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Abstract. The sinking of zooplankton fecal pellets is a key
process in the marine biological carbon pump, facilitating the
export of particulate organic carbon (POC). Here, we ana-
lyzed zooplankton fecal pellets collected by two time-series
sediment traps deployed on mooring TJ-A1B in the northern
South China Sea (SCS) from May 2021 to May 2022. The
results show a seasonal variability in both fecal pellet numer-
ical (FPN) flux and fecal pellet carbon (FPC) flux, with peaks
in November to April and June to August. It implies that the
fecal pellet flux is largely regulated by the East Asian mon-
soon system. Vertical analysis further shows that FPN and
FPC fluxes are higher at 1970 than at 500 m water depth,
with larger pellets occurring in the deeper water, indicating
a significant influence of mesopelagic and bathypelagic zoo-
plankton community and lateral transport on deep-sea FPC
export. However, the biovolume of amorphous pellets de-
creases significantly from 500 to 1970 m water depth, imply-
ing that these fecal pellets are broken and fragmented during
the sinking process, possibly due to zooplankton grazing and
disturbance by deep-sea currents. The contribution of fecal
pellets to total POC export in the northern SCS is on average
3.4 % and 1.9 % at 500 and 1970 m water depth, respectively.
This study highlights that the sinking fate of fecal pellets is
regulated by marine primary productivity, deep-sea-dwelling
zooplankton communities, and deep-sea currents in the trop-
ical marginal sea, thus providing a new perspective for ex-
ploring the carbon cycle in the world ocean.

1 Introduction

The marine biological carbon pump (BCP) is a collection
of processes whereby marine organisms mediate the trans-
fer of carbon from the atmosphere to the deep ocean. Marine
organisms inhabiting the upper water column can fix atmo-
spheric CO2 through photosynthesis, producing particulate
organic carbon (POC) in the epipelagic zone. Subsequently, a
series of processes transport the POC, including phytoplank-
ton cells, zooplankton fecal pellets, moults, carcasses, and
aggregates, from the surface to deeper layers of the ocean,
representing a significant component of the global carbon cy-
cle (Fowler and Knauer, 1986; Steinberg and Landry, 2017).
As a key process of the BCP, zooplankton feed on phyto-
plankton and other materials and pack them into fecal pellets,
thereby reducing the dissolution and degradation of organic
matter during the sinking process and subsequently increas-
ing the particle sinking flux in the mesopelagic and bathy-
pelagic zones (Wilson et al., 2008; Turner, 2015). During the
sinking process, most zooplankton fecal pellets are suscep-
tible to being ingested by other zooplankton or degraded by
bacteria. Several studies have revealed that the concentration
of fecal pellets in the deep sea is significantly lower com-
pared to the production rate of fecal pellets in the surface
waters, and the presence of amorphous fecal pellets (mostly
fragmented pellets) has been observed, indicating significant
consumption by zooplankton and fragmentation by currents
during the sinking process (Juul-Pedersen et al., 2006; Wil-
son et al., 2008; Goldthwait and Steinberg, 2008; Kobari et
al., 2010, 2016; Stukel et al., 2013; Miquel et al., 2015).
Copepods are the primary consumers of fecal pellets, with
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retention rates ranging from 30 % to 98 % (Svensen et al.,
2012; Turner, 2015). Noji et al. (1991) categorized cope-
pod behavior in fecal pellet consumption into three differ-
ent types: coprorhexy (fragmentation of fecal pellets), co-
prophagy (ingestion of fecal pellets), and coprochaly (loos-
ening of fecal pellets). These processes are thought to reduce
the carbon export of fecal pellets in the deep sea (Noji et
al., 1991). However, the repackaging of larger zooplankton
inhabiting the mesopelagic zones, accompanied by their in
situ production of large fecal pellets, may contribute to an
increasing flux of deep-sea fecal pellets (Urrère and Knauer,
1981; Shatova et al., 2012; Manno et al., 2015; Belcher et al.,
2017). In addition, diurnal vertical migration results in active
subsurface transport, and thus, a zooplankton-mediated in-
jection pump is considered an important mechanism for BCP
to increase deep-sea carbon export flux (Boyd et al., 2019).
The efficiency of the BCP depends on the carbon export
flux and the retention of remineralized carbon in the deep
ocean. As a key component of the carbon cycle, fragmen-
tation, decomposition, and repackaging of fecal pellets may
affect POC export and regulate the efficiency of the BCP.

