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Foraminifera play an important role in the organic and inorganic carbon pumps
of the ocean. Understanding their responses in seasonal and interannual time
scales to the climate and seawater chemistry changes is important for studying
carbon cycles and paleoclimatology. This study examined about 5.1-year
continuous mass fluxes in 2013/9-2019/8 and 1.8-year planktonic
foraminiferal shell fluxes in 2016/8-2019/8 census from ten and four sets of
sediment traps, respectively, moored at the South East Asia Time-series Study
(SEATS) site in the northern South China Sea (SCS), the world's largest marginal
sea. A total of four sets of sediment trap mooring with 11 common species were
identified, spanning from August 2016 to August 2019 with 8-day and 16-day
collecting periods, which provided access to evaluate the impact of the
prevailing monsoon system and interannual climatic conditions. Our results
show that the winter monsoon enhances the nutrient inventories in the
euphotic zone, supporting the productivity and the mass and shell fluxes. In
addition to seasonal cycles, the variation of chlorophyll-a concentration in the
SCS shows a strong response to wind speed under the influence of El
Nifio—Southern Oscillation (ENSO). The reduction in wind speed and the
intensification of Kuroshio intrusion during the ENSO warm phases reduces
the productivity and mass and shell fluxes, and vice versa in the case of the
ENSO cold phases. The imprint of an ENSO cold phase (La Nifia event) in
2017 was signified by 2—-3-fold higher values than the 3-year average of total
mass and foraminiferal shell fluxes. Instead of the common dominance of
Trilobatus sacculifer and Globigerinoides ruber among species composition,
Neogloboquadrina dutertrei was the predominant species comprising over
40%—-60% of total shells greater than 212 um. Furthermore, the interval with
an elevated abundance of N. dutertrei lasted throughout January 2018 (four
collecting intervals). Foraminifera shell fluxes were the lowest during warm
months (March-August) in 2019, which was coeval with the increase in
proportions of Orbulina universa and Globigerinella calida. The unusual
species composition might signify a weak ENSO warm phase (A weak El
Nifio event) between September 2018 and August 2019.
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1 Introduction

Foraminifera are one of the key species that play an
important role in the biological pump in the ocean.
Reconstruction of paleoceanography relies on many proxy
indicators generated from foraminifera preserved in marine
sediments, including faunal census (Kipp et al., 1976; Niebler
and Gersonde, 1998), stable isotopes 8"°C and 80O (Fairbanks
et al., 1980; Fairbanks et al., 1982; Curry et al., 1983; Bouvier-
Soumagnac and Duplessy, 1985; Spero and Lea, 1993, 1996;
1997; Gussone et al., 2003;
Strandmann, 2008), and trace elements (Niirnberg et al., 2000;
Rosenthal et al., 2004; Yu et al, 2007; Mathien-Blard and
Bassinot, 2009; Rae et al., 2011; Wu et al., 2015; Mezger et al,,
2016; Bertlich et al., 2018; Mezger et al., 2018; Duhamel et al,,
2020; Holland et al., 2020) of their shells. Knowing the life cycles
and the abundances of different species helps interpreting the

Spero et al, Pogge von

downcore records better. Truthful interpretation of downcore
records, however, depends on a statistical correlation between
modern foraminifera and the surrounding hydrographic
changes. Additionally, understanding how different species of
foraminifera respond to the climate and seawater chemistry
changes is critical for predicting the changes in biological
carbon cycles under global environment changes.
Observations of living planktonic foraminifera have been
achieved in the laboratory (Spero, 1992; Sanyal et al., 1996;
Bijma et al, 1999; Bemis et al., 2000; Honisch et al., 2003;
Russell et al., 2004) and field studies, including plankton tows
and sediment traps (Ravelo and Fairbanks, 1992; Black et al,
2001; Mulitza et al., 2003; Tedesco and Thunell, 2003;
Kuroyanagi and Kawahata, 2004; Lin and Hsieh, 2007;
Chapman, 2010; Lin et al., 2011; Lin, 2014; Jonkers et al.,
2015; An et al, 2018; Ladigbolu et al., 2020). Although the
ecological preferences and seasonality of popular species
applied in paleoceanography have been well-documented to
benefit from the continuous collection of sinking shells by
sediment trap moorings (Black et al,, 2001; Chapman, 2010;
Lin et al., 2011; Sagawa et al., 2013; Lin, 2014; Jonkers et al., 2015),
the response of modern planktonic foraminifera to interannual
oscillation remains unclear.

