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Abstract

Sediment traps are an important tool for studying the source, composition and sedimentation processes of
sinking particulate matter in the ocean. An in situ observational mooring (TJ-A-1) is located in the northern South
China Sea (20.05°N, 117.42°E) at a water depth of 2 100 m and equipped with two sediment traps deployed at 500 m
and 1 950 m. Samples were collected at 18-day intervals, and 20 samples were obtained at both depths from May
2014 to May 2015. Large amounts of fecal matter and marine snow were collected in the lower trap. The fluxes of
marine snow and fecal pellets exhibited a fluctuating decrease between May 2014 and early August 2014 and then
stabilized at a relatively low level. Scanning electron microscopy observations revealed that the main components
of the marine snow and fecal pellets were diatoms, coccolithophores, radiolarians, and other debris, all of which
are planktons mostly produced in photic zone. Used in conjunction with the particle collection range estimates
from the lower trap and data on ocean surface chlorophyll, these marine snow and fecal pellets were related to the
lateral transport of deep water and not vertical migrations from overlying water column. Moreover, the source

area might be southwest of Taiwan.
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1 Introduction

Sediment traps consist of a broad funnel with a collecting jar
at the bottom and are used to capture sinking particles in a water
column, and they are intended to be used not only to quantify the
flux of organic and inorganic particles in oceans and lakes but
also to serve as collectors for sinking particle samples for chemic-
al and physical analyses (Chen and Jin, 2013). Sediment traps are
mainly free floating, neutral floating and moored (Honjo and Do-
herty, 1988; Valdes and Price, 2000). Among them, deep sea
moored time-series sediment traps are the most widely used.
This kind of trap can automatically change the sample cup at a
preset sampling time and interval while underwater and continu-
ously record changes in sedimentation from a few weeks to sev-
eral years, thereby realizing high temporal and spatial resolution
of sedimentation particle sampling (Chen et al., 2015).

Marine particulate matter can record information on physic-
al, chemical and biological processes within the ocean during
formation, change, and settling. The collection and measure-
ment of sedimentary particles at different depths from different
water environments and studying the source, composition, tem-
poral and spatial changes in particulate matter and controlling
factors, as well as sea surface physical and chemical conditions,
play important roles in the study of modern marine sediments
and biogeochemical processes (Chen and Jin, 2013). Marine
snow and zooplankton feces are packaged and sink rapidly, and
they are considered important components of rapid particulate
flux in the sea (Longhurst and Harrison, 1988; Sun et al., 2016).
Marine snow is a very common and widespread phenomenon in

the ocean and refers to organic aggregates >500 pm in size
(Alldredge and Silver, 1988; Simon et al., 2002). Marine snow
contains many types of particles that originate from a variety of
sources, including diatoms, dinoflagellate flocs, fecal aggregates,
and a variety of miscellaneous debris (Alldredge, 1998). As one of
the food sources for pelagic organisms, marine snow has re-
ceived extensive attention (Silver and Gowing, 1991; Turner,
2002). After feeding on phytoplankton or other organisms, zo-
oplankton produce particulate excreta known as fecal pellets,
which are common particulate organic matter in seawater (Sun
etal., 2016). Different components of zooplankton communities
produce different types and sizes of fecal pellets (Turner, 2015).
Due to their large size and high density, zooplankton excrete
fecal matter with a sinking rate that can reach tens to hundreds of
meters per day (Turner, 2002). However, the estimated sinking
particulate carbon fluxes contributed by recognizable zooplank-
ton fecal pellets are highly variable (Ducklow et al., 2001; Dubis-
char and Bathmann, 2002). Sediment traps can be used to collect
sedimentation particles at different depths and observe the sink-
ing processes of marine snow and fecal pellets from the sea sur-
face to the deep sea (Matsueda et al., 1986; Sampei et al., 2009).
In recent decades, the study of sediment traps in the South
China Sea (SCS) has mainly focused on the variation in opal
fluxes, particle fluxes, and total organic carbon fluxes (Chen et
al., 1998, 2000, 2015); plankton species diversity, including fo-
raminifera, coccolithophore and diatoms, and productivity vari-
ations (Lin et al., 2005; Wan et al., 2010; Xiang et al., 2015); terri-
genous fluxes and their sources (Zhang et al., 2014, 2018); and
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210Ph and 234Th isotope geochemistry measurements (Chung et
al., 2004, Hung and Gong, 2010). Particulate matter research in
the SCS has mainly focused on fluxes and constituents, and relat-
ively few studies have focused on the mechanisms of rapid sink-
ing in the ocean. Reports have shown that fine-grained sedi-
ments derived from Taiwan’s rivers are transported to the moor-
ing site evaluated in this study through potential deep water cur-
rents (Liu et al., 2010, 2016). These deep water currents are be-
lieved to potentially trap and transport sediments from source
areas southwestward and finally release them in the deep basin
of the SCS (Zhao et al., 2015). In this study, samples of marine
snow and fecal pellets were collected from sediment traps in the
northern SCS, and they provided important information for elu-
cidating the rapid sinking process of particulate matter and de-
termining the movement of deep water masses. Our research
also provides further evidence for lateral transportation in the
northern SCS.

