed N ﬁxation during interglacials. The δ15NSrc
of the South China Sea covaries with the thermal gradient between surface and subsurface waters,
implying a tight link between the upper water structure and N ﬁxation. It could be hypothesized that
stronger mixing during interglacials enhances the supply of excess phosphorous from the subsurface waters
and thus encourages the growth of diazotrophs. Furthermore, records of bulk sediment δ15N with relatively
high time resolution show dominant precession cycle, probably related to the nutrient supply from
subsurface water driven by summer monsoon and associated upper water structure changes. Similar
mechanism controlling N ﬁxation is also effective in regions with enough iron supply and low
concentrations of nitrogen and phosphorous, like the North Atlantic, supporting that upper water structure
can dominate N ﬁxation rates by regulating nutrient stoichiometry supplied to the surface waters.
1. Introduction
The nitrogen cycle along with the carbon cycle play crucial roles in marine biogeochemical processes.
Marine nitrogen cycle controls phytoplankton productivity by mediating nutrient dynamics, which further
inﬂuences the effectiveness of the biological pump and regulates atmospheric CO2 (Gruber & Galloway,
2008). Therefore, the reconstruction of the variability of nitrogen inventory is crucial to understand climate
changes at orbital time scale. Nitrogen is found in nature at various redox states (Capone et al., 2006).
Coming along with the transformations between different redox states, isotopic fractionation of nitrogen
occurs and leaves traces of marine N cycles.
Nitrogen ﬁxation and denitriﬁcation are the two key processes that control the marine nitrogen budget, both
of which are closely linked to environmental and nutrient conditions. The N ﬁxation is conducted by marine
diazotrophs that transfer N2 gases into bioavailable N, producing isotopically lighter N compared to oceanic
nitrate (Bauersachs et al., 2009; Carpenter et al., 1997; Wada et al., 1987; Zhang et al., 2014). Diazotroph
biogeography and nitrogen ﬁxation rates are dominated by nutrients, with the most important ones being
bioavailable iron, phosphorous, and nitrogen. Diazotrophs exhibit slower maximum growth rates than
nondiazotrophs when N supplies are sufﬁcient, but they are more competitive when there is depleted N
and excessed Fe and P (Berman‐Frank et al., 2001; Dutkiewicz et al., 2012; Tyrrell, 1999; Ward et al.,
2013). On the other hand, denitriﬁcation is the output process by which the heterotrophic bacteria respire
organic matter and transfer NO3− into N2. Water column denitriﬁcation (WCD) causes residual NO3− to
be isotopically heavier. This process is constrained in suboxic condition (dissolved oxygen <5 μM) with
sufﬁcient supply of NO3− and organic matter (Altabet, 2006; Codispoti et al., 2001).
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Upper water structure can regulate N ﬁxation and denitriﬁcation by mediating oceanographic conditions
and nutrient supplies. Bulk sediment δ15N (δ15Nbulk) records from modern WCD zones like the eastern
tropical Paciﬁc show strong links between hydrography and denitriﬁcation rates. Higher δ15Nbulk during
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interglacials indicates enhanced WCD, which is modulated either by high‐latitude process or proximal subtropical ocean circulation (Dubois et al., 2011; Hendy & Pedersen, 2006; Kienast et al., 2002; Martinez &
Robinson, 2010; Robinson et al., 2009). Sedimentary δ15Nbulk records from the equatorial western Paciﬁc
are similar to those from the eastern tropical Paciﬁc, which suggests the advection of δ15N signals along
the equatorial Paciﬁc (Jia & Li, 2011; Rafter et al., 2012). However, the application of δ15Nbulk proxy has
encountered problems in marginal seas and some oligotrophic areas. δ15Nbulk from the adjacent SCS are
relatively low with no systematic correlation to climatic cycles (Kienast, 2000). In contrast, recently published foraminifera‐bound δ15N (FB‐δ15N) records in the SCS show distinct lower FB‐δ15N during interglacials (Ren et al., 2012; Ren et al., 2017; Wang et al., 2018). The disagreement between δ15Nbulk and FB‐δ15N is
very likely due to inﬂuences of terrestrial inputs and diagenetic effects. Terrestrial inorganic N with lighter
δ15N may interfere the results of δ15Nbulk (Gaye et al., 2009; Kienast et al., 2005; Schubert & Calvert, 2001).
Selective removal of organic nitrogen during early diagenesis may impart strong fractionation of bulk sedimentary N (Robinson et al., 2012). These factors may jeopardize the paleoceanographic interpretation of
δ15Nbulk records in the SCS, particularly in its northern and southern parts with wide continental shelves
and enormous terrestrial inﬂuences. Although the FB‐δ15N has overcome the weakness of δ15Nbulk, it
requires a large amount of sediment samples and very complicated experimental techniques, limiting its utilization to a certain extent.
Compound‐speciﬁc nitrogen isotope analysis of individual amino acids (δ15NAA) is a newly developed proxy
with great potential to explore detailed history of marine N cycle. Amino acids are elementary compounds of
all life forms and take part in various metabolic pathways in organisms. Based on different N fractionation
patterns during trophic transfer, amino acids can be classiﬁed into two major groups. Source amino acids
(Src‐AA) show almost no fractionation through trophic transfer, making its N isotope (δ15NSrc) a suitable
indicator of oceanic nitrate δ15N, while trophic amino acids (Tr‐AA) are enriched in 15N along with each
trophic shift and thus the δ15N of Tr‐AA (δ15NTr) may provide detailed information of marine communities
(Chikaraishi et al., 2007; Germain et al., 2013; McCarthy et al., 2013; McClelland & Montoya, 2002). Pelagic
δ15NAA may faithfully record changes in the oceanic nitrogen pool because most of the terrestrial amino
acids are degraded in estuaries (Keil & Fogel, 2001). Excellent preservation of δ15NAA signatures ensures
the reliability of δ15NSrc as a proxy of oceanic nitrate δ15N. There is similarity in the broader δ15NAA pattern
among surface plankton tow samples, sinking particles, and surface sediments from Santa Barbara Basin,
suggesting that δ15NAA signals are faithfully preserved in suboxic depositional regimes (Batista et al.,
2014). Research on the oligotrophic Lake Brienz with oxic water column also suggest good preservation of
δ15NAA signatures through water column and during initial organic matter degradation, especially for some
of the Src‐AA (Carstens et al., 2013).
This study applied the compound‐speciﬁc nitrogen isotope analysis of individual amino acids and generated
the ﬁrst late Quaternary δ15NAA record. Based on the δ15NAA, δ15Nbulk and upper water temperature records
over the last 250 ka of two sediment cores from the western SCS, this work analyzes the orbital‐scale changes
in marine N cycle and discusses the related marine physical‐biological dynamics as well as potential inﬂuence of terrestrial input.