Long-term time-series studies at regions with significant
seasonal and interannual hydrographic oscillations are
needed to examine the response of the vertical fluxes of
the

immense Pacific Ocean,

Eurasia
the
meteorological forcing over the South China Sea (SCS), the

foraminifera. Being situated between

supercontinent and the
world’s largest marginal sea, is dominated by the East Asian

Monsoon (Wu and Zhang, 1998; Liu et al., 2013). The East
Asian Monsoon is one of the crucial factors governing the
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seasonal changes in hydrology and biogeochemistry in the
northern SCS (nSCS) (Tseng et al., 2005; Wong et al., 2015).
For instance, the wind-induced mixing increases nutrient
inventory and productivity in the nSCS, causing higher
productivity in the winter than in summer (Tseng et al,
2009a; Tseng et al., 2009b; Liu et al., 2013; Wong et al., 2015).
The winter monsoon also intensifies the intrusion of high
salinity but low nutrient Kuroshio into the nSCS. Of note, the
El Nifo-Southern Oscillation (ENSO) warm phases intensify
the amount of Kuroshio intrusion into the SCS (Liu et al.,
2013; Nan et al., 2013; Wu, 2013; Nan et al., 2015; Lui et al.,
2020). Furthermore, the winter monsoon also brings
terrestrial materials to the SCS in the form of dust,
enhancing the flux of sinking particles (Ren et al., 2017;
Du et al,, 2021; Liao et al,, 2021). Such backgrounds make
the SCS a feasible area to examine the responses of
the

changes in seasonal and interannual time scales.

foraminifera to climate and seawater chemistry

A time-series station, the South East Asia Time-series
Study (SEATS) station, was established in 1998 in the nSCS
as a part of the time series study in the Joint Global Ocean Flux
Study (JGOFS, 1987-2003) (Chou et al.,, 2005; Tseng et al.,
2005; Wong et al., 2007). The site was initially to the west of
the Luzon Strait (around 18-19.5°N, 118.5°E) and was then
relocated to the deep basin of the nSCS around 18°N, 116°E in
1999 (Figure 1). The major tasks of SEATS include seawater
sampling at various depths and sinking particles collecting at
depths of either 1,000 m and 3,500 m or 2,000 m and 3,500 m.
Generally speaking, the Kuroshio is composed of the West
Philippine Sea (WPS) and SCS water masses, with more SCS
water on the left-hand side and more WPS water on the right-
hand side (Chen et al., 2016). Mainly in winter, the WPS
seawater intrudes into the nSCS through the Luzon Strait as a
branch of Kuroshio, affecting the seawater chemistry,
productivity, and the flux of sinking particles in the nSCS
(Luietal, 2018; Lui et al., 2020). Largely due to changes in the
wind stress curl, the Kuroshio intrusions intensify during the
El Nifio years or Pacific Decadal Oscillation (PDO) warm
phases and weaken during the La Nifia years or PDO cold
phases (Wu, 2013; Nan et al., 2015). The intruded Kuroshio
had a similar temperature as that of the nSCS. In contrast, the
nutrient concentrations of the surface and subsurface WPS
seawaters have significantly higher salinities but lower
nutrient concentrations than that of the nSCS. Lui et al.
(2020) demonstrated that a strong Kuroshio intrusion
occurred around 2003-2004 (El Nifo event, PDO warm
phase). Consequently,
concentrations at 100 m depth decreased from as high as
about 12 uM and 0.9 uM in 2000-2002 to as low as 2.2 uM

nitrates and phosphate
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FIGURE 1
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South China Sea

Location map for SEATS time-series station and basic hydrology. The curves and arrows show the typical Kuroshio main stream and branch. The
map was generated using Ocean Data View 5.0.0. Schlitzer, R., Ocean Data View, https://odv.awi.de, 2018.
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and 0.2 pM in 2004, respectively. Since the productivity of the
oligotrophic nSCS mainly is controlled by the nutrient
inventories, the productivity and the fluxes of sinking
particles at the SEATS station also experienced strong
interannual oscillations (Tseng et al., 2009b; Wan et al,
2010; Liu et al., 2014; Wong et al., 2015; Lui et al.,, 2018;
Ladigbolu et al., 2020; Lui et al., 2020; Tan et al., 2020).