Numerous studies have been conducted in the global ocean
to explore the production, sinking, degradation, and recy-
cling processes of zooplankton fecal pellets (González et al.,
2000; Gleiber et al., 2012; Belcher et al., 2017; Le Moigne,
2019). Changes in the characteristics and fluxes of fecal
pellets at varying depths can be utilized as an indicator of
zooplankton behavior (Wilson et al., 2008). Previous stud-
ies have observed clear differences in fecal pellet flux with
increasing water depth, mostly showing a decreasing trend
(Viitasalo et al., 1999; Wexels Riser et al., 2007). However,
in certain regions, such as the northeastern Pacific, Mediter-
ranean Sea, Sargasso Sea, and Southern Ocean, fecal pel-
let fluxes tend to increase in the deep layer (Urrère and
Knauer, 1981; Fowler et al., 1991; Wassmann et al., 2000;
Shatova et al., 2012; Manno et al., 2015; Belcher et al.,
2017). This variation in the trend of fecal pellet flux with
water depth is influenced by the composition of local zoo-
plankton community and efficiency of the BCP. Different
shapes and sizes of fecal pellets have different sinking rates,
which contribute differently to the POC export (Wilson et
al., 2008; Manno et al., 2015; Turner, 2015; Steinberg and
Landry, 2017; Qiu et al., 2018). In the high-latitude eutrophic
seas, fecal pellets tend to exhibit a high contribution to the to-
tal POC flux (Juul-Pedersen et al., 2006; Wilson et al., 2008;
Manno et al., 2015). However, the contribution in the sub-
polar mesotrophic seas and low-latitude oligotrophic seas is
significantly lower. Pilskaln and Honjo (1987) reported that
fecal pellets account for less than 5 %–10 % of sinking flux
in tropical and subtropical regions. Taylor (1989) also re-
ported that fecal pellets contribute a minimal fraction (6 %)
of the POC flux in the central North Pacific. Roman and
Gauzens (1997) suggested that the contribution of fecal pel-
lets to the total carbon flux was quite small in the tropical

Pacific and that most fecal pellets produced in the surface
waters were ingested during sinking.

The South China Sea (SCS) is considered to be an olig-
otrophic tropical sea and a source of CO2 (Su, 2004; Cao
et al., 2020). Owing to its unique geographical and physico-
chemical characteristics, the organic carbon flux and its reg-
ulatory processes in the SCS are subject to significant spa-
tiotemporal variability. Previous studies have investigated the
composition and flux of sinking POC in the northern and
central SCS, which vary with the East Asian monsoon sys-
tem. Notably, the peak occurrence of sinking POC has been
observed during the northeast monsoon period (Chen et al.,
1998; Liu et al., 2007; H. Li et al., 2017; Zhang et al., 2019,
2022; Blattmann et al., 2018, 2019). Based on the C/N ratio
and stable and radiocarbon isotope analyses, the vertical vec-
tor of modern POC turns out to be 87 % ± 4 % of the sinking
POC in the northern SCS, with the lateral vector accounting
for the remaining 13 % (Zhang et al., 2022). The contribution
of laterally supplied POC becomes more significant with in-
creasing depth, which is largely derived from lithogenic or-
ganic carbon transported by the deep-sea currents and resus-
pension of slope sediments (Blattmann et al., 2018; Zhang et
al., 2022). In the southern SCS, Li et al. (2022) conducted
the first study of zooplankton fecal pellet characteristics, nu-
merical fluxes, and carbon fluxes in the tropical marginal sea,
showing that fecal pellets contribute 0.4 %–30.0 % of the to-
tal POC flux. Despite the dominance of marine-origin or-
ganic carbon in sinking POC in the northern SCS, detailed
studies of the rapidly sinking particles are sparse, and the
contribution of fecal pellets to the total carbon flux remains
uncertain. To better understand the efficiency and biogeo-
chemical cycling of the BCP in the northern SCS, we col-
lected sinking zooplankton fecal pellets from mesopelagic
and bathypelagic waters using two time-series sediment traps
to quantify the role of fecal pellets in POC export. By ana-
lyzing the shape, quantity, internal composition, and carbon
content of zooplankton fecal pellets, we gained more spe-
cific insights into the sinking fate of these pellets in tropical
marginal seas and highlighted the importance of fragmenta-
tion during the sinking process in determining the carbon flux
transferred to the deep sea.