2. Regional Background
The hydrography of the SCS is tightly linked to that of the western Paciﬁc with a net water inﬂux in the
upper 500 m and layers below 1,000 m (Tian et al., 2006). The light irradiation, wind speed, and sea surface
temperature (SST) of the SCS are within the tolerance ranges of marine diazotrophs (Bergman et al., 2013;
Sohm et al., 2011; Wang & Li, 2009). The dissolved oxygen level (data from World Ocean Atlas 2013:
https://www.nodc.noaa.gov/OC5/woa13/) is far above the tolerance ranges of denitriﬁcation bacteria.
Therefore, the oceanographic conditions of the SCS favor N ﬁxation and eliminate WCD.
Surface SCS is oligotrophic with distinct low concentrations of N and P, which excludes potential N fractionation during assimilation. The nitracline depth (deﬁned as [NO3−] > 0.1 μM) is 50–75 m in the northern
SCS (Kao et al., 2012; Yang et al., 2017). Below the nitracline, the nitrate concentration increases with depth,
reaching 10–30 μM in 100–500 m, much higher than that of the western Paciﬁc (Ren et al., 2017; Yang et al.,
2017; Figure 1a). The concentration of phosphate is lower than 0.2 μM above nitracline but increases more
LI ET AL.
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Figure 1. Study sites and depth proﬁles of nitrate and its isotopic composition in the South China Sea. (a) Depth proﬁles of average (NO3 ; blue dots) and
15
δ Nnitrate (red diamonds; Yang et al., 2017). (b) Location of the cores analyzed in this study, also shown the surface ﬂow direction (gray arrows) and modern
upwelling area (red shading) during summer.

rapidly than nitrate in deeper waters (Chen et al., 2004; Pan et al., 2003; Wong et al., 2002). The nitrate
anomaly (N* [μM] = N − 16P + 2.9 (Deutsch et al., 2001)) describes relative N:P contributions, which
shows a decreasing trend with depth, with about 2 μM at 60 m and −2 μM at 500 m (Kao et al., 2012;
Wong et al., 2002; Wong et al., 2007). In another word, the stoichiometry of inorganic nutrients (N:P)
supplied by deeper waters is below the Redﬁeld ratio of 16:1 (Redﬁeld, 1958).
The vertical proﬁle of nitrate δ15N (δ15Nnitrate) shows a clear minimum value of 4.8 ± 0.3‰ in the upper thermocline (~100 m), while the δ15Nnitrate below 2,000 m shows little variance (5.2–5.7‰; Figure 1a). The δ15N
of sinking particles through the euphotic zone is 4.4‰, very similar to the upper thermocline δ15Nnitrate
(Yang et al., 2017). The vertical δ15N pattern along with the nitrate concentration proﬁles indicates that primary production in the surface water is mainly supported by subsurface nitrate. The δ15Nnitrate minimum in
the subsurface is also an evidence of surface N ﬁxation: Remineralization of 15N‐poor organic matter formed
by nitrogen ﬁxation causes the δ15Nnitrate minimum in the upper thermocline (Ren et al., 2017; Wong
et al., 2002).

3. Materials and Methods
Cores MD05‐2899 (13°47.66′N, 112°10.89′E, water depth 2,393 m, core length 36.68 m) and MD05‐2901
(14°22.50′N, 110°44.60′E, water depth 1,454 m, core length 36.94 m; Figure 1b) were recovered from the western SCS during the Chinese‐French joint MARCO‐POLO cruise by R/V Marion Dufresne in 2005. The age
models of MD05‐2901 and MD05‐2899 were established by stratigraphic comparison of planktonic foraminifera Globigerinoides ruber δ18O (Figure 2a; Li et al., 2009; Wang et al., 2016) with the LR04 benthic stack
(Lisiecki & Raymo, 2005), with additional age controls of the last (120 ka) and the ﬁrst appearance (404
ka) of pink G. ruber (Li et al., 2004) at 1,273 and 3,337 cm in core MD05‐2901. All the experiments conducted
in this study were performed at the State Key Laboratory of Marine Geology, Tongji University.
LI ET AL.
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Figure 2. δ NSrc and δ NTr records of MD05‐2901. (a) δ O of planktonic foraminifera G. ruber (blue; Li et al., 2009). (b)
15
15
Degradation index (DI; purple) and ΣV parameter (light green). (c) δ N proﬁles of source amino acids group and δ NSrc
15
15
15
15
(pink). (d) δ N proﬁles of trophic amino acids group and δ NTr (dark green). (e) The z‐scored δ NSrc and δ NTr. The
15
15
15
δ NSrc and δ NTr are calculated as the summation of mole percentage weighted δ N of each group. Data points with
black circles or squares are calculated from average mole percentage.