2 Materials and methods

2.1 Sediment trap moorings

A subsurface mooring system was deployed at Station TJ-A-1
in the northern South China Sea (20.05°N, 117.42°E, 2 100 m wa-
ter depth; Zhang et al., 2014; Zhao et al., 2015) (Fig. 1), on which
two traps with sampling areas of 0.5 m? were arranged at water
depths of 500 m and 1 950 m. The samples used in this study were
all taken from the lower trap (1 950 m) and collected from May
2014 to May 2015. Samples were collected at 18-day intervals,
and there were 20 samples collected in total. Each collection cup
was filled with filtered seawater containing a 3.33 g/L HgCl, and
33.3 g/L NaCl solution for poisoning and sample preservation
during deployment and after recovery.

2.2 Fecal pellets and marine snow analyses

In the laboratory, samples were wet-sieved through a 1 mm-
mesh screen to remove swimmers which entered the collection
cups actively. The smaller size fractions (<1 mm) was evenly di-
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vided into four parts with a rotary splitter for different research.
One aliquot was used for this research. The samples were sieved
with 63 pm sieve and then dried at temperatures below 40°C.

Flocculent marine snow and particulate matter were separ-
ated under a stereomicroscope in dried samples. Additionally,
particles recognizable as fecal pellets were counted per sample
under a stereomicroscope. Pellet shapes and sizes were used to
determine general zooplankton group. Cylindrical pellets are
generally produced by large copepods, decapods and eu-
phausiids (Yoon et al., 2001). Elliptical fecal pellets are attributed
to appendicularians and are characterized by slightly pointed on
both ends (Sampei et al., 2009; Wilson et al., 2013; Miquel et al.,
2015).

The mass of marine snow was weighed using an electronic
balance with a precision of one milligram. Additionally, the mar-
ine snow weight was divided by the weight of the fraction of
sample to show the mass percentage of marine snow, and this
process was also performed for the fecal pellets.

Randomly selected intact pellets and dissected pellets for the
identification of contents were prepared for electron microscopy
by fixing them on a glass slide with an optically photosensitive
gum. The marine snow was prepared for electron microscopy by
directly fixed onto conductive tape, coated with gold. Marine
snow and fecal pellets were photographed under the scanning
electron microscope (Quanta 650 FEG).

3 Results

The presence of fecal pellets was observed in each of the
lower trap samples. Most of them were elliptical and a few had ir-
regular shapes. The surfaces of the complete fecal pellet were
regular and smooth. The fecal pellets were dark gray and uneven
in size and had a diameter of approximately 0.1-0.2 mm and an
aspect ratio of approximately 2-5.

Scanning electron microscope pictures showed fecal pellets
in detail (Fig. 2a). Large amounts of fragments of coccolithophor-
ids (Figs 2b, c) and various types of broken diatoms (Fig. 2d) were
visible within the fecal pellets. Peritrophic membranes formed by
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Fig. 1. Location of sediment traps TJ-A-1 (red square, this study), XS1, M1 and M2 (gray squares) in the northern SCS (Chung et al.,
2004; Liu et al., 2014) and the vertical structure of the mooring sediment trap (Zhao et al., 2015). The blue arrows indicate the SCS

contour current (Qu et al., 2006; Zheng and Yan, 2012).
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Fig. 2. Images of fecal pellets. a. Intact fecal pellet; b. dissected fecal pellet, with the red arrow indicating a coccolithophorid; c.
peritrophic membranes on the surface of a fecal pellet; d. broken diatoms in the fecal pellet.

organic matter could also be observed on the surface of fecal pel-
lets (Fig. 2c). Based on the shape and size of the fecal pellets, el-
liptical fecal pellets were found to be produced by appendiculari-
ans (Sampei et al., 2009; Wilson et al., 2013; Miquel et al., 2015).
The marine snow in the trap was light grayish brown, floccu-
lent and amorphous. It contained various types of plankton
debris, diatoms (Figs 3a, b), foraminifera (Fig. 3c), radiolarian
(Fig. 3d). Diatoms accounted for a dominant position, mainly in-

cluded Coscinodiscus, Nitzschia, Bacteriastrum, Chaetoceros,
Thalassionema and so on. Most of the diatoms in marine snow
was broken and less well-preserved based on the scanning elec-
tron microscopy results.