2 Material and methods

2.1 Study area

The SCS is a large marginal sea with an area of about
3.5 × 106 km2 and an average depth of about 1350 m (Wang
and Li, 2009). The study area is located in the northern SCS,
where a warm and humid southwest monsoon prevails in
summer (June to August), while a dry and cold northeast
monsoon prevails in winter (November to April) (Chu and
Wang, 2003) (Fig. 1). The hydrological system of the north-
ern SCS is complex due to the seasonal shift in the East
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Figure 1. Monsoon and current systems in the South China Sea
(SCS) (after Liu et al., 2016). Location of the time-series sediment
trap mooring TJ-A1B is indicated. Ocean Data View software was
used to generate the map (Schlitzer, 2023).

Asian monsoon winds and the interplay of waters from the
Kuroshio Current (Su, 2004; Caruso et al., 2006). Surface
circulation of the northern SCS also shows a seasonal shift
from a large cyclonic gyre in winter to a weak cyclonic gyre
in summer (Su, 2004). Contour currents have been found to
dominate sediment transport processes on the deep-sea slope
at 1600–2400 m water depth, transporting Taiwan-sourced
sediments westward (Zhao et al., 2015; Liu et al., 2010,
2016). A combination of strong winter winds, water mix-
ing, and surface cooling in the northern SCS drives winter
convective overturning, leading to higher primary produc-
tivity during the winter monsoon than during other periods
(Liu et al., 2002; Chen, 2005; Tseng et al., 2005). Rainfall
in the northern SCS is seasonally variable, with increased
rainfall during the summer (Zhang et al., 2019). Typhoons,
mesoscale eddies, and other dynamical processes are also
well developed in the northern SCS (Su, 2004; Wang and
Li, 2009).

Zooplankton species in the northern SCS mainly in-
clude Hydromedusae, Siphonophorae, Pteropoda, Ostracoda,
Copepoda, Amphipoda, Euphausiacea, Chaetognatha, Ap-
pendicularia, Thaliacea, and larvae (Fig. 2a; Li et al., 2021;
Gong et al., 2017). Among these, copepods have the largest
number of species, contributing 30 % of the total identified
species (K. Li et al., 2017; Ren et al., 2021; Ge et al., 2021).
Copepods are also the most abundant group, contributing
about 80 % of the total abundance, followed by ostracods and
chaetognaths (Fig. 2a). Zooplankton abundance is the high-

Figure 2. Vertical distribution of (a) species richness percentage
and (b) total abundance of zooplankton from 0 to 1000 m depth in
the northern SCS. Data from Li et al. (2021).

est between 0–100 m water depth and consistently decreases
with increasing depth (Fig. 2b; Gong et al., 2017; Li et al.,
2021). The average zooplankton biomass is 35 mg m−3, with
a slight increase at 350–600 m water depth (Gong et al.,
2017). Below 300 m, there is a noticeable increase in the
proportion of copepods to the total abundance, with some
copepod species (including Calanoides carinatus, Bradyid-
itus armatus, Chiridius gracilis, and Euchirella curticauda)
only found at 450–1000 m water depth (Du et al., 2014; Li
et al., 2021). Furthermore, on a seasonal scale, zooplankton
abundance in the northern SCS increases significantly dur-
ing the winter monsoon period, while it declines during the
inter-monsoon period (Li et al., 2004, 2021).

2.2 Sediment trap deployment

Samples were collected by time-series sediment traps
(McLane Parflux Mark78H-21 sediment trap) deployed on
mooring TJ-A1B (20.06◦ N, 117.39◦ E; 2000 m water depth)
in the northern SCS (Fig. 1). Two traps (UP and DW) were
deployed at 500 and 1970 m water depth, respectively, each
with a sampling area of 0.5 m2. Samples were collected at
18 d intervals from May 2021 to May 2022 (except for the
first sample, which covered only 3 d), resulting in a total of
42 samples (21 samples for each trap). Prior to deployment of
the traps, each sample bottle was pre-filled with 0.6 g (for the
trap at 500 m) or 0.3 g (for the trap at 1970 m) HgCl2, along
with 33.3 g NaCl per 1000 mL of deionized water to prevent
microbial activity and ensure the reliability of organic geo-
chemical analysis.