3.1. Mg/Ca Measurement
About 30 G. ruber (250–350 μm) and 20 Pulleniatina obliquiloculata (350–450 μm) tests were picked for the
Mg/Ca analysis, with an average time resolution of ~1 ka. Hand‐picked foraminifera shells were gently
crushed and cleaned by “Cd cleaning” method with a reductive step (Boyle & Keigwin, 1985; Rosenthal
et al., 2004). The cleaning generally followed the protocol described by Martin and Lea (2002), without
the “alkaline chelation” and “ﬁnal heat rinse” steps. Cleaned samples were inspected under a microscope
to prevent potential contamination. After that, samples were dissolved in 15N HNO3 (Optima grade) and
measured on an inductively coupled plasma‐mass spectrometry (ICP‐MS; Thermo X7). Detailed laboratory
methods of Mg/Ca analysis are described by Dang et al. (2018). The standard solution (Mg/Ca = 2.95
mmol/mol) was measured after every three samples, giving a relative standard deviation of 0.3% (a standard
deviation of 0.010 mmol/mol). The reproducibility analysis was based on 19 replicates of G. ruber and 22
replicates of P. obliquiloculata, which were cleaned and analyzed in separated aliquots. The results
LI ET AL.
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showed standard deviations of 0.062 and 0.052 mmol/mol for G. ruber and P. obliquiloculata, respectively.
Mn/Ca and Al/Ca were monitored to check the efﬁciency of the cleaning. For G. ruber, the Mn/Ca and
Al/Ca range between 0.229 to 0.987 μmol/mol and 0 to 0.160 μmol/mol, respectively. The G. ruber Mg/Ca
values display no correlation with Mn/Ca (r2 = 0.026) or Al/Ca (r2 = 0.006) values. For P. obliquiloculata,
the Mn/Ca and Al/Ca range between 0.065 to 0.813 mmol/mol and 0 to 0.169 mmol/mol, respectively.
The P. obliquiloculata Mg/Ca values display no correlation with Mn/Ca (r2 = 0.053) or Al/Ca (r2 = 0.002)
values. Despite relatively high Mn/Ca ratios, the correlation analyses suggest Mg/Ca derived temperature
records are unlikely to be signiﬁcantly affected by contamination.
The SSTs were calibrated by Mg/Ca of G. ruber, using the species‐speciﬁc equation, Mg/Ca = 0.38 exp (0.09 *
T), of Anand et al. (2003). The thermocline water temperatures were calibrated by P. obliquiloculata Mg/Ca,
using the calibration, Mg/Ca = 0.21 exp (0.097 * T), of Hollstein et al. (2017).
3.2. Bulk Sedimentary Nitrogen Isotope (δ15Nbulk) Measurement
For the δ15Nbulk measurement, 292 sediment samples from core MD05‐2901 were analyzed, covering the last
250 ka with an average time resolution of ~1 ka. About 20 μg of grounded lyophilized samples were pelletized in tin capsules. Then, samples were directly measured on an isotope ratio mass spectrometer
(Thermo Finnigan DELTAplus XP) interfaced with a C/N/S analyzer (CE EA1112). Nitrogen isotope ratios
are presented in delta (δ) notation, which is the per mill (‰) deviation from the air N2 (0‰ by deﬁnition).
Acetanilide from Indiana University was used as a laboratory standard. Forty‐seven replicates of δ15Nbulk
measurement were made on sediment samples, showing an average standard deviation of 0.45‰.
3.3. Compound‐Speciﬁc Amino Acid Measurement
A total of 123 sediment samples from core MD05‐2901 were used to conduct compound‐speciﬁc isotopic analysis of amino acids, covering the last 250 ka, with an average time resolution of ~2 ka. Samples were prepared with hydrolyzation followed by puriﬁcation and derivatization procedures. For each sample, about
5 g of grounded lyophilized sediments were placed in a Teﬂon tube for pretreatment. Proper amount of
12N HCl was mixed with sediments to dissolve carbonate. Additional 12N HCl were added to adjust the
hydrolysis ﬂuid to 6N after carbonate dissolution. Then, approximately 10 ml of 6N HCl was added to conduct hydrolyzation. Samples were sealed under a N2 stream and heated to 110 °C for 20 hr. This method converted asparagine and glutamine to aspartic and glutamic acids, respectively (Ellis, 2012). After cooling to
room temperature, the hydrolysate was isolated by centrifuging and evaporated under vacuum.
The hydrolysate was further puriﬁed with Dowex 50WX8 200‐400 mesh cation‐exchange resin to extract
amino acids from overall protein digests following Ellis (2012). About 5‐cm lengths of resin slurry was added
to a precombusted glass solid phase extraction (SPE) column plugged with glass wool. To convert resin to
acid form, 0.5N HCl (3 times of column volume) was added and then rinsed with Milli‐Q water (3 times column volume). The hydrolysate was dissolved in 2 ml of 0.01N HCl and then added to the column. The column was further resin with 1 ml of 0.5N HCl. After that, 10 ml of 2‐mol/L ammonia was added to elute
amino acids from the column. The eluent was dried under an N2 stream at 70 °C and then stored frozen
until derivatization.
Amino acids were ﬁnally derivatized with NACME procedure (Corr et al., 2007a, 2007b). Amino acids were
methylated with 1 ml of acidiﬁed methanol solution (acetyl chloride: methanol, 0.8:5, v/v) at 70 °C for 1 hr.
Then, reagents were evaporated under N2 with ice bath, during which 0.5 ml of dichloromethane was added
twice to remove excess methanol and water. Reagents were then acetylated with 1 ml of acetic anhydride
(acetic anhydride: triethylamine: acetone, 1: 2: 5, v/v/v) for 10 min at 60 °C. Derivatives were dried under
N2 with ice bath. After that, 2 ml of ethyl acetate and 1 ml of saturated NaCl solution were added, vortexed,
and placed still until phase separation. The organic phase with amino acid derivatives in it was extracted and
dried under N2. Derivatives were stored frozen before analyses.
The individual amino acids were identiﬁed on a Thermo Finnigan Trace 1300 Gas Chromatography (GC)
coupled to a TSQ 8000 Evo Triple Quadrupole MS system operated in electron ionization mode (70 eV).
After identiﬁcation, the relative abundances of each amino acid were measured on an Agilent 6890 GC with
ﬂame ionization detector (FID). Samples were injected in splitless mode onto a ZB‐WAX Capillary (length:
30 m; ID: 0.25 mm; ﬁlm thickness: 0.15 μm) at an injector temperature of 250 °C with a constant helium ﬂow
LI ET AL.
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rate of 1.2 ml/min. The oven temperature program started from 40 °C, +10 °C/min to 185 °C, +2 °C/min to
205 °C, +7 °C/min to 230 °C, and +10 °C/min to 250 °C with a 15‐min ﬁnal hold time. The relative concentration of each amino acid is presented as mole percentage (mol%), which was calculated as the ratio of number of moles of each amino acid to that of the total amino acids.
Finally, the N isotopic compositions of individual amino acids were determined by GC‐combustion‐isotope
ratio MS. Isotope analyses were conducted on a Thermo Finnigan Trace 1310 GC coupled to a Thermo
Finnigan MAT 253 Isotope Ratio MS. GC settings were the same as that of abundance measurement.
Laboratory standards were analyzed every 5–6 GC‐combustion‐isotope ratio MS runs to conﬁrm the reproducibility. USGS64 (δ15N: +1.76‰) and USGS65 (δ15N: +20.68‰) were used as standards, with analytical
errors (1σ) of 0.89‰ (based on 18 replicates) and 0.43‰ (based on 20 replicates), respectively.
Under our analytical conditions, the δ15NAA of 12 amino acids could be determined: valine (Val), glycine
(Gly), leucine (Leu), isoleucine (Ile), serine (Ser), asparagine (Asp), proline (Pro), glutamic acid (Glu),
methionine (Met), phenylalanine (Phe), tyrosine (Tyr), and lysine (Lys; presented in the order of GC retention time). It should be notiﬁed that Val, Gly, Asp, and Met did not show ideal chromatography performance
in all samples during the GC analyses; hence, only Leu, Ile, Ser, Pro, Glu, Phe, Tyr, and Lys were included for
mol% calculations (equation (1)), where number_of_molesAA is the number of moles of each amino acid
(GC peak area/molecular weight).
mol%AA ¼

