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Archaeal ammonia oxidation is the most important intermediate pathway in regulating the
oceanic nitrogen cycle; however, the study of its specific role on a geological time scale is
restricted to a specific part of marginal seas; thus far, only in the southern South China Sea
(SCS). To explore the spatial pattern of the role of archaeal ammonia oxidation in the SCS,
the GDGT-[2]/[3] ratio (Glycerol Dialkyl Glycerol Tetraether), an indicator of the archaeal
ammonia oxidation rate, was analyzed and examined from the collected data profiles since
the last glacial period in the northern SCS. The results showed that the GDGT-[2]/[3] ratio in
the northern SCS was opposite to that in the southern SCS, with higher GDGT-[2]/[3]
values during the Holocene compared to the last glacial period. Based on existing
published depths of thermocline (DOT) data in the northern SCS since 30 ka, we
believe that hydrological structural variations induced by mesoscale eddies caused this
difference. Therefore, physical processes are very important factors that control the
nitrogen cycle over a long-time scale. This study may provide new insights into the
understanding of the role of archaeal ammonia oxidation within the marine nitrogen cycle
over geological time scale.

Keywords: archaeal ammonia oxidation, nitrogen fixation, GDGTs, the last glacial period, mesoscale eddies,
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INTRODUCTION

Nitrogen is a key limiting nutrient of primary productivity, and changes in the total amount of fixed
nitrogen in the ocean will lead to changes in primary productivity and thus affect atmospheric CO2

levels, which in turn will have a significant impact on global climate changes (Beatty-Desana et al.,
1975; McElroy, 1983; Altabet et al., 2002). The understanding of the interrelationships between the
main processes of the marine nitrogen cycle and their regulators is still very limited (Zehr & Capone,
2020).

N isotopes in marine sediment record key information of oceanic biogeochemical information,
and indicate the corresponding processes of the marine nitrogen cycle, and also can track the
evolution of the marine environment and biogeochemical cycle in the marine system during
geological periods (Altabet, 2006). Specifically, the sedimentary nitrogen isotope ratio (δ15N)
reflects a signal of processes of nitrogen input (i.e., nitrogen fixation) and nitrogen loss to the
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atmosphere (i.e., anaerobic denitrification and anaerobic
ammonium oxidation (anammox) (Sigman & Fripiat, 2019).
In general, the process of nitrogen fixation from the
atmosphere can result in a lower δ15N value of nitrate in the
seawater with an isotope discrimination of ~-1‰ (Wada &
Hattori, 1976; Liu et al., 1996), while water column
denitrification will enrich the 15N of nitrate with isotope
fractionation up to 20–30‰ (Cline & Kaplan, 1975; Brandes
et al., 1981).

As one of the largest marginal seas in the world, the SCS is
surrounded by densely populated islands, which brings a large
input of terrigenous nutrients, resulting in high deposition rates
and sensitivity to environmental changes, and is thus an ideal area
for studying biogeochemical cycles under both natural and
anthropogenic influences (Wang and Li, 2009). Previous
studies have investigated the sedimentary nitrogen isotope
characteristics in the northern and southern SCS during
geological periods. Dong et al. (2019) reconstructed the
variation in nitrogen isotopes in the southern SCS based on
the nitrogen isotopes of organic matter (δ15Norg). Their results
showed that δ15Norg values increased during the last glaciation
(MIS 2) which is in accord with the trend of the δ15Nforam

reconstructed from planktonic foraminifera observed in core
MD97-2142 (Ren et al., 2017) and in MD12-3433 (Wang
et al., 2018) retrieved from the northern SCS. Nitrogen isotope
ratios based on planktonic foraminifera G. scacculifer and G.
ruber showed the same trend, indicating that nitrogen fixation
has been enhanced since the last glacial period throughout the
whole SCS. In short, nitrogen isotope indices are the key for better
understanding nitrogen fixation in the SCS and reconstructing
nitrogen fixation in the paleo-nitrogen cycle.