2.3 Sample analysis

The samples were wet-sieved using a 1 mm mesh to remove
swimmers. The small fractions (< 1 mm) were then equally
aliquoted using a splitter, and one wet portion was used for
the analysis of zooplankton fecal pellets. POC content and
flux were determined using the methods outlined in detail
by Li et al. (2022). The wet samples were filtered through a
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20 µm Nitex© mesh, followed by rinsing on a gridded petri
dish. These samples were examined under a Zeiss Stemi
508 stereomicroscope coupled to a Zeiss Axiocam 305 dig-
ital camera. Fecal pellets were photographed and counted
by shape to obtain the fecal pellet numerical (FPN) flux (Li
et al., 2022). Pellets were classified into four shapes: ellip-
soidal, cylindrical, spherical, and amorphous. Biovolumes of
the first three fecal pellet shapes were calculated from the
formulas for an ellipsoid, cylinder, and sphere (Sun and Liu,
2003), while the biovolume of amorphous fecal pellets was
estimated through best-fit ellipsoid calculations (Kumar et
al., 2010). The fecal pellet biovolume was then converted to
carbon content to determine the fecal pellet carbon (FPC)
flux and its contribution to the POC flux by using the con-
version factor of 0.036 mg C mm−3 measured in the southern
SCS (Li et al., 2022), which is similar to the conversion fac-
tor commonly used in tropical and subtropical marginal seas
(Urban-Rich et al., 1998; Kobari et al., 2010).

Fecal pellets selected from eight samples at two differ-
ent depths were prepared for scanning electron microscopy
(SEM) and energy-dispersive spectrometry (EDS) to identify
their internal structure and to determine elemental composi-
tion. Six to seven fecal pellets of different shapes (ellipsoidal,
cylindrical, spherical, and amorphous) and aggregates were
randomly selected from each sample.

2.4 Hydrological parameters

To investigate the environmental factors regulating the sink-
ing and export of fecal pellets, we analyzed several relevant
physical and biogeochemical parameters. For daily wind
speed (10 m zonal and meridional components of surface
wind), data were derived from the Atmospheric Composition
Reanalysis 4 product (https://ads.atmosphere.copernicus.
eu/cdsapp#!/dataset/cams-global-reanalysis-eac4, last
access: 28 February 2023), with a spatial resolution of
0.25◦

× 0.25◦. Daily sea surface temperature (SST) data
were retrieved from the Copernicus Climate Change Ser-
vice (https://cds.climate.copernicus.eu/cdsapp#!/dataset/
satellite-sea-surface-temperature, last access: 28 Febru-
ary 2023), which provides SST data with a horizontal
resolution of 0.05◦

× 0.05◦. For daily ocean mixed-layer
depth (MLD) defined by potential density anomaly and
surface water velocity, data were retrieved from the Opera-
tional Mercator global ocean analysis and forecast system
(https://data.marine.copernicus.eu/product/GLOBAL_
ANALYSISFORECAST_PHY_001_024/description, last
access: 28 February 2023), with spatial resolutions of
0.25◦

× 0.25◦ and 0.083◦
× 0.083◦, respectively. Daily net

primary production (PP) data of biomass expressed as
carbon per unit volume in seawater with a spatial resolu-
tion of 0.25◦

× 0.25◦ were obtained from the Operational
Mercator Ocean biogeochemical global ocean analysis and
forecast system (https://data.marine.copernicus.eu/product/
GLOBAL_ANALYSIS_FORECAST_BIO_001_028,

Figure 3. Light microscopy photographs of four morphological
types of zooplankton fecal pellets and aggregates collected from
(a) 500 m and (b) 1970 m water depth of time-series sediment trap
mooring TJ-A1B in the northern SCS.

last access: 28 February 2023). Daily precipitation data
with a horizontal resolution of 1.0◦

× 1.0◦ were pro-
vided by the Global Precipitation Climatology Project
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/
satellite-precipitation, last access: 28 February 2023).