In this study, trapped foraminifera were collected over the
interval spanning from August 2016 to August 2019, a period
covering the winter of late 2017 and early 2018 (denoted as 2017/
2018; A La Nifa event) and 2018/2019 (An El Nifio event)
according to the monthly Oceanic Nifio Index (ONI) from the
United  States
Administration

National =~ Oceanic
(NOAA)
products/analysis_monitoring/ensostuff/ONI_v5.php).

and  Atmospheric
(https://origin.cpc.ncep.noaa.gov/
This
study aimed to investigate the connection between the time-
series of foraminifera fluxes, their species compositions, and
regional climatic changes in the deep basin of the nSCS.
shell
foraminifera were employed to evaluate the influence of

Relative  abundances and fluxes of planktonic

hydrographic setting in the context of the prevailing monsoon
system and ENSO.
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2 Materials and methods

The collection of sinking particles for this study spanned
from September 2013 to August 2019 (moorings SEATS 1-10).
Sediment traps were placed at two depths (2,000 m and 3,500 m)
with collecting areas and sampling intervals per unit collecting
cup of 1 m” and 8 days (SEATS 1-3, 6, and 8-10) or 0.05 m” and
16 days (SEATS 4, 5, and 7). A complete set of trap mooring
contained 24 cups (traps SEATS 1-3, 6, and 8-10 with 1 m’
collecting area) or 12 cups (traps SEATS 4, 5, and 7 with 0.05 m®
collecting area) for each depth. The use of a longer collecting
interval is to compensate for the decrease of samples collected by
the smaller traps. A longer collecting interval, however, generates
lower resolution. Before deployment, each cap was filled with
brine (0.2 um filtered in-situ seawater with additional NaCl) and
HgCl, with a concentration of 1 g/L for preservation. The cups
were stored immediately below 4°C after retrieving the traps.
Each trap sample was pre-filtered usinga 1 mm x 1 mm pore size
opening sieve to remove swimmers and large particles and was
split into eight fractions using the Perimatic Premier Pump
dispenser and an orbital shaker for further experiments. One
fraction was used to determine the total mass flux by the Taiwan
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Ocean Research Institute (TORI) of the National Applied
Research Laboratories, and one fraction was used to
determine the foraminiferal shells in this study. To determine
the mass flux, water was filtered through a 0.45 um pore filter.
The filter was then rinsed with deionized water to remove salt.
The total mass was weighted after the freeze-drying process was
completed. The flux was determined by dividing the total mass by
the sample collection interval. The mass flux data used in this
study were provided by the TORI. Further detail was provided by
Wei et al. (2017) and Lui et al. (2018).

Particle properties were analyzed for total mass flux between
August 2013 and August 2019 and for foraminiferal shell flux and
its species composition between August 2016 and August 2019.
Planktonic foraminifera were examined from four consecutive sets
of sediment trap moorings, SEATS 6, 8, 9, and 10, deployed at the
SEATS station with a bottom depth of 3,783 m in the nSCS (18°N,
116°E; Figure 1). Samples from mooring SEATS 7 (from 28 April
2017 to 5 November 2017) were not granted due to an insufficient
amount of sinking particles by using a small collecting area
(0.05m®) trap. Specimens were picked from material collected
in a sediment trap array deployed from 18 August 2016 to
1 January 2017 (SEATS 6), from 18 November 2017 to 29 May
2018 (SEATS 8), from 11 July 2018 to 19 January 2019 (SEATS 9),
and from 28 January 2019 to 8 August 2019 (SEATS 10).
Unfortunately, seven intervals from SEATS 6 and collecting
cups at the upper level (2000 m) of SEATS 9 were not
recovered due to mechanical problems. Species and the original
counts are given in the Supplementary Table SI.