However, δ15N incorporates a mixing signal but cannot fully
reflect other details within the complex nitrogen cycle (Robinson,
2001; Dong et al., 2019). Therefore, other proxies, such as organic
biomarkers, become a potential tool for tracking more refined
marine nitrogen cycle processes (Rush and Sinninghe Damsté,
2017), such as nitrification, which act as a tie line between the
nitrogen input and nitrogen loss (Canfield et al., 2010; Rush and
Sinninghe Damsté, 2017). Previously, the archaeal ammonia
oxidation in the southern SCS since 180 ka was reconstructed
by Dong et al. (2019) based on the proxy of the relative abundance
between shallow-water clade and deep-water clade
Thaumarchaeota, the ratio of glycerol dialkyl glycerol
tetraethers (GDGT) with 2 and 3 cyclopentyl moieties
(GDGT-2 to GDGT-3 ratio, here after referred to as [2]/[3])
(Dong et al., 2019). Ammonia oxidizing archaea (AOA), affiliated
with Thaumarchaeota, are distributed throughout the water
column but have maximum abundance at the bottom of the
deep chlorophyll maximum (DCM). A higher [2]/[3] indicates a
higher contribution of deep-water clade Thaumarchaeota with
low ammonia-oxidizing activity, while a lower [2]/[3] indicates a
higher contribution of shallow-water clade AOA with high
ammonia-oxidizing activity (Jia et al., 2017; Dong et al., 2019).
However, whether this conclusion pattern is consistent in other
seas remains to be verified.

Here, by collecting and analyzing the [2]/[3] data from
sediment cores retrieved from the SCS combined with δ15N

data, we found that unlike the scenario observed in the
southern SCS, the ammonia oxidation and nitrogen fixation
have decoupled in the northern SCS since 30 ka. Different
hydrodynamics between the northern and southern SCS have
been examined to explore the mechanisms of the different
relationships between ammonia oxidation and nitrogen
fixation, thus improving the understanding of the mechanisms
underlying the nitrogen cycle in the SCS since the last glacial
period (MIS 1–2).

Oceanographic Settings in the South
China Sea
The SCS is located between the tropical western Pacific Ocean
and the Asian continent, and it is under the control of the East
Asian monsoon (EAM) system. In the boreal winter, the
interaction between the low-pressure system over the western
Pacific warm pool and the Siberian high-pressure system triggers
the formation of a strong East Asian winter monsoon (EAWM)
(Figure 1). The cyclonic circulation is driven by the EAWM in
the entire basin. While in boreal summer, the prevailing
southwesterly monsoon (i.e., East Asian summer monsoon,
EASM) drives anticyclonic circulation formation in the whole
basin (Xiu et al., 2010) (Figure 1). Therefore, different surface
circulation patterns in the winter and summer seasons are driven
by the EAM system in the SCS. Modern physical oceanographic
observations have shown that anticyclonic eddies dominate the
northern part of the SCS in summer (Xiu et al., 2010; Guo et al.,
2015), which drives the thermocline and halocline to deepen and
become thicker (Chen et al., 2011).

The effect of the EAM system on the water hydrodynamics in
the SCS in the geological periods has been investigated. Dong
et al. (2015) reconstructed the thermocline depth of the southern
SCS since 180 ka using the temperature difference (ΔT) between
the reconstructed surface seawater temperature by utilizing UK’

37
and the reconstructed subsurface seawater temperature by using
TEXH

86. This indicated that the thermocline depth was shallower
during the glacial period and deeper during the interglacial period
due to the effect of the EAWM. The strength of the EAWMvaried
within a glacial-interglacial timescale, which could be indicated
by loess grain size (>32 μM) from the Xifeng of China and the
vertical sea surface water temperature difference in the northern
and southern SCS (Guo et al., 2009). Dong et al. (2015) also found
that the EAWM had significantly strengthened during the glacial
period and weakened during the interglacial period since 175 ka.
They also believed that the positive wind stress curl provided by
the enhanced EAWMduring the glacial period enhanced cyclonic
circulation and strengthened upwelling, thus lifting the depth of
the thermocline in the southern SCS (Dong et al., 2015). The same
process has also been confirmed in modern observations (Qu
et al., 2007).