3 Results

3.1 Fecal pellet characteristics

Microscopic analysis of the time-series sediment trap sam-
ples revealed fecal pellets of various shapes (ellipsoidal,
cylindrical, spherical, and amorphous). All shapes were
found at both 500 m (Fig. 3a) and 1970 m (Fig. 3b). Among
them, ellipsoidal, cylindrical, and spherical pellets were in-
tact with smooth edges, while amorphous pellets were de-
graded with broken edges. Notably, their peritrophic mem-
branes were partially absent. Fecal pellets were often brown
in appearance. Ellipsoidal, cylindrical, and spherical pellet
sizes were larger at 1970 m, whereas amorphous fecal pellet
sizes were larger at 500 m (Fig. 3; detailed photographs can
be found in Figs. S1–S21 in the Supplement). In addition to
zooplankton fecal pellets, a number of transparent and floc-
culent aggregates were also present in the samples, which
were more common in the winter samples (Figs. 3, S1–S21).

The internal components of the fecal pellets were mainly
composed of diatoms, e.g., Coscinodiscus (Fig. 4a, e), Tha-
lassionema (Fig. 4h), Hemiaulus (Fig. 4g), and Nitzschia
(Fig. 4g), as well as coccoliths (Fig. 4d) and lithogenic
particles (Figs. 4h, 5b). In contrast, the aggregates had a
looser structure and consisted mainly of radiolarians, di-
atoms, sponge spicules, and foraminifers (Fig. 4i). The ma-
jor elements composing the fecal pellets were O, Si, C, and
Ca, with minor proportions of Al and K, indicating that ter-
rigenous minerals such as quartz and clay minerals may also
be important components of fecal pellets (Figs. 4h, 5b).

Fecal pellets varied considerably in biovolume among the
four types (Table 1). Ellipsoidal pellets had average bio-
volumes of 1.96 and 3.02 × 106 µm3 at 500 and 1970 m
depth, respectively. The average biovolumes of cylindrical
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Figure 4. Scanning electron microscopy (SEM) observations of in-
ternal components of zooplankton fecal pellets and aggregates col-
lected from the time-series sediment trap mooring TJ-A1B in the
northern SCS: (a, b) ellipsoidal pellet, (c, d) cylindrical pellet, (e, f)
spherical pellet, (g, h) amorphous pellet, and (i) aggregates.

Figure 5. SEM-coupled EDS analysis for internal structure and el-
emental composition of zooplankton fecal pellets in the time-series
sediment trap mooring TJ-A1B in the northern SCS. Panels (a) and
(c) for one fecal pellet and panels (b) and (d) for another fecal pel-
let.

pellets were 13.31 × 106 µm3 at 500 m and 13.55 × 106 µm3

at 1970 m, which were 10 times larger than other pellet types.
Spherical pellets were the smallest, with a mean biovolume
of only 0.90×106 µm3. The biovolume of amorphous pellets
ranged from 0.04 to 35.89 × 106 µm3, and the average value
was 2 times larger at 500 m (2.23 × 106 µm3) than at 1970 m
(0.92 × 106 µm3). Two patterns of biovolume change from
500 to 1970 m were observed for different fecal pellet types.
Specifically, the average biovolume of ellipsoidal, cylindri-

cal, and spherical pellets increased from 500 to 1970 m,
where the average biovolume of amorphous pellets decreased
at 1970 m to only half of that at 500 m. At 500 m, the average
biovolume of ellipsoidal, cylindrical, and spherical pellets
was higher during June to August and December to Febru-
ary. The average biovolume of amorphous pellets was ele-
vated from December to April at 500 m, whereas at 1970 m
the seasonal variation in biovolume for all shapes was not
significant.