number of molesAA
∑AA:Leu;Ile;Ser;Pro;Glu;Phe;Tyr;Lys ðnumber of molesAA Þ

(1)

3.4. Establishment of the δ15NSrc and δ15NTr Proxies
In this study, amino acids are classiﬁed into two groups: (1) Src‐AA: Gly, Ser, Met, Phe, Tyr, and Lys and (2)
Tr‐AA: Val, Leu, Ile, Asp, Pro, and Glu (Batista et al., 2014; McCarthy et al., 2007; McMahon &
Mccarthy, 2016).
The construction of δ15NSrc and δ15NTr proxies combines δ15N signals from multi‐amino acids, taking chromatography performance, analytical errors, time resolution, and relative concentration into account. Ser
and Tyr are chosen to represent Src‐AA because their results have the best time resolution, chromatography
performances, and reproducibility (standard error: 1.26‰ and 0.69‰, respectively) in the Src‐AA group.
They make up about 89.43% of all Src‐AA. Most previous studies focus on Phe as a Src‐AA. However, considering the relatively large standard error of Phe (2.10‰), which possibly results from its low concentration,
we do not include it in the establishment of δ15NSrc. Moreover, there should not be large differences even if
Phe is included in the calculation because it only makes up about 6.47% of all Src‐AA. For the same consideration, we choose Ile and Glu, which make up 85.31% of the Tr group, as representative Tr‐AA (standard
error: 1.25‰ and 1.85‰, respectively). The δ15NSrc (equation (2)) and δ15NTr (equation (3)) are calculated
as the summation of mol%‐weighted δ15N of each group:
δ15 NSrc ¼

δ15 NSer ×mol%Ser þ δ15 NTyr ×mol%Tyr
;
mol%Ser þ mol%Tyr

(2)

δ15 NTr ¼

δ15 NIle ×mol%Ile þ δ15 NGlu ×mol%Glu
;
mol%Ile þ mol%Glu

(3)

where δ15NAA and mol%AA are the δ15N value and mole percentage of each AA. The analytical errors (1σ) of
δ15NSrc and δ15NTr are 0.61‰ and 1.87‰, respectively, calculated by error propagation (Ohkouchi et al.,
2017).
3.5. Statistical Methods and Parameter Deﬁnitions
The z‐score normalizations are applied for δ15NAA to make dimensionless transformation, which allow
direct comparison among different δ15NAA. The z‐score normalization for each AA are calculated by subtracting the average value from each data point and dividing the result by the standard deviation (equation (4)). The z‐scored δ15NSrc and δ15NTr are calculated as stacked z‐scored δ15NAA from Src‐AA group
LI ET AL.
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(equation (5)) and Tr‐AA group (equation (6)), respectively. δ15NAA, δ15NAA‐avg, and σAA are the δ15N value,
average δ15N value, and standard deviation of each AA, respectively.
zscored δ15 NAA ¼

δ15 NAA −δ15 NAA
σAA

avg


zscored δ15 NSrc ¼ average zscored δ15 NSer ; zscored δ15 NTyr

zscored δ15 NTr ¼ average zscored δ15 NIle ; zscored δ15 NGlu

(4)
(5)
(6)

The degradation index (DI) and ΣV parameter are introduced to test potential diagenetic alteration and
microbial resynthesis. According to Dauwe and Middelburg (1999), DI is calculated by mol% of Leu, Ile,
Ser, Glu, Phe, and Tyr (equation (7)), where AVGAA, STDAA, and the fac. coefAA are the average, the standard deviation, and the ﬁrst principal component factor of each AA. The ΣV yields the average deviation of
δ15N of individual Tr‐AA: Leu, Ile, Glu, and Pro (McCarthy et al., 2007), calculated by the summation of difference between δ15NAA and its average (δ15NAA‐avg) of each AA, divided by the number of AA species
(n; equation (8)).