Both vertical flux of fecal pellets in pellets number and mar-
ine snow flux were high variable and showed that there was a cer-
tain correlation between them during the collection time. The
most apparent temporal trend in marine snow flux was distinct

Fig. 3. Scanning electron microscopy images of marine snow. a. Bacteriastrum (Diatom); b. Coscinodiscus (Diatom); c. foraminifera;

d. radiolarian.
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variation (Fig. 4a). Marine snow flux was high at the end of May
2014 reaching its highest value of approximately 13.00 mg m-2d-1.
From the end of May 2014 to August 2014, the marine snow flux
rapidly decreased to 0.78 mg/(m2-d), and it then gradually in-
creased from the end of September to mid-October 2014;
however, the flux fluctuated by approximately 0.45-3.89 mg/(m?-d).

Fecal pellet flux displayed a similar pattern to marine snow
flux. From May 2014 to May 2015, fecal pellet flux varied consid-
erably through the year, from a maximum of 17.0 pellets m-2.d-!
to a minimum of 0 pellets m-2.d-! (Fig. 4b). The highest fecal pel-
let flux was recorded at the end of May 2014, and the lowest value
occurred in September 2014. From the end of May 2014 to the
end of September 2014, it essentially exhibited a rapid decline
from 17.0 pellets m2.d-! to 0 pellets m-2-d-!, and until May 2015,
fecal pellet flux fluctuated between 0 and 4 pellets m-2-d-!. The
overall trend of the fecal pellet flux, especially during the rapid
decline from May to September 2014, was highly consistent with
the changes in the flux of marine snow.

The ratio of marine snow to sample weight was relatively high
from May to early August 2014 and accounted for more than 60%.
Meanwhile, the mass percentage was relatively low during the
rest of the year (Fig. 4c). The sample collected at the end of
September had a higher ratio because the sample weight was be-
low the precise measurement sensitivity. For the fecal pellets, the
value obtained by dividing the amount by the weight of the
samples was also high from May to August 2014 and lower for the
rest of the time period (Fig. 4d).

4 Discussion

4.1 Lateral transport of marine snow and fecal pellets

Marine snow and fecal pellets are formed in the upper seawa-
ter, and as an important part of the biological pump (Longhurst
and Harrison, 1988), their formation and changes are closely re-
lated to the life cycles of phytoplankton and zooplankton in the
ocean. On the west coast of Sweden, during a diatom bloom, the
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number of diatoms increased significantly and the contact
between them increased. The rapid aggregation and sedimenta-
tion of the bloom made it possible to observe that the in situ con-
centration of marine snow had reached a peak (Tiselius and
Kuylenstierna, 1996). Moreover, during the diatom bloom, the
fecal pellet carbon fluxes in the sediment also increased. Graf
(1989) concluded that a pulse of fecal pellets from the copepods
accounted for 92% of the total carbon settling to the deep North
Atlantic at the end of a spring bloom in May. According to the
results of Station TJ-A-1, we can roughly divide the obtained data
into two periods: the higher flux from May to early August 2014
and the lower flux in the rest of the year. However, between May
2014 and May 2015 in the traps at Station TJ-A-1 in the northern
SCS, marine snow and fecal pellets were found in only the bot-
tom sediment trap (1 950 m), even other planktons including
planktonic foraminifera and pteropods were commonly found in
the upper sediment trap (500 m) (Huang, unpublished data). If
the marine snow and fecal pellets in the bottom sediment trap
are from the in situ vertical settlement as indicated by previous
results (Alldredge and Silver, 1988; Simon et al., 2002; Turner,
2002), then marine snow and fecal pellets should also be found in
the upper sediment trap. However, this hypothesis is not consist-
ent with the actual observations from Station TJ-A-1. In addition,
the area where the sediment trap was placed, the concentration
of chlorophyll a (Chl a) in the surface seawater was not at a high
level while marine snow and fecal pellets were not observed in
the upper sediment trap at Station TJ-A-1. Therefore, the sources
of the bottom marine sediments are mainly due to horizontal
transport rather than in situ vertical sinking.