3.2 Fecal pellet flux

Fecal pellet numerical (FPN) flux and fecal pellet carbon
(FPC) flux at different depths were summarized in Table 1
and Fig. 6. FPN flux varied considerably throughout the
year, from a minimum of 216 pellets m−2 d−1 in May to a
maximum of 2518 pellets m−2 d−1 in December at 500 m,
while at 1970 m, this value spanned a range of 597–4573
pellets m−2 d−1, with the minimum value occurring in Oc-
tober and the maximum in May. FPC flux varied between
0.0021 and 0.1148 mg C m−2 d−1 at 500 m (Table 1, Fig. 6b).
At 1970 m, the range was 0.0108 to 0.1697 mg C m−2 d−1

(Table 1, Fig. 6d). The most apparent temporal trend in the
FPN and the FPC fluxes was a distinct seasonal variation
(Fig. 6). There was a double seasonal peak, with a primary
(higher) peak from November to April and a secondary peak
from June to August (Fig. 6). In particular, the FPC flux in-
creased slightly in June 2021 before declining sharply over
the next 3 months (Fig. 6) and then increasing again with
a primary peak from November to April. An anomalously
high value of FPC flux was detected at 500 m during April
to May 2022, caused by a large increase in cylindrical pel-
lets (Fig. 6b). Moreover, both FPN and FPC fluxes increased
from 500 to 1970 m, with values at 1970 m twice as high as
those measured at 500 m (Table 1).

The total fecal pellet flux consisted of four morphological
pellet types, with each type making a distinct contribution
to the total FPN and FPC fluxes (Table 1, Fig. 6). Typically,
ellipsoidal and amorphous pellets dominated the numerical
flux, accounting for 80 % of the total FPN flux. Cylindrical
and spherical pellets were minor contributors to the FPN flux.
In terms of the dominance of different types of fecal pellets,
there were notable differences between the two depths (Ta-
ble 1, Fig. 6). Amorphous pellets accounted for around 45 %
of the FPN flux at 500 m, while ellipsoidal pellets became
most prominent at 1970 m. Cylindrical and spherical pellets
had a relatively constant but low numerical percentage. Re-
garding FPC flux, amorphous pellets contributed on average
40 % of the total FPC flux at 500 m, followed by cylindri-
cal pellets (on average 29 %) with a larger size compared
to the other types, despite their relatively low numerical
flux. Ellipsoidal pellets contributed on average 26 %, while
spherical pellets contributed only 4 %. At 1970 m, ellipsoidal
and cylindrical pellets dominated the FPC flux throughout
the time series. Carbon percentage of amorphous pellets de-
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Table 1. Biovolume, numerical flux, numerical percentage, carbon flux, and carbon percentage of four types of zooplankton fecal pellets in
the time-series sediment trap mooring TJ-A1B in the northern SCS. Bold values are the average and standard deviation of each above ranges.

Fecal Number Biovolume Numerical flux Numerical Carbon flux Carbon
Depth (m) pellet type measured (×106 µm3) (×103 m−2 d−1) percentage (%) (mg C m−2 d−1) percentage (%)

500 Ellipsoidal 1278 0.03–49.56 0.05–1.42 20–58 0.0004–0.0184 3–47
1.96 ± 4.53 0.38 ± 0.36 37 ± 11 0.0053 ± 0.0046 26 ± 11

Cylindrical 501 0.09–118.39 0–0.21 0–19 0–0.1028 0–90
13.31 ± 19.28 0.07 ± 0.06 8 ± 5 0.0103 ± 0.0217 29 ± 19

Spherical 540 0.01–4.81 0–0.52 0–21 0–0.0032 0–9
0.90 ± 1.02 0.11 ± 0.11 11 ± 5 0.0009 ± 0.0008 4 ± 2

Amorphous 1331 0.04–35.89 0.15–0.74 15–75 0.0017–0.0138 7–82
2.23 ± 4.27 0.34 ± 0.14 45 ± 16 0.0063 ± 0.0028 40 ± 18

Total 3650 0.03–118.39 0.22–2.52 100 0.0021–0.1148 100
3.46 ± 8.98 0.91 ± 0.59 0.0228 ± 0.0238

1970 Ellipsoidal 1981 0.05–96.19 0.28–2.51 36–62 0.0048–0.0802 35–82
3.02 ± 8.01 1.15 ± 0.66 50 ± 6 0.0256 ± 0.0199 51 ± 11

Cylindrical 628 0.07–294.90 0.04–0.45 3–12 0.0033–0.0681 14–53
13.55 ± 25.97 0.19 ± 0.13 8 ± 2 0.0156 ± 0.0158 29 ± 12