DI ¼ ∑i


mol%AA −AVGAA
×fac:coef AA
STDAA

∑V ¼

∑ δ15 N AA −δ15 N AA
n

avg

(7)

(8)

Finally, the detrended δ15NSrc (δ15NSrc‐residue) is calculated by removing the glacial‐interglacial variation
from the δ15NSrc record. Here the glacial‐cycle trend is calculated by Locally Estimated Scatterplot
Smoothing (smoothing factor = 0.4, performed by PAST 3.0).

4. Results and Discussion
4.1. Subsurface Nitrate δ15N Change Reconstructed by the δ15NSrc
DI and ΣV show no obvious trend of glacial‐interglacial changes (Figure 2b). Neither DI nor ΣV shows correlation with the δ15N of amino acids, indicating little effect of potential diagenetic alteration and microbial
resynthesis on the record of δ15NAA. Thus, the δ15NAA mainly reﬂect the δ15N signatures of the amino acids
deposited on the seaﬂoor, while the possible postdeposit alterations exert little inﬂuence.
In consistence with theoretical expectation, the δ15N values of amino acids fall into two groups. In the Src‐
AA group, the average δ15N values of Ser, Phe, Tyr, and Lys are relatively low, ranging from 6.38‰ to 9.87‰.
The δ15NSrc (deﬁned in equation (2)) data exhibit an average value of 7.34‰ with a range of 4.39–9.80‰,
showing lower values during interglacial periods (Figure 2c). What stands out in the records are the distinct
low δ15NSrc values during MIS5, which are 1‰ lower than that of glacials on average. On the other hand, the
δ15N of Tr‐AAs (Leu, Ile, Glu, Pro, and Asp) are relatively higher, with averages ranging from 7.41‰ to
13.83‰ (Figure 2d). The δ15NTr (deﬁned in equation (3)) has an average of 13.40‰ and varies from
7.80‰ to 16.55‰. δ15NTr has higher values and larger variations compared to δ15NSrc, which is very likely
a result of trophic‐origin fractionation.
The δ15N signatures in MD05‐2901 ﬁt the ecological predictions in several ways. Comparisons between
surface plankton tow samples, sinking particles, and surface sediments from both suboxic and oxic environment suggest good preservation of the δ15N signatures of Ser and Tyr (Batista et al., 2014; Carstens et al.,
2013). The δ15NSer and δ15NTyr are slightly lower than δ15NPhe at core MD05‐2901, similar to the patterns
found at suboxic Santa Barbara Basin and the oxic Lake Brienz (Batista et al., 2014; Carstens et al., 2013).
Moreover, the δ15NSer and δ15NTyr are close to or slightly lower than nitrate δ15N at the oligotrophic Lake
Brienz, supporting the reliability of δ15NSrc (deﬁned in equation (2)) in this study. Relatively low values of
δ15NSrc imply little change in δ15N of Src‐AA during trophic transfer and thus good preservation of the
source nitrate δ15N at the base of the food web. On the other hand, the relatively high average value of
δ15NTr (deﬁned in equation (3)) is very likely caused by trophic‐origin fractionation, while large
LI ET AL.
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Figure 3. Proxy records of the South China Sea (SCS) δ N and upper water thermal structure. (a) FB‐δ N from
15
15
MD12‐3432 (light green) and MD97‐2142 (dark green; Ren et al., 2017; Wang et al., 2018). (b) Organic δ N (δ Norg)
15
from MD05‐2897 (blue) and MD01‐2392 (dark purple; Dong et al., 2019). (c) MD05‐2901 δ NSrc (pink) and MD05‐2899
ΔT (purple). (d) Mg/Ca‐derived ΔT between surface and subsurface waters of core TX05 (brown; Yang et al., 2017).