Higher total particle flux (TPF) at greater depths in the north-
ern SCS imply that lateral inputs are strong. At site XS1 (17°24.5'N,
110°55.0'E, Fig.1), TPF averaged 111 mg/(m?2-d) at 500 m water
depth, while at 1 500 m water depth, TPF averaged 418 mg/(m?-d),
which was about four times that in the upper layer trap (Liu et al.,
2014). At site M1 (21°32'N, 119°28'E), mean TPF increased from
284 mg/(m?2.d) at 248 m depth to 486 mg/(m?2-d) at 948 m water
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Fig. 4. a. Marine snow flux; and b. fecal pellet flux during 2014 and 2015 in the deep layer at Station TJ-A-1; c. mass percentage of

marine snow; d. abundance of fecal pellets.
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depth, and continuously increased to 554 mg/(m?.-d) at 2 848 m
water depth (Chung et al., 2004). Similarly at site M2 (19°01'N,
117°32'E) average TPF increased from about 200 mg/(m?2.d) to
260 mg/(m?-d), corresponding to depths from 1 240 m to 3 230 m
(Chung et al., 2004). Higher TPF at greater water depths could be
explained by lateral sediment transport by contour current which
is defined as the along-slope component of the deep water cur-
rent (Fig 1, Zheng and Yan, 2012). Station TJ-A-1 was also loc-
ated on/around a major current route, whose sediment may be a
mixture from vertical and horizontal transportation. In addition,
the clay mineral compositions obtained from station TJ-A-1 con-
firmed that tremendous amounts of sediment derived from
Taiwan are transported southwestward to the northwestern SCS
(Liu et al., 2016).

Reports have shown that contour currents are important
transport and sedimentary phenomena that control a majority of
deep-sea sedimentation (Rebesco et al., 2014). Equipped with an
Acoustic Doppler Current Profiler (ADCP), the sediment trap at
the mooring system TJ-A-1 yielded a continuous time-series of
current velocity (zonal velocity and meridional velocity). Then,
the sub-inertial along-slope and cross-slope velocities (« and v)
were obtained. According to the contour direction and velocity
from September, 2011 to May 2013, the velocity of the contour
current generally varied in the range of -5 to 3 cm/s, and the
dominant direction of the deep current was ~250° to true north
(Zhao et al., 2015). The suspended sediment concentrations were
generally low during intervals of northeastward flows because
the Taiwanese rivers were the major sources of fine sediment to
the region (Liu et al., 2010, 2016; Zhang et al., 2014; Zhao et al.,
2015). Reflection seismic profiles indicate that there were some
active NE-SW direction bottom current channels on the north-
ern continental slope of the SCS, which led to the accumulation
of discontinuous drifts. Moreover, these drifts propagated south-
westward following the direction of the bottom currents (Shao et
al., 2007). The marine snow and fecal pellets in the samples of the
bottom sediment trap at Station TJ-A-1 may have been brought
by the northeast contour current.

4.2 Estimate of source regions

Waniek et al. (2000) provided a calculation method for evalu-
ating the effects of horizontal advection and particle sinking
speed on particle fluxes as measured by moored sediment traps.
The results showed that the distance and direction between a giv-
en sediment trap and the region where the particles were pro-
duced depends on the mean sinking velocity of the particles, the
horizontal velocity field above the trap and the deployment
depth of the trap (Waniek et al., 2000). In this study, since in situ
data were not available at Station TJ-A-1, the velocities of hori-
zontal advection at depths of 100, 400, 1 700, and 2 000 m (Zhao
et al., 2015; Yang et al., 2008) were selected from the northern
SCS (Table 1). The velocity of each water layer used was ob-
tained by averaging the velocity of the upper and lower depths.
We selected only the current velocity data in the dominant direc-
tion of the deep water current for calculation. Using the above
method, the trajectories of particulate matter collected by the

Table 1. Monthly average velocities used in our calculations
Water depth/m Monthly average velocity/cm-s-! Source

100 31.01 Yang et al., 2008
400 17.37 Yang et al., 2008
1700 1.57 Zhao etal., 2015
2000 2.13 Zhao et al., 2015

1950 m layer sediment trap at Station TJ-A-1 were calculated.