Spherical 897 0.04–10.92 0.08–0.91 7–21 0.0009–0.0075 1–15
0.90 ± 1.47 0.34 ± 0.24 14 ± 4 0.0031 ± 0.0020 7 ± 3

Amorphous 1481 0.04–12.68 0.20–1.19 14–43 0.0015–0.0191 2–26
0.92 ± 1.84 0.60 ± 0.31 28 ± 8 0.0054 ± 0.0038 13 ± 6

Total 4987 0.04–294.90 0.60–4.57 100 0.0108–0.1697 100
3.34 ± 11.30 2.28 ± 1.24 0.0497 ± 0.0360

clined to 2 %–26 %, while spherical pellets still remained the
lowest (1 %–15 %) (Fig. 6b, d). Notably, ellipsoidal, cylin-
drical, and spherical pellets exhibited higher FPN and FPC
fluxes at 1970 m than at 500 m. However, amorphous pellets
had lower carbon fluxes and carbon percentages at 1970 m
due to their significantly lower biovolumes.

3.3 Contribution of fecal pellets to total POC flux

The POC flux in the northern SCS ranged from 0.11 to
5.31 mg C m−2 d−1 at 500 m, while it varied between 1.08
and 8.19 mg C m−2 d−1 at 1970 m (Fig. 7). A high seasonal
variability in the POC flux was observed, with maxima in
the winter monsoon period and minima in the inter-monsoon
period at two depths (Fig. 7). This seasonal variation in the
POC flux matched that of the FPC flux, with a higher peak
from November to April, a lower peak from June to August,
and a minimum value from September to October (Fig. 7). In
addition to the temporal variation, the POC flux also varied
significantly at different depths. On average, the POC flux
at 500 m was only ∼ 50 % of that measured at 1970 m, and
the minimum POC flux at 1970 m was 1 order of magnitude
higher than that observed at 500 m.

The contribution of fecal pellets to the POC flux
(FPC/POC ratio) ranged from 0.3 % to 15.7 % at 500 m,

with the highest contribution occurring during April to May
(Fig. 7). The FPC/POC ratio was generally low from May
to July (< 4 %) and fluctuated between 1 %–8 % from Au-
gust to December. During the winter monsoon period, this
ratio remained fairly constant (∼ 2 %), and then it increased
sharply from April to May. At 1970 m, the FPC/POC ratio
varied from 0.5 % to 5.7 %, with a smaller range compared
to that of 500 m. It was generally low except for May and Au-
gust 2021 (5.7 % and 4.8 %, respectively), and the minimum
occurred in January 2022. In general, the FPC/POC ratio is
relatively higher at 500 m and lower at 1970 m, with average
percentages of 3.4 % and 1.9 %, respectively (Fig. 7).

Positive linear correlations were observed between the
POC flux and the FPC flux (Fig. 8a). Sample TJ-A1B21-
UP21, which contained a substantial quantity of cylindrical
fecal pellets measuring up to 1.5 mm in size but low POC
flux, was removed from the fitted relationship. Meanwhile,
there were negative linear relationships between the POC
flux and the FPC/POC ratio (%) (Fig. 8b). However, the neg-
ative linear relationship was weaker at 1970 m compared to
500 m.
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Figure 6. Temporal variations in FPN and FPC fluxes of fecal pel-
lets at the time-series sediment trap mooring TJ-A1B in the northern
SCS. (a) FPN flux at 500 m, (b) FPC flux at 500 m, (c) FPN flux at
1970 m, (d) FPC flux at 1970 m.

Figure 7. POC flux, FPC flux, and FPC/POC ratio at water depths
of (a) 500 m and (b) 1970 m at the time-series sediment trap moor-
ing TJ-A1B in the northern SCS.