standard deviation possibly captures variations of local trophic status (Chikaraishi et al., 2007; Chikaraishi
et al., 2009; McCarthy et al., 2013). Surface productivity in the oligotrophic SCS is fueled by subsurface
water. Thus, δ15NSrc in MD05‐2901 probably records the δ15N of subsurface nitrate. The subsurface
nitrate of modern northern SCS has a δ15N value of about 4.8‰ (Yang et al., 2017), which is about
2.5‰ lower than Holocene‐averaging δ15NSrc. The difference may be attributed to the ﬁrst‐step
fractionation during amino acids synthesis of primary producers or to the effect of biological metabolism
to a lesser extent (Chikaraishi et al., 2009). To eliminate the effect of fractionation caused by possible
trophic effects, the z‐score normalization makes it possible to compare the changes of dimensionless
δ15NAA. The z‐score normalization expresses a value's relationship to the average. The z‐scored δ15NSrc
and δ15NTr show a clear covariation (Figure 2e). This points to a similar changing pattern of different
δ15NAA despite their different averages, indicating a common origin of δ15N signatures for both Src‐AA
and Tr‐AA. Therefore, even if potential trophic fractionation would mask the absolute δ15N values, the
δ15NSrc faithfully tracks the changes in δ15N at the base of the food web, which is the subsurface
δ15Nnitrate variation in the SCS.
The MD05‐2901 δ15NSrc record shows signiﬁcant similarities with the FB‐δ15N records of MD97‐2142
from Luzon coast (Ren et al., 2017) and MD12‐3433 from northern SCS (Wang et al., 2018; Figure 3a).
The δ15N records from these three sites all present glacial‐interglacial variations of ~3‰, with distinct
lower values in interglacial periods. The FB‐δ15N is supposed to faithfully represent the subsurface nitrate
δ15N (Ren et al., 2012), as the late Holocene FB‐δ15N in SCS cores average 5.60‰ (Ren et al., 2017), close
to the modern subsurface nitrate δ15N (Figure 1a). The MD05‐2901 δ15NSrc varies in the same pattern and
amplitude as those FB‐δ15N over the last 250 ka but shows a systematic offset of about +1‰ (Figure 3c).
Moreover, the changes of organic nitrogen δ15N (δ15Norg) in the southern SCS are also similar to that of
δ15NSrc and FB‐δ15N. The δ15Norg reﬂect δ15Nnitrate utilized by primary producer, showing smaller glacial‐
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interglacial variations of ~2‰ (Dong et al., 2019; Figure 3b). It is inferred that, therefore, simultaneous
variation of subsurface nitrate δ15N occurs across the whole SCS, as conﬁrmed by records from distant
sites in the basin.
4.2. Glacial‐Cyclic N Fixation Changes Modulated by the Upper Water Structure
Two potential factors may affect the subsurface nitrate δ15N of the SCS: (1) the western Paciﬁc δ15N signals
and (2) marine nitrogen cycle within the SCS. The former may not be the case for two reasons. First,
although there is an inﬂow of upper waters from the Paciﬁc to SCS, the nitrate concentration of the upper
500 m in the modern SCS is much higher than that of the western Paciﬁc (Ren et al., 2017; Yang et al.,
2017). Moreover, there is rapid transport of nutrient within equatorial Paciﬁc (Rafter et al., 2012) with lower
nitrate supply in the last glacial period than in the Holocene (Costa et al., 2016). Thus, the subsurface nitrate
in the SCS is unlikely fueled by nitrate from the western Paciﬁc and probably mainly originates from the deeper SCS via vertical mixing during both glacials and interglacials. Second, western Paciﬁc bulk δ15N varied in
a similar pattern as the eastern tropical Paciﬁc denitriﬁcation records with higher values during interglacials
(Jia & Li, 2011), but the SCS nitrate δ15N proxies show an opposite trend with lower values during interglacials (Figures 3a–3c; Dong et al., 2019; Ren et al., 2017; Wang et al., 2018). As a result, changes in the subsurface δ15N in SCS is supposed to be dominated by regional N cycle within the SCS, namely, the changing rates
of marine N ﬁxation. Lower δ15N in interglacials, therefore, indicates enhanced N ﬁxation in the SCS.
The marine N ﬁxation rates are largely constrained by nutrient supply, which is closely related to oceanographic conditions. Given that the other limiting factors (light irradiance, wind speed, and SST) are within
the tolerance range of marine diazotrophs (Sohm et al., 2011) in SCS, variation in N ﬁxation rates is most
likely constrained by changes in nutrient supply, in which nitrogen (N) and phosphorous (P) play key roles.
Nutrient stoichiometry strongly affects the diazotroph community and primary production. Because the
concentrations of nitrate and phosphate are distinctly higher in deeper depth, primary productivity in the
surface SCS is fueled by the nutrient supply from the subsurface waters. Since the potential inﬂuences of terrestrial input on the nitrogen ﬁxation rates could be excluded (discussed with details in section 4.3), changes
in the upper water structure is very likely to control the N ﬁxation rates by mediating nutrients supplied to
the surface water.
Changes in upper water thermal structure can be revealed by the temperature difference (ΔT) between surface and subsurface waters. The Mg/Ca‐derived ΔT records of the western and the southern SCS present synchronous glacial‐cyclic variations, with larger ΔT during interglacial periods (Figures 3c and 3d; Steinke
et al., 2010; Yang, 2017). The ΔT calculated from UK' 37 and TEX86 temperatures demonstrates similar pattern in the northern SCS, with higher ΔT during interglacials, especially MIS5 (Li et al., 2013). Similar ΔT
variations across the SCS basin point to a larger vertical thermal gradient during interglacials, implying a
shoaling of the depth of thermocline. During the past 250 ka, the subsurface δ15N covaries with the ΔT
(Figures 3c and 3d). The highly consistent δ15N and ΔT proﬁles from two adjacent sites (MD05‐2899 and
MD05‐2901, Figure 1a) in the western SCS suggest a clear association between stronger N ﬁxation and shallower depth of thermocline during warm periods and vice versa during cold periods.
A shallower depth of thermocline indicates enhanced vertical mixing in upper waters. Because subsurface
water is relatively colder than surface water, when vertical mixing increases, more cold waters reach at a
shallower depth, resulting in a shallower depth of thermocline. Shoaling of thermocline along with intensiﬁed vertical mixing enhances supply of nutrient‐rich subsurface waters to the surface. The subsurface water
is in excess of phosphorous, as compared with the general demand of diazotroph community. Consequently,
the growth of marine diazotrophs and thus the rates of N ﬁxation tend to be strengthened. Such a notion
ﬁnds support from the output of a global ecosystem model, which suggests that N ﬁxation rates of the modern SCS are mainly phosphorous limited (Ward et al., 2013). Since the surface SCS is sufﬁcient in iron supply
(discussed with details in section 4.3) but relatively depleted in nitrogen and phosphorous (Chen et al., 2004;
Pan et al., 2003; Wong et al., 2002; Yang et al., 2017), the diazotroph population is limited by phosphorous
availability. A higher availability of phosphorous during interglacials may relieve this limitation and induce
intensiﬁed N ﬁxation. Moreover, the uniformity of δ15N records and their similarity with ΔT proﬁles from
different parts of the SCS indicates a common schema of physical‐biological coupling. Enhanced mixing
across the SCS probably further relates to deeper circulation. The SCS deep waters ventilate faster (Wan &
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Jian, 2014) with reduced vertical density stratiﬁcation (Wan et al., 2018) in the Holocene in comparison with
the last glacial period. Accordingly, the glacial‐cyclic consistent variations in the δ15N records and the vertical temperature gradient over the last 250 ka can be explained by the physical‐biological coupling between
N ﬁxation rates and upper water structure in the SCS.
4.3. Potential Inﬂuence of Terrestrial Input on the δ15NSrc and δ15Nbulk
As a marginal sea, the SCS is a focus of land‐sea interactions. Glacial‐cyclic terrestrial contributions through
dust ﬂux and riverine input may inﬂuence δ15N records in many ways. First, terrestrial input may affect N
ﬁxation rates by regulating the budget of nitrogen, phosphorus, and iron. Second, terrigenous nitrogen may
interfere with marine δ15N signals, reducing the reliability of certain δ15N proxies.
Iron availability is thought to be a major controlling factor of marine N ﬁxation in the Paciﬁc. However, N
ﬁxation rates of the SCS is unlikely to be constrained by iron supply. The SCS receives tremendous dust ﬂux
from adjacent land, with ~18‐g/m2 dust depositing into the northern SCS per year (Wang et al., 2012).
Dissolved Fe concentration ranges 0.5–1 nM in the upper 500 m of the SCS, which is comparable to that
of the North Atlantic and much higher than that of the western Paciﬁc (Brown et al., 2005; Kondo et al.,
2007; Moore et al., 2013; Wu et al., 2003). These observations along with the estimation of a global ecosystem
model (Ward et al., 2013) strongly argue against an iron limitation in the modern SCS. Furthermore, even if
iron availability of the SCS varied in the past 250 ka, it is hardly a controlling factor of marine N ﬁxation rates
(Costa et al., 2016; Maher, 2016). Dust ﬂux is higher during glacial periods, but it does not provoke a stronger
N ﬁxation at that time (Guo et al., 2009).
The input and cycling of N and P are also vital. As an important contributor of N and P to the surface water,
terrigenous input has the potential to mediate N ﬁxation. Terrestrial input in the northern and southern SCS
reﬂects sea level‐related variations over the last million years, with coarser grains and higher accumulation
rates during glacials (Boulay et al., 2007; Wang et al., 1999). However, the mass accumulation rate of terrestrial material in core MD05‐2901 shows lower values in glacial times (Figure 4a), different from that of the
northern and southern SCS (Jian et al., 2001; Wang et al., 1999). This implies that changes in terrestrial input
are variable in different parts of the SCS basin. Hence, local terrestrial input may not be a major factor of
changes in N ﬁxation rates in the SCS, as the δ15N proﬁles from different parts of the SCS (Figure 3) show
identical glacial‐cyclic pattern.
In addition, dissolved nitrogen and phosphorous from river sources can hardly affect N ﬁxation variations in
the SCS as well. Take the Mekong River for an example; most of the riverine nitrogen and phosphorous are
consumed in estuaries, as presented by a strong offshore gradient of all nutrients (Grosse et al., 2010). Even if
the nutrients from rivers could be advected out of estuaries, it should not have favored the growth of marine
diazotrophs because the fresh water is relatively surplus in nitrogen and short in phosphorous. N ﬁxation is
signiﬁcantly stronger offshore, where salinity is higher than 32 and N/P ratio is lower than 16 (Grosse et al.,
2010). Moreover, the synchronous changes of δ15NSrc, δ15Norg, and FB‐δ15N from different parts of the SCS
suggest a common force that drives N ﬁxation over the SCS basin, while the inﬂuence of riverine input is
relatively local.
Terrestrial input may also obscure the marine δ15N signals by contributing terrigenous nitrogen. Previous
δ15Nbulk records from the northern and southern SCS are very likely inﬂuenced by terrestrial δ15N signals.
The δ15Nbulk records of core 17924 from the northeastern and core 17961 from the southern SCS have
average values of 4.6‰ and 5.0‰, respectively, both of which show weak variations by an amplitude less
than 0.3‰ during the past 140 ka (Kienast, 2000). However, the δ15Nbulk of core MD05‐2901 from the
western SCS ﬂuctuates with an amplitude of about 0.8‰ at an average of 6.7‰ and shows heavier
averages up to 7.2‰ in glacials (Figure 4b). The δ15Nbulk records of SCS show a clear spatial distribution
pattern. The highest δ15Nbulk are found in the western SCS and lower values in the north and the south.
This pattern is consistent with the δ15Nbulk of surface sediments, which range from 4.8‰ to 5.0‰ in the
west and lower than 4.8‰ in the north and south (Gaye et al., 2009; Kienast, 2000). A possible explanation is that the northern and the southern parts of the SCS receive more river‐borne terrestrial materials
with lighter δ15N due to the large continental shelves (Hu et al., 2006). During glacial periods, enhanced
sea level‐related terrestrial input (Jian et al., 2001; Wang et al., 1999) may cause stronger bias towards
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15