The procedures used to process the trap samples followed
those of Heussner et al. (1990). Aliquots from each collecting cup
were freeze-dried and then soaked in deionized distilled water.
Only planktonic foraminifera with shell sizes greater than
212 um, and not the commonly used 154 pm, were examined
to maximize the usefulness of particles collected by sediment
traps. A systematic bias existed between our foraminiferal counts
and the other studies using shell sizes of >125 pum.

Seawaters at various depths at the SEATS station were
sampled using the conductivity, temperature, and pressure
unit (the so-called CTD unit) from four cruises in November
2017 (OR1-1184), July 2018 (LGD-T11), August 2019 (LGD-
1910), and November 2019 (LGD-1914). [PO,*] was analyzed
using the nutrient standard provided by Ocean Scientific
Ltd. Chen (2006)  provided
information in detail. Using the same research vessel ORI, the

International and Wang
temperature, salinity, and fluorescence data of the other two
individual cruises (November 2018 and September 2019) were
taken to compare with the data of OR1-1184. This study used the
level 2 satellite-derived chlorophyll a (Chl-a) data measured by
moderate resolution imaging spectroradiometers (MODIS)
Terra and Aqua with 50 x 50 km?> area (centered at SEATS,
18N, 116°E) and 1km* resolution. The monthly (30 days)
moving average was adopted to remove daily and monthly
fluctuations. Information was provided in detail by Lui et al.
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(2018). The cross-calibrated multi-platform (CCMP) global wind
data, versions 2.0 (1987-2019) and 2.1 (2015-2021), were
downloaded from the remote sensing systems (https://www.
remss.com/measurements/ccmp/). The spatial and temporal
resolutions of the CCMP product are 0.25° x 0.25° and 6 h,
respectively. A yearly moving average was applied to filter the
seasonal and shorter frequency variations.

3 Results and discussion

3.1 Lunar-like, seasonal and interannual
variations of mass and shell fluxes

Figure 2 shows the 2013-2019 monthly smoothed ONI,
satellite-derived Chl-a concentration, and total mass flux and
the 2016-2019 planktonic foraminifera flux from four sets of
moorings. Most of the mass fluxes were around 100 mg
m™ day ', except for the winter months, with 2-3-fold higher
fluxes (Figure 2B). Overall, the fluxes at 2,000 m are slightly
higher than at 3,500 m, with an average difference of 10.5 + 54.5
(n=155) mgm > day™". Tan et al. (2020) showed that at a station
about 56 km north of the SEATS station, the fluxes of sinking
particles between May 2014 and March 2015 were the lowest of
59.7mgm~day” in July 2014 the highest of
4132 mgm>day ' in January 2015 at 1,003 m depth. It is of
note that such values had no statistical differences than that of

and

this study but at a deeper depth of 2,000 m, having the lowest of
456mgm~day’ in August 2014 and the highest of
4364mgm*day™" in February 2015. The slight differences
between fluxes at various depths likely were because of fast
sinking speed and minimal horizontal particulate transport
(Wei et al, 2017; Lui et al, 2018). The fast sinking rate
explained one of our observations that although the saturation
state of calcite reduced from supersaturation to undersaturation
at about 2,500 m in the nSCS (Chen et al., 2006), no additional
observable dissolution was found in the shells collected at
3,500 m depth when compared with that at 2,000 m. In this
study, larger differences between the fluxes at 2,000 m and
3,500 m mainly occurred in winter, possibly reflecting a better
preservative condition for the particulate organic matter from the
euphotic zone to before reaching 2,000 m depth in the periods
with higher mass fluxes. Generally, the elevated mass fluxes
during winter months were consistent with previous
deployments reported by Lui et al. (2018). In winter, nutrient
inventories in the euphotic zone increase due to enhanced
vertical mixing resulting from the strong winter monsoon and
seawater cooling. Consequently, productivity and export
production increase. The satellite-derived Chl-a data matched
well with the mass flux data, supporting that the high and low
mass fluxes in winter and summer, respectively, reflect the
seasonal changes in the nutrient inventories and productivity

in the euphotic zone of the nSCS.
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FIGURE 2

Time series of (A) ONI (pink and light blue areas refer to positive and negative values, respectively), (B) mass, and (C) total shell fluxes at 2,000 m
(blue) and 3,500 m (red), and (B and C) monthly average chlorophyll a concentration (green line) at SEATS. Gray bars indicate the periods of
December to February. Blue and red arrows indicated the peak values at 2,000 m and 3,500 m depths, respectively. Numbers indicated the time

intervals between the arrows (unit: day).