Mesoscale eddies influence the marine carbon and nitrogen
cycle by regulating the distribution of nutrients, in turn affecting
the biota (Zehr & Kudela, 2011). As a key player in marine
nitrogen cycle, the abundance and activity of AOA are affected by
temperature, light, availability of ammonia, and its competition
(McElroy, 1983) with phytoplankton, especially in shallow coastal
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waters (Herfort et al., 2007; Q. Liu et al., 2018; Urakawa et al.,
2014). Some of these factors can be altered by mesoscale
processes, e.g., upwelling (Molina et al., 2010), water mass
mixing (Müller et al., 2018) (Haas et al., 2021), and in turn,
modify the AOA community. In geological time, the physical and
hydrological properties of the surface waters in the SCS have been
proposed to influence the growth of shallow AOA (Dong et al.,
2019), thus impacting the marine nitrogen cycle.

MATERIALS AND METHODS

Membrane lipid biomarkers [2]/[3] of two cores which from
the northern SCS were analyzed: one core MD12-3428:
(20°08.48′N, 115°49.80′E; core length 10.15 m, water depth
903 m) (Dong et al., 2018), and core ODP 1147 (Figure 1)
(18°50.11′N, 116°33.28′E; water depth: 3246 m) (Li et al.,
2013). The age model of core MD12-3428 was established
based on both accelerator mass spectrometry (AMS)
radiocarbon dates of planktonic foraminifera
(Globigerinoides ruber) and the oxygen isotopes aligning
with existing oxygen isotopes, covering the past 30 ka (H.
Zhang H et al., 2016; Y. G. Zhang Y G et al., 2016). The
total lipids of MD12-3428 were extracted following Sturt et al.
(2004) and GDGT-2, GDGT-3 and other lipids used to
calculate the TEXH

86 were detected and analyzed by using
high-performance liquid chromatography-mass
spectrometry (HPLC/MS) (Sturt et al., 2004; Dong et al.,
2018). The alkenones used to calculate the UK′

37 were
measured on Trace GC 2000 chromatograph (Finnigan,
Thermo Electron) equipped with a flame ionization detector
(FID) and HP-1 capillary column (50 m × 0.32 mm × 0.17 μM,
J&W) (Dong et al., 2018).

Additionally, the age model of core ODP 1147 was established
by using benthic foraminifera oxygen isotope data. The GDGTs
were detected and analyzed by using an Agilent 1200 HPLC
coupled to a Waters Micromass-Quattro Ultima™ Pt mass
spectrometer with an APCI probe (Li et al., 2013).

TEXH
86 value correlates better with subsurface temperatures at

30–125 m (r 0.89) water depth compared to the upper mixed-
layer temperature. We calculate the sea subsurface temperature
(SSST) by following the calibration established by Kim et al.
(2010) and modified by Jia et al. (2012):

SSST � 60.4 × TEXH
86 + 31.7 (r2 0.77, n 40, 21.8 − 24.7 0C)

where TEXH
86 � logTEX86, and the TEX86 proxy is defined as

TEX86 � [GDGT − 2] + [GDGT − 3] + [cren’]

[GDGT − 1) + [GDGT − 2] + [GDGT − 3] + [cren’]

according to Schouten et al. (2002).
The sea surface temperature indicator UK′

37 derived from
haptophyte-produced alkenones is defined as

UK′
37 �

C37: 2
C37: 3 + C37: 2

according to (Prahl & Wakeham, 1987). We calculate the sea
surface temperature (SST) by following the calibration:

SST = (UK′
37 − 0.092)/0.031 (r2, 0.86, n = 31, 0–30 m) (Pelejero

& Grimalt, 1997).
The ΔT is defined as:
ΔT = SST-SSST
which has been used to indicate the stratification of the ocean

in the south China Sea (Dong et al., 2015) (Li et al., 2013). The
δ15N isotopic data for the northern SCS since 30 ka were from
core MD12-3433 (19°16.88′N, 116°14.52′E; water depth 2125 m)
(Wang et al., 2018), and productivity data were from core MD05-
2904 (19°27.32′N, 116°15.15′E, water depth 2066 m) (He et al.,
2008).

The biomarker [2]/[3] ratio of the southern SCS was also
obtained from core MD05-2897 (Figure 1) (08°49.05′N,
111°26.469′E; water depth 1,657 m; column length 11.03 m)
(Dong et al., 2015). Ultrasonic extraction was used for total
lipid extraction. Detail extraction and analytical methods were
described in (Hopmans et al., 2004; Huguet, 2007; Dong et al.,
2015). The δ15N isotopic data were from the core MD97-2142
(12°41′N, 119°27′E; water depth: 1,557 m) (Ren et al., 2017) based
on the planktonic foraminifera G. ruber and the core MD01-2392
(09°51.13′N, 110°12.64′E; water depth: 1966 m) (Dong et al.,
2019) based on sedimentary particulate organic nitrogen.

RESULTS AND DISCUSSION

The Inconsistency of [2]/[3] in Cores
Retrieved From the Northern and Southern
South China Sea
The [2]/[3] ratio was investigated in both the northern and
southern SCS and showed a distinct variation pattern since
30 ka. In the southern SCS (Figure 2A), [2]/[3] ranged from
7.0–9.4 with a mean value of 7.9 and progressively increased in
MIS 2. In MIS 1, [2]/[3] ranged from 5.9–10.6 with an average of
7.3 and showed a decreasing trend. However, it had a different
pattern in the northern SCS (Figure 2B). In core MD12-3428, the
[2]/[3] ranged from 5.3–6.3 with an average of 5.8 in MIS 2, while
in MIS 1, [2]/[3] ranged from 6.1–7.2 with a mean value of 6.6.
Similarly, in core ODP 1147 retrieved from the northern SCS, [2]/
[3] ranged from 4.69 to 6.42 with a mean value of 5.75 in MIS 2,
and ranged from 5.67 to 6.42 with 6.16 on average in MIS 1. Both
cores in the northern SCS showed increasing trends of [2]/[3]
since 30 ka, indicating that they have unique and identical
regional implications under which the controlling mechanisms
were different from those of the southern SCS.

The mechanisms that control the [2]/[3] and its implications
had been interpreted in the southern SCS by Dong et al. (2019).
The biomarker [2]/[3] reflects the abundance of Shallow-water
clade Thaumarchaeota which determines the ammonia
oxidation. Specifically, shallow-water clade Thaumarchaeota,
with lower [2]/[3], have better ammonia concentration
adaptation due to their phylogenetic distinction compared to
their deep-water clade relatives (Dong et al., 2019) and take part
in relatively active ammonia oxidation (Xu et al., 2018).
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Therefore, a lower [2]/[3] indicates higher shallow-water clade
AOA abundance and a higher ammonia oxidation rate (Dong
et al., 2019). In core MD05-2897, a similar variation trend
between [2]/[3] and δ15N since 30 ka indicates that the
coupling of ammonia oxidation and nitrogen fixation in the
southern SCS (Figures 2A,C). δ15N decreased from MIS 2 to
MIS 1. This indicates an enhancement of nitrogen fixation which,
to some extent, is probably contributed by the consumption of
oxygen due to the enhancement of ammonia oxidation indicated
by the decreasing trend of [2]/[3] since the last glacial period
(Figure 2C).