Sinking rates of marine snow and fecal pellets were related to
their composition (Alldredge and Silver, 1988; Turner, 2002). And
diatoms dominated in our marine snow and fecal pellet samples.
As the peaks in fecal pellet carbon fluxes were accompanied by
similar peaks in diatoms were found in sediment traps located in
the eastern Fram Strait showing that diatoms sank at a similar
speed to appendicularian fecal pellets (Lalande et al., 2016). In
addition, the sinking velocity of the diatom-related particles at
the site SCS-N (18.5°N, 116°E) from the sea surface to the deep
SCS was estimated to be ~30-50 m/d by comparing the surface
chlorophyll abundance and species of diatoms in sediment traps
at depths of 1 003 m and 3 226 m (Ran et al., 2015). The position
of the SCS-N site was close to that of Station TJ-A-1. Therefore, if
the variation in sedimentation velocity due to the increase in
depth during sedimentation was not considered, then the time
required to reach the 1 950 m depth from the seawater surface
was estimated to be approximately 40-66 days. Given that typical
sinking speed of large particles is considered to be a constant
50 m/d, we calculated the sediment source distance in the north-
east direction that could be collected by the 1 950 m trap. As the
depth of the deployed trap increases, the range of source dis-
tance of particulate matter that the trap can collect increases. At
the position of the sediment trap TJ-A-1, the maximum lateral
displacement between the origin at the sea surface and the trap
deployed at 2 000 m was greater than 400 km (Fig. 5).
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Fig. 5. Range of source distance of particulate matter that the
trap can collect in the northeast direction.

The sea surface Chl a concentration data monthly were de-
rived from the MODIS (Moderate Resolution Imaging Spectrora-
diometer) database in the areas between 15°N to 25°N and 107°E
to 122°E, with a spatial resolution of 4 kmx4 km. The Chl a con-
centration was used as an indicator of sea surface productivity.
We compared the monthly Chl a concentration data from March
2014 to May 2015, and found that in April and May 2014, there
was a significant area of high Chl a concentration off the south-
western shore of Taiwan, which was approximately 3 mg/m3 (Fig. 6).
In addition, Chen et al. (2016) calculated the ten-year (2003-
2012) median timing of the annual Chl a concentration climax in
East Asian marginal seas. The results suggested that the peak
time of diatom blooms in the southwestern part of Taiwan is dur-
ing April of each year. This region is also located within the dis-
tance range where the particle matters was produced. Therefore,
we speculated that marine snow and fecal pellets formed in large
quantities during the diatom blooms around April and May, and
after a period of time, they were packed and sank from the light
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Fig. 6. Chlorophyll a concentrations in the northern South China Sea during April and May 2014. The sector area represents the most

likely source area.

transmission layer of the ocean to the deep ocean. These particles
were then transported from the southwest of Taiwan by the
northeast contour current to the northern SCS, and they were
collected by the deep-layer sediment trap at Station TJ-A-1. The
whole process of marine snow settlement, transportation and
collection occurred over 2 months.

5 Conclusions

The fecal pellets were mostly elliptical and a few had irregu-
lar shapes, which are presumably the result of them being pro-
duced by appendicularians. The fecal pellets contained many
fragments of coccolithophorids and diatoms. Electron micro-
scopy observations showed that the marine snow was a gray-
brown amorphous flocculent dominated by diatoms and con-
taining pieces of radiolarians, coccolithophorids, diatoms, and
foraminifera. During the study period from May 2014 to May
2015, the fluxes of marine snow and fecal pellets in the bottom
sediment trap at Station TJ-A-1 in the northern SCS reached an
annual peak from May to early August 2014, and it declined rap-
idly during that period of time. After early August 2014, the
changes in the fluxes of marine snow and fecal pellets tended to
be stable. The ratios of marine snow weight or fecal pellet num-
ber to the sample weights were relatively high from May to early
August 2014, and the percentage was relatively low for the rest of
the year.

Marine snow and fecal pellets were produced in the photic
zone of the ocean and sank rapidly and were transported to the
bottom of the ocean with a large amount of organic matter. A
comparison of this information with observations from the up-
per-layer trap from the same station showed that the marine
snow and fecal pellets in the bottom trap were not from in situ
vertical settlement but rather were transported by deep contour
currents. We calculated the distance range that could be pro-
duced by the bottom sediment trap collection. A comparison of
the time and area of the diatom bloom in the northern SCS dur-
ing the spring of 2014 indicated that the increase in marine snow
and fecal pellets from May to July 2014 in the TJ-A-1 bottom trap
may coincide with the spring diatom bloom off the southwestern
coast of Taiwan during April and May of the same year.
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