Notably, the extraordinary peaks of the mass fluxes in
January 2018 (Figure 2B) showed fluxes 4-6-fold higher than
the average value. This extremely high mass flux interval was also
manifested in the total planktonic foraminifera shell flux
(Figure 2C). Compared with two other years, i.e., 2016 and
2018/2019, total shell fluxes reached almost double peak
values in 2017/2018. Similar to the seasonal variations of mass
fluxes, the annual high shell fluxes appeared in the winter months
(Figure 2C). It is worth mentioning that the shell fluxes are
underestimated to a certain extent because the proportion of
smaller or juvenile foraminifera with size <212 pm was
discounted for their contribution to these seasonal changes.
Of note, two observable peaks of mass or shell fluxes usually
occurred in winter (arrows shown in Figures 2B and C) between
December and January or January and February, having time
intervals of 24-40 days for the mass fluxes and 34-48 days for the
shell fluxes. Similar periodicities were reported in the Taiwan
Strait; shell abundances increased from the lowest at the new
moon to their maxima before the full moon (Lin, 2014). Similar
cases were also reported in various places, such as the Atlantic
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Ocean and the Red Sea (Bijma et al., 1990; Venancio et al., 2016).
Foraminiferal shell flux below the euphotic layer could be
affected by the lunar periodicity, yet the reproduction would
be out of the lunar phase (Venancio et al., 2016). Using 4-year
trap data at 700 m depth in the northern Gulf of Mexico, Jonkers
et al. (2015) showed that the shell fluxes of some foraminiferal
species were characterized by some degree of lunar periodicity.
The 34-48 days periods found in the deep nSCS were different
from the lunar cycle of about 28 days, possibly reflecting the
average life span of the collected species (Lin, 2014; Jonkers et al.,
2015). The reason for the double peak values remains uncertain.
A longer time series data will help to have a better look at the
driving mechanisms.

Superimposed on the strong seasonal oscillations of the mass
and the shell fluxes are the observable interannual variations. The
winter peaks of the mass flux values were the highest in 2017/
2018 and the lowest in 2015/2016 and 2018/2019 (Figure 2B).
Generally speaking, the interannual variations of the mass and
the shell fluxes had similar but opposite patterns to that of the
ONIL. For instance, the winter peak values gradually decreased
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FIGURE 3

Shell vs. mass fluxes at 2,000 m (blue triangle) and 3,500 m

(red triangle) between 2016 and 2019 at SEATS station. The lines
and equations in blue and red show the linear regression results of
data at 2,000 m and 3,500 m, respectively.

from the highest in 2013/2014 to the lowest in 2015/2016 when
the ONI gradually changed from the cold phase to the warm
phase (Figure 2). Tseng et al. (2009a) showed that the reduced
wind speed and the depth of vertical mixing in the El Nifo events
significantly reduced the nutrient inventories and primary
production at the SEATS site. Additionally, the weakened
Kuroshio off Luzon Strait during the ENSO warm phase
favored the intrusion of Kuroshio into the nSCS (Wu, 2013).
Lui et al. (2018) further pointed out the intrusion of the WPS
seawater into the nSCS as the Kuroshio branch further decreased
the nutrient inventories of the euphotic layer and, hence, the
productivity of the nSCS. The well-matched patterns of changes
in the time-series data of ONI, mass and shell fluxes, and satellite-
derived Chl-a data support the mechanisms mentioned earlier.
Lui et al. (2020) demonstrated that the correlation coefficients
(R) between the changes in the amount of Kuroshio intrusions
and the PDO index from 1999-2016 was 0.58.