Figure 4. Down‐core records of terrestrial mass accumulation rate (MAR) of core MD05‐2901 and comparison of δ N
15
records from the SCS and other oceans. (a) MD05‐2901 terrigenous MAR (brown). (b) δ Nbulk records from cores
17924 (orange), MD01‐2392 (green), and MD05‐2901 (red; Kienast, 2000). The superimposed dash line is ﬁltered MD05‐
15
15
15
2901 δ Nbulk. (c) C/N ratio of core MD05‐2901 (purple). (d) The detrended δ NSrc (δ NSrc‐residue, pink) by removing
15
15
the glacial‐interglacial cycle from δ NSrc. The superimposed dash line is ﬁltered MD05‐2901 δ NSrc. (e) The Gaussian
15
15
band‐pass‐ﬁltered (ﬁlter = 0.0435, bandwidth = 0.008) records of MD05‐2901 δ NSrc (pink), MD97‐2142 FB‐δ N (green),
15
15
and MD05‐2891 δ Norg (light blue). (f) MD01‐2386 δ Nbulk record from the western Paciﬁc (yellow; Jia & Li, 2011). (g)
15
ODP999A FB‐δ N record from the Caribbean Sea (dark blue; Straub et al., 2013). The superimposed dash lines in (e–g)
are insolation of 21 June at 15°N (Laskar et al., 2004).

lighter δ15Nbulk in the northern and southern SCS. Meanwhile, δ15Nbulk record of core MD05‐2901 in the
western SCS receives less inﬂuence of terrigenous nitrogen. The C/N ratio of core MD05‐2901 varies
between 4.33 and 9.89, which is a typical marine signal (Figure 4c). Moreover, neither the terrestrial
material mass accumulation rate nor the C/N ratio show any correlation with δ15Nbulk of core MD05‐
2901, suggesting minimal terrestrial effect at this site.