Considering the depth segregation of ammonia oxidation
and nitrogen fixation, i.e., ammonia oxidation in the nutricline
and nitrogen fixation mainly in the nutrient-depleted layer
above the nutricline (Michael Beman et al., 2012; Du et al.,
2017), Dong et al. (2019) concluded that the two pathways
were not directly but indirectly coupled. Global marine
nitrogen data-based investigation showed that sea surface
temperature and subsurface minimum O2 are two main
factors that influence nitrogen fixation variations on a
global scale (Luo et al., 2014). Nitrogen fixation was
enhanced during anoxic events in deep geological time
(Kuypers et al., 2004). The exuberant growth of ammonia-
oxidizing bacteria consumes oxygen in the water column,
which would facilitate the N2-fixing enzyme activity (Zehr
& Kudela, 2011; Luo et al., 2014; Dong et al., 2019). Similarly,
in the northern SCS, the nitrogen fixation has increased since
30 ka indicated by decreasing δ15N value of foraminifera from

core MD 12–3433 (Figure 2D). A consistent nitrogen fixation
variation trend has occurred throughout the SCS since 30 ka,
which might be controlled by similar physical and chemical
factors, e.g., stratification. However, the increasing [2]/[3]
value from the glacial to the interglacial period in cores
from the northern SCS indicates the weakening of ammonia
oxidation during the interglacial period (Figure 2B). The
decoupling of nitrogen fixation and ammonia oxidation
implies that the heterogeneity of regional surroundings
between the northern and southern SCS has acted on the
ammonia metabolic changes of AOA communities, and
resulted in this regional differentiation within the glacial-
interglacial timescale (Table 1).

Mechanisms for Decoupling of Ammonia
Oxidation and Nitrogen Fixation in the
Northern South China Sea
The hydrodynamic processes exhibit discrepancies between the
southern and northern SCS under the effect of the EAWM
system. In the southern SCS, the surface circulation exhibits a
cyclonic structure in winter, driven by the winter monsoon, and
Coriolis force and combined with surrounding topographic
constraints, causing the upwelling in the southern SCS,
which brings nitrogen-limited and phosphorus-rich deep
water to the upper layers (Tan & Shi, 2006; Wong et al.,
2007; Ren et al., 2017). During glacial periods, the enhanced
EAWM provided a positive wind stress curl that built up the

FIGURE 1 | Location of MD01-2392, MD05-2897, and MD97-2142 sites in the southern SCS and MD12-3428, ODP1147, MD12-3433, and MD01-2904 in the
northern SCS.
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cyclonic circulation and strengthened the upwelling, thus lifting
the depth of the thermocline and halocline, and leading to a
thinner thermocline and halocline (Chen et al., 2011; Dong
et al., 2015). During the interglacial periods, the weakening of
the EAWM weakened the upwelling, therefore enhancing
surface stratification and shifting thermocline and DCM layer
downward.

In the northern SCS, however, no significant seasonal
upwelling region has been observed. Similar to that in the
southern SCS, thermocline depth was deeper during the
interglacial period than that in the last glacial period, but
this was not because of the weakening of upwelling driven by
a weaker EAWM (Figure 3A). Instead, the anticyclonic current
loop, which was driven by the EASM dominating this region,
drove the thermocline and halocline deeper (Xiu et al., 2010;

Guo et al., 2015). Therefore, monsoon-triggered water mixing
controls the surface circulation in the northern SCS: in the
interglacial period, the strengthening of the EASM enhanced
vertical mixing and deepened the thermocline, which,
conversely, was thinner and shallower during the last glacial
period in the northern SCS. Coincidentally, Li et al. proposed
that vertical mixing driven by the EAWM dominantly
determined the hydrological structure in the northern SCS
over the last 356 ka (Li et al., 2013). Intensification of the
EAWM drives stronger vertical mixing, resulting in deeper
mixed layer depth (MLD) and a thicker thermocline and
halocline, while the weakening of wind turbulence resulted in
a shallower thermocline and halocline depth. The evidence
indicates that the northern and southern SCS are controlled
by different surface circulation systems and thus lead to a
different hydrological structure.