Atmospheric dust deposition is a very important source of
the sinking particles and metals in the oligotrophic nSCS (Ho
et al,, 2011; Tan et al., 2020; Liao et al., 2021). At a station about
56 km north of the SEATS station, Tan et al. (2020) showed that
carbonate was the major constituent (40%-58% of the mass flux)
at a depth of 1,003 m, and lithogenic sources contributed 14%-
40% of the mass fluxes. Of note, the mass flux at this site was
highly correlated with the carbonate flux, net primary
production, and surface seawater temperature, having R values
0f 0.99, 0.88, and —0.77, respectively. Using the first-order linear
regression method, this study showed that the R values between
mass and shell fluxes at SEATS have similar but lower values of
0.80 at 2,000 m depth and 0.78 at 3,500 m depth (Figure 3). Based
on the coefficient of determination (R?) values, the result shows
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that the mass flux predicted 65% and 60% of the variations of the
shell fluxes at 2,000 m and 3,500 m depths, respectively, based on
the first-order linear regression model. It is worth mentioning
that the fluxes of foraminiferal shells counted a small proportion
of the mass and carbonate fluxes. The relatively low R* values
suggest that, in addition to productivity and mass flux, other
factors are at play controlling the shell fluxes, such as
resuspension, transport, the life of
foraminifera (Lin, 2014; Liu et al., 2014; Jonkers et al., 2015;
Ran et al, 2022). Indeed, different species of foraminifera

lateral and cycle

respond differently under various environmental conditions,
such as having different seasonal cycles, as discussed below.

3.2 Species composition of sinking
foraminiferal shells

A total of 11 common species were identified from the samples.
These species include Globigerinoides ruber, Trilobatus sacculifer,
siphonifera,
Neogloboquadrina dutertrei, Globorotalia menardii, Globigerina

Globigerinella Pulleniatina obliquiloculata,
bulloides, O. universa, Globigerinita glutinata. Globigerinella calida,
and Globigerinoides conglobatus. Specimens that did not belong to the
above species were counted as “others” and were calculated as part of
the sum. It is worth mentioning that the “others” counted for just
3.1% * 3.8% of the total, showing that the 11 species we selected were
the dominant ones (See appendix table and Figure 5 for detail).
Figure 4 shows the shell fluxes (number of shells m™ day ™) for four
major species (20% or higher for the relative abundance with the
comparison of the ONI, see Figure 5 for detail) G. ruber, T. sacculifer,
G. siphonifera, and N. dutertrei. In general, these species showed
significant peak values in winter (Figure 4). This is also the case for
diatoms in the nSCS that have higher vertical diatom fluxes in winter
than in summer, reflecting the enhanced growth of diatoms in winter
(Ran et al.,, 2015). Similar to the elevated total shell fluxes in 2017/
2018 (Figure 2C), a pronounced increase in shell flux was also a
common feature among the four species shown in Figure 4,
particularly the amplitude of multiple increases shown by N.
dutertrei (Figure 4E). In terms of shell flux, T. sacculifer had
much higher fluxes than G. ruber. In general, these four species
had similar lunar-like cycles. A decreasing trend for G. ruber occurred
from August 2016 to February 2017, making it different from the
other species in this period. In the case of G. ruber, the differences
between the peak values from August 2018 to December 2018 were
between 34 and 47 days (Figure 4B), which might reflect an average
life span of foraminifera (Lin, 2014; Jonkers et al., 2015).

Figure 5 shows the species composition as relative abundance in
a consecutive sequence for the four collection intervals between
2016 and 2019 with the comparison of the ONI. An abrupt increase,
from the average relative abundance of 10% to over 60%, of N.
dutertrei in early 2018 represented the most conspicuous feature of
all relative abundances shown in Figure 5. Nevertheless, this
distinctive proliferation event was also marked by its multiple
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m~2.day ) for (B) Globigerinoides ruber, (C) Trilobatus sacculifer, (D) Globigerinella siphonifera, and (E) Neogloboquadrina dutertrei. Gray bars

indicate the periods of December to January.

increases in shell flux (Figure 4E). The significant peak of N. dutertrei
lasted for about 1 month (four collection intervals). As a nonspinose
species, N. dutertrei secrete their shells over a broad range of depths
during their ontogenetic cycle (Fairbanks et al., 1980; Fairbanks and
Wiebe, 1980; Fairbanks et al, 1982; Bouvier-Soumagnac and
Duplessy, 1985). It is regarded as a subsurface-dweller that
usually reaches its maximum abundance in the thermocline
(Fairbanks et al., 1982; Curry et al., 1983; Ladigbolu et al., 2020).
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A recent sediment trap study conducted off southwest Hainan
Island confined it as a thermocline dweller with its calcification
depth at 75-100 m according to stable isotope analysis (Ladigbolu
et al, 2020).