4.4. Precessional Change of N Fixation Rates Revealed by the δ15Nbulk
As the features of DI and ΣV records rule out the possible alteration effects of diagenesis and microbial activity, the sediments of core MD05‐2901 may preserve high‐resolution marine nitrogen signals. In contrast to
the argument of a stable oceanic N inventory during glacial‐interglacial climatic cycles (Kienast, 2000),
slightly lighter δ15Nbulk of MD01‐2901 during interglacial periods generally agrees with the δ15N records
of foraminifera and amino acids, reﬂecting changes in marine nitrogen cycle.
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Figure 5. Schematic illustration of physical‐biological coupling between N ﬁxation rates and upper water structure during
(a) interglacials or minimum summer insolation and (b) glacials or maximum summer insolation.

It is noticeable that the δ15Nbulk (average resolution = 1 ka) demonstrates a dominant precession cycle
(Figure 4b), a common feature of low‐latitude climate change. While the δ15NSrc from the same site is dominated by basin‐scale glacial‐interglacial cycle of ~100 ka (Figure 3c), this may be partly due to the relatively
lower time resolution or uneven sampling of the δ15NSrc analyses (average resolution ~2.6 ka). After removing the glacial‐interglacial cycle trend, the detrended δ15NSrc (δ15NSrc‐residue) displays a clear precession cycle
paralleled to the δ15Nbulk record, especially during MIS5 and MIS7 (Figure 4d). The precession cycle is also
extensively found in FB‐δ15N record in the eastern SCS (Ren et al., 2017) and δ15Norg records in the southern
SCS (Dong et al., 2019; results of spectral analyses are shown in the supporting information). Previous study
by Ren et al. (2017) suggest that the N ﬁxation changes of the SCS are mainly controlled by sea level‐driven
glacial/interglacial oscillations in excess phosphorous ﬂuxes at and near the ocean margins. However, this
mechanism may not fully explain the synchronous precession‐scale changes found in δ15NSrc, δ15Norg,
and FB‐δ15N. Moreover, although FB‐δ15N record in the eastern SCS generally follows the glacial‐
interglacial cycle of sea level change over the past 800 ka, the variations of FB‐δ15N do not always echo
sea level change but sometimes show signiﬁcant precession cycle. Thus, a common driving force of upper
water structure changes is more plausible for both glacial/interglacial and precession scale variations of
δ15N records.
We attribute the precession cycle found in δ15N records to a common inﬂuence of low‐latitude process.
The precession band‐pass‐ﬁltered records of δ15NSrc, FB‐δ15N, δ15Norg, and boreal summer insolation
(15°N, 21 June) present synchronous variations, with lowest δ15N corresponding to minimum insolation
(Figure 4e). The correspondence suggests that low‐latitude N ﬁxation responds to precessional forcing
through the regulation of insolation. A possible explanation is that weakest Northern Hemisphere summer insolation induces largest meridional SST differences, as evident in comparison between SST records
from ODP871 (5°33.1′N, 172°20.7′E; Dyez & Ravelo, 2013) and U1429 (31.62°N, 129°E; Clemens et al.,
2018). Increasing meridional temperature contrast may enhance atmospheric meridional circulation
(Hadley cell), resulting in intensiﬁed vertical mixing in upper waters and ensuring more phosphorous
supplies from deeper waters (Figure 5). The relief of P limitation may further induce intensiﬁed N ﬁxation
in low latitudes.
The SCS is not the only region that presents connections between N cycle and upper ocean structure on precession cycle. This schema also applies to the δ15N records from the equatorial western Paciﬁc (Figure 4f; Jia
& Li, 2011) and the tropical North Atlantic (Figure 4g; Straub et al., 2013). The δ15N signals of the western
Paciﬁc originate from WCD in eastern tropical Paciﬁc (Jia & Li, 2011; Kienast et al., 2005), which is very
likely constrained by upwelling intensity (Kienast et al., 2002; Martinez & Robinson, 2010). N ﬁxation rates
respond to excess phosphorous in the tropical North Atlantic, whose availability is mastered by the Atlantic
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equatorial upwelling (Meyer et al., 2016; Snow et al., 2015; Straub et al., 2013). A general implication from
these studies may be proposed as that upper ocean structure can dominate N ﬁxation rates by mediating
nutrient stoichiometry supplied to the surface waters. Through this physical modulation, at both the glacial
and precession time scales, enhanced N ﬁxation has the potential to balance N loss caused by denitriﬁcation,
thus functioning in the budget of global N pool. Future work is needed to explore the physical‐biological processes with high‐resolution models.

5. Conclusions
Past changes in the SCS N ﬁxation over the last 250,000 years are deduced from core MD05‐2901 off
Vietnam. This work establishes a new δ15NSrc proxy to track changes in subsurface nitrate δ15N changes.
The δ15NSrc is distinctly lower during interglacial periods, similar to the δ15N records derived from foraminiferal shells and organic nitrogen. After ruling out the possible effects of diagenetic alteration, microbial
resynthesis, terrestrial inﬂuence, and signal advection from the western Paciﬁc, our results indicate intensiﬁcation of N ﬁxation in SCS during interglacials. In particular, the δ15NSrc records from the SCS covary with
thermal gradient changes between surface and subsurface waters, implying a tight link between the upper
water structure and N ﬁxation. It is inferred that stronger mixing during interglacials enhances the supply
of excess phosphorous from the subsurface waters and thus increases the N ﬁxation rates.
The δ15Nbulk of core MD05‐2901 with relatively higher time resolution show a clear precession cycle. After
removing the longer‐term trend, the residue of δ15NSrc (δ15NSrc‐residue) displays a clear precession cycle paralleled to the δ15Nbulk record. Taken together, the consistent precessional changes of SCS δ15N records reveal
the link of SCS N ﬁxation and insolation‐controlled changes in upper water structure. Furthermore, the connections between N cycle and upper ocean structure also applies to the equatorial western Paciﬁc (Jia et al.,
2011) and the tropical North Atlantic (Straub et al., 2013), which suggests a possible N balance by physical
modulation throughout low latitudes.
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