Why do different hydrological structures during the glacial
and interglacial periods have diverse characteristics in regard of
the nitrogen cycle? Factors that affect the growth of shallow-
water AOA are considered to be complex and influenced by light
and the depth of the upper water column, as well as ammonia
concentration and ammonia effectiveness. The AOA prefer to
live in the trophic halocline where have adequate ammonia
mainly produced by remineralization of organic matter and
weak light intensity (Xue et al., 2004; Herfort et al., 2007;
Michael Beman et al., 2012; Liu et al., 2018). In the southern
SCS, during the glacial periods, the strengthening of the EAWM
drove the cyclonic eddy formation and lifted the thermocline
and DCM due to the upwelling. Therefore, shallow-water clade
AOA communities shrank because the light was more intense in
the shallower seawater. In contrast, during the interglacial
period, the weakening of the EAWM led to enhanced

FIGURE 2 | Comparison of the relationship between nitrogen fixation
and archaeal ammoxidation in the northern and southern SCS since
30 ka. (A) δ15Norg values of southern cores MD01-2392 (Dong et al.,
2019) and MD97-2142 (Ren et al., 2017). (B) Nitrogen isotope FB-
δ15N of planktic foraminifers in northern core MD12-3433 (Wang et al.,
2018). (C) GDGT-[2]/[3] ratio of southern core MD05-2897 (Dong et al.,
2015); (D) GDGT-[2]/[3] ratio of northern cores MD12-3428 (Dong et al.,
2018) and ODP 1147 (Li et al., 2013).

FIGURE 3 | Biogeochemical characteristics of the northern SCS since
30 ka; (A) ΔT of the cores ODP 1147 (Li et al., 2013) and MD12-3428 (Dong
et al., 2018) in the northern SCS; and (B) the total productivity of the core
MD01-2904 (He et al., 2008).
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stratification and weakened upwelling, which shifted the DCM
downward. Shallow-water clade AOA, therefore, obtained a
steadier water environment and space to survive with weaker
light. Additionally, the ammonia concentration was also higher
in the deeper layer, which in general resulted in their vigorous
growth.

However, in the northern SCS, anticyclonic eddies pushed
the nutrient-poor and oxygen-rich surface water down to the
deeper water column during the interglacial period. An
oxygenated and turbulent water environment is unfavorable
for AOA survival. This low-nutrient surface-water mixing failed
to stimulate primary productivity during the intergalcial period
(Fig. 3B, He et al., 2008), which thus reduced the
remineralization-derived carbon dioxide and ammonia for
AOA growth, (Ning et al., 2008; Xiu & Chai, 2011; Hu et al.,
2014; Guo et al., 2015). Moreover, enhanced export POC flux
triggered by anticyclonic eddies has been observed in modern
settings (Zhou et al., 2013), which means weaker
remineralization in the eddies and hence, lower ammonia
and carbon dioxide available to AOA (Figure 4A). In the
glacial period, reduced anticyclonic mixing combined with

high productivity reinforced the remineralization of fixed
organic carbon (Figure 3B), therefore increasing the NH3

and CO2 concentration that supported the shallow-water
clade AOA to growth (Figure 4B). In short, reduced
anticyclonic activity promoted the stratification, which
stimulated the shallow-water clade AOA growth. To some
extent, the [2]/[3] ratio can indirectly reflect the relative
strength of remineralization in the upper water column
because remineralization of organic carbon derived from
primary productivity provides both energy and carbon source
for AOA, e.g., NH3 and CO2. Higher remineralization,
therefore, leads to a higher ammonia oxidation rate, which is
embodied in a lower [2]/[3] ratio (Figure 4B).