The remaining six species, G. menardii, G. bulloides, O. universa,
G. glutinata, G. calida, and G. conglobatus, as displayed in Figures
5G-L, were less abundant (<10%) throughout most of the record.
Yet, there was an interval characterized by a greater abundance of O.
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Phosphate concentration vs. depth at SEATS between
2017 and 2019.

universa and G. calida in the last set of trap mooring (April-June
2019), concurrent with a pronounced low frequency of N. dutertrei
and total shell fluxes (Figure 2C). An increased flux of O. universa,
together with G. siphonifera and T. sacculifer, collected by the weekly
to biweekly resolved sediment trap moored in the North Atlantic,
indicated a warm, well-stratified surface ocean (Chapman, 2010).
This, likely, was not the case in this study as the peaks for O. universa
and G. calida occurred mainly in spring. The abundance of G.
glutinata obtained by this study might have been underestimated
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due to its small shell size since foraminifera shells were only
examined with a size fraction greater than 212 um in this study,
whereas specimens with shell sizes between 63 and 212 pm were not
included. The size fraction contains individual species at their
juvenile stage and/or small species in nature. Therefore, the
contribution from small shells might have been underrated.
Contrary to the abundant N. dutertrei to the
aforementioned elevated Chl-a concentrations, the warm months
of 2019 featured low N. dutertrei and total shell flux but more O.
universa and G. calida. Having the depth of vertical mixing reduced

related

in summer, the surface layer at the SEATS site usually depleted in
nutrients, especially nitrate. The increases in O. universa and G.
calida might reflect an oligotrophic condition in this period. This
interval was also recognized as a weak phase of El Nifo, according to
the ONL

3.3 Physical and chemical forcings of
changing nutrient inventories and
productivity

To explore the possible forcing responsible for the mass
production of N. dutertrei preserved in January 2018, profiles of
temperature, salinity, and fluorescence concentration retrieved
from CTD units are plotted for the upper 250 m in Figure 6. The
onboard research vessel CTD casts were conducted during the
deployment and recovery of sediment trap moorings near the
SEATS site in November 2017, November 2018, and September
2019. The depth of the mixed layer in 2018 was the deepest (up to
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80 m), while that in 2019 was the shallowest (30-40 m) according
to the profiles of temperature and salinity (Figures 6A and B).
Compared with the other surveys, the doubling of fluorescence
concentration in 2017 is of special interest (Figure 6C). The
increase in fluorescence concentration was concurrent with the
2017/2018 La Nifia event, providing a satisfactory condition for
the flourish of planktonic foraminifera. Although there were a
few weeks apart between the CTD cast peak values of shell flux
(13-15 November 2017 vs. January 2018; the sixth collecting cup
after deployment), this can be attributed to the transfer of the
food chain from phytoplankton to zooplankton, the life span of
foraminifera, and the time required for sinking to 2,000 and
3,500 m. A similar situation was observed off south Java; net
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primary production and foraminiferal flux rates were highest
from July to October when the upwelling of upper seawater to the
euphotic zone was enhanced by the Southeast monsoon
(Mohtadi et al., 2009). In the Gulf of Aqaba of the northern
Red Sea, the highest annual planktonic foraminifera flux was
found a few days later than the annual surface Chl-a peak based
on a l-year, daily-resolved sediment trap moored at a water
depth of 410 m (Chernihovsky et al., 2020). As a result, the
accumulation of planktonic foraminifera induced by the spring
blooms in the Gulf of Aqaba lasted for a few weeks and accounted
for one-third of the total annual planktonic foraminifera flux. In the
oligotrophic subtropical gyre of the South Indian Ocean, the average
total mass flux was just 9.8 + 3.7 mg m day ™" between 2,000 and
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3,000 m depths. In general, the net primary production followed the
temporal trends of the wind speed, as higher wind speed referred to
deeper mixed layer depth and hence higher nutrient inventories in
the euphotic zone. In oligotrophic oceans, the amounts of nutrients
entering the euphotic zone control the productivity, export
production, and the mass and foraminiferal fluxes.

Previous studies showed that, largely due to changes in the wind
stress curl, the ENSO warm phases (positive ONI) intensified the
amount of the intrusion of WPS seawater to the nSCS, and vice versa
in the cold phases (negative ONI) (Tseng et al., 2009a; Wu, 2013;
Nan et al., 2015; Lui et al., 2018; Lui et al,, 2020). Generally speaking,
the increase in the WPS water intrusion reduces the nutrient
inventories and productivity in the nSCS (Wu, 2013; Lui et al,
2018; Lui et al., 2020). This is because the nutrients of the WPS
seawater were significantly lower than that of the nSCS in the
subsurface layer. Such a result is similar to the case in the Western
Pacific Warm Pool; productivity and the mass fluxes decreased in
the central and eastern Western Pacific Warm Pool when a warm
but low nutrient water mass overlayed the nutrient-rich cold water at
the surface layer (Kawahata et al., 2000). Our observation showed
that the phosphate concentration gradually increased in the upper
layer of seawater (0-200 m, Figure 7) between November 2017 and
November 2019, when the ONI showed an increasing trend.
Meanwhile, satellite-derived ~ Chl-a
concentrations in the winter of 2017/2018 were high and low in
the winter of 2018/2019. It is of note that although the nutrient
concentration in 2019 was the highest at 100 and 200 m depths since
November 2017, both satellite-derived Chl-a and mass flux were the
second-lowest in the wintertime of 2018/2019. Such a result is
similar to that of 2016 and can be attributed to the reduced
vertical mixing under a reduction in wind speed and discuss as

both mass fluxes and

follows.

In the SCS, our result shows that the yearly-smoothed wind
speeds (Figure 8B) and their zonal (Figure 8C) and meridional
(Figure 8D) components were relatively weak in the warm phases of
ENSO when compared with the ENSO cold phases (Figure 8A).
During the cold phases in our study period, the wind speeds in the
winter of 2017/2018 and 2020/2021 were the highest at 7.8 ms™.
Consequently, Chl-a concentrations and the mass and shell fluxes
were high (Figures 2B and C). In contrast, during the ENSO warm
phases, the wind speeds in the winter of 2015/2016 and 2018/
2019 were the lowest (6.5ms™') and second lowest (6.6 ms™),
respectively, in our study period (Figure 8). Consequently, the
Chl-a concentration and the mass and shell fluxes were also the
lowest (Figures 2B and C). Such results imply that an 15%-17%
reduction in wind speed might lead to a several-fold decrease in the
mass and foraminiferal shell fluxes and vice versa.

4 Conclusion

Time-series of sinking particle records received by the
sediment trap moorings deployed in the nSCS between
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September 2013 and August 2019 were examined to reveal the
influence of climatic events in this study. In addition to total mass
fluxes collected at water depths of 2,000 and 3,500 m, planktonic
foraminiferal census between August 2016 and August
2019 obtained from traps was investigated to provide insight
into the responses of zooplanktons to hydrographic changes.
Basically, the temporal changes of species compositions of
planktonic foraminifera mimicked the surface productivity

through the research interval. Lunar-like but longer
periodicities in mass and shell fluxes were characterized,
which might reflect an average life span of various

foraminifera species. The changes in climate conditions during
ENSO cold phase resulted in a 2-3-fold increase in the sinking
particles and the planktonic foraminifera shell fluxes. The SCS
study shows that the mass and the foraminiferal shell fluxes are
controlled by the nutrient inventories in the euphotic zone.
Changes in the strength of the monsoon are critical factors
for the changes in nutrient inventories. Using the fluxes of
foraminiferal shells as an example, this study provides insight
into how climatic change might cause significant changes in the
biological pump of the ocean.
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