Insights Into the Nitrogen Cycle in the South
China Sea
The decoupling of ammonia oxidation and nitrogen fixation in
the northern SCS suggests that rather than being a determinant,
ammonia oxidation can only affect the efficiency of nitrogen
fixation to a certain extent. Factors that shape the nitrogen cycle

FIGURE 4 | Mechanisms of the relationship between ammonia oxidation and nitrogen fixation in upper waters of the northern SCS since 30 ka. (A) During the
interglacial period, EASM induced the formation of anticyclonic eddies which shifted the halocline downward. (B) During the glacial period, weaker EASM reduced the
anticyclonic eddies activity and lifted the halocline. PP denotes the primary productivity.

TABLE 1 | Core information and the relationship of [2]/[3] vs. δ15N in the southern and northern SCS.

Sites Location Water depth [2]/[3] vs δ15N References

Southern SCS MD05-2897 1,658 m Coupling Dong et al.,(2015)
MD01-2392 1,966 m Dong et al., (2019)
MD97-2142 1,557 m Ren et al., (2017)

Northern SCS MD12-3433 2,125 m Decoupling Wang et al., (2018)
MD12-3428 903 m Dong et al., (2018)
ODP 1147 3,246 m Li et al., (2013)
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can be intricate and vary between regions and timescales. The
same variation trend of the glacial-interglacial nitrogen cycle in
the southern and the northern of the SCS suggests that the
nitrogen fixation efficiency may be controlled by the same
physicochemical processes, such as thermal stratification,
i.e., enhanced nitrogen fixation when the nitricline deepens,
which is also consistent with modern observations (Church
et al., 2009; Zehr & Kudela, 2011; Luo et al., 2014). Mesoscale
physical processes (e.g., mesoscale eddies, temperature, and
stratification) have an important effect on marine primary
productivity and the microbial community dynamics. In
addition, anticyclonic eddies have been proposed to motivate
the N cycle in the ocean and enhance the N2 fixation in the
subtropical Pacific (Fong et al., 2008; Church et al., 2009) and
subtropical Atlantic (McGillicuddy et al., 2007), probably
because of the enhancement of diazotroph growth. In the
northern SCS, anticyclonic eddies inhibit the growth of
shallow-water clade AOA while enhancing the N2-fixing
bacteria during the interglacial period, indicating a
decoupling between ammonia oxidation and nitrogen
fixation. The processes within the N cycle, as well as their
influencing factors, are subtle and intricate, and physical
factors that shape the biotic community composition are not
ignorable (Fong et al., 2008; Church et al., 2009). We proposed
that mesoscale eddies might affect the inner cycle of the marine
N cycle not even on a temporal and small spatial scale but on the
longer geological timescale. Even though the mechanisms
behind physical/biological interactions are not well defined
(Zehr & Kudela, 2011), determining these physical processes
is essential for understanding the primary production and
biological responses to climate change and N cycling on a
geological timescale.

CONCLUSION

Previous research found that the variation trend of ammonia
oxidation indicated by membrane lipid ratio GDGT-[2]/[3]
increased since the last glacial period which coupled with the
nitrogen fixation in the southern SCS. However, inverse
pattern of [2]/[3] has been found in the northern SCS.

The mechanisms of the weakening of ammonia oxidation
of shallow AOA in the northern SCS since 30 ka were
investigated. We believe that different hydrodynamic
processes between the southern and northern SCS
triggered by EAM system lead to this difference. From
MIS 2 to MIS 1, the strengthening of EASM formed a
strong anticyclone, and thus enhanced vertical mixing and
deepened the thermocline during the interglacial period in
the northern SCS. On one hand, the oxygenated and
turbulent water environment is unfavorable for shallow-
water AOA growth, and on the other hand, the low
primary productivity and enhanced export productivity
were also unable to provide sufficient carbon dioxide and
ammonia for AOA growth, therefore lead to the decrease of
ammonia oxidation since the last glacial period. We
proposed that mesoscale eddies might affect the inner
cycle of the marine N cycle not even on a temporal and
small spatial scale but on the longer geological timescale.
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