3.4 Hydrological conditions

Southwest winds prevailed in the study area from June to
September and northeast winds from late October to May
(Fig. 9a). During the observation period, wind speed ranged
from 0.2 to 19.8 m s−1. Wind speed was low during the inter-
monsoon period (6.4 ± 3.2 m s−1) and increased in late Oc-
tober, reaching up to 8–10 m s−1 in winter (Fig. 9a). Sea
surface temperature (SST) varied between 24 and 31 ◦C,
with an average of 27 ± 2 ◦C, and showed distinct seasonal
variation (Fig. 9b). SST was generally high during sum-
mer and autumn (> 28 ◦C) and declined continuously af-

Figure 8. Correlation plots of (a) POC flux versus FPC flux and
(b) POC flux versus FPC/POC ratio of the time-series sediment
trap mooring TJ-A1B in the northern SCS.

ter November, reaching a minimum (24 ◦C) in January and
March. Mixed-layer depth (MLD) ranged from 11 to 95 m,
with an average value of 35 ± 22 m (Fig. 9c). MLD was
typically shallow (< 40 m) during spring and summer, in-
creased in autumn, and reached its maximum (95 m) in late
December (Fig. 9c). Primary productivity (PP) varied be-
tween 4 and 34 mg m−3 d−1, with an average value of 12 ±

6 mg m−3 d−1 (Fig. 9d). PP showed a weak peak in Decem-
ber (25 mg m−3 d−1) and a strong peak in February. Precip-
itation ranged from 0 to 32 mm d−1, with an average value
of 3 mm d−1 (Fig. 9e). Precipitation throughout the year
was concentrated during June to October (7 ± 8 mm d−1),
with a maximum value occurring in August and low pre-
cipitation during winter (1 ± 2 mm d−1). Seawater velocity
fluctuated throughout the year (0.01–0.38 m s−1), averaging
0.17 ± 0.07 m s−1 (Fig. 9f). The maximum value occurred
during the winter monsoon period.

4 Discussion

4.1 Seasonal variation in POC and FPC export

Temporal patterns of the POC and the FPC fluxes in the
northern SCS exhibited clear seasonal signals with well-
defined winter peaks (November to April). The POC flux dur-
ing this period constituted over 75 % of the total annual POC
flux (Fig. 10a). The FPC flux was also elevated, and the av-
erage flux during this period was 2 to 4 times higher than the
average flux over the whole deployment period (Fig. 10b).
During the winter monsoon period, cooling of surface wa-
ter, along with the strong northeasterly winds, resulted in the
enhanced vertical mixing, which can be reflected in the vari-
ation in the MLD (Fig. 10c). MLD was the highest during
this period, reaching 95 m, even deeper than the upper nu-
tricline (Wong et al., 2015; Du et al., 2017). High concen-
trations of PP also indicated that the subsurface water pro-
vided adequate nutrients to the upper layer, which stimu-
lated the growth of phytoplankton (Fig. 10d). In the north-
ern SCS, Chen et al. (2009) also reported a winter phyto-
plankton bloom (including Picoeukaryotes, Synechococcus,
and Prochlorococcus). The significant increase in PP pro-
vided an enhanced food supply and supported high zooplank-
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Figure 9. Hydrological parameters at the time-series sediment trap
mooring TJ-A1B in the northern SCS. (a) Wind speed, (b) sea sur-
face temperature (SST), (c) mixed-layer depth (MLD), (d) net pri-
mary production (PP) of biomass, (e) precipitation, (f) seawater ve-
locity at 100 m.

ton biomass, thus resulting in twice the average zooplankton
abundance compared to the other seasons (Fig. 2; Li et al.,
2004; Tseng et al., 2005; Li et al., 2021). This pattern was
consistent with studies in the southern SCS, where higher
FPN and FPC fluxes were recorded during the East Asian
winter monsoon (Li et al., 2022). Therefore, changes in phy-
toplankton community structure and zooplankton abundance
influenced by the northeast monsoon resulted in a significant
increase in the POC and the FPC fluxes. Similarly, in the
northern Arabian Sea, fecal pellets were the dominant con-
tributor to particulate matter during the northeast monsoon
(Roman et al., 2000; Ramaswamy et al., 2005). In the north-
eastern Mediterranean Sea, the FPC flux also showed spring
peaks during phytoplankton blooms (Carroll et al., 1998).
Therefore, although in oligotrophic seas, the monsoon sys-
tem can increase the marine primary productivity, which al-
lows for increased zooplankton biomass and promotes the
export of carbon from their fecal pellets.

Secondary peaks in the POC and the FPC fluxes occurred
in summer (June to August) (Fig. 10a, b). The southwest
monsoon, typically accompanied by strong winds in the SCS,
was a potential driver. However, from June to July 2021,
mean wind speed decreased from 6.7 to 5.4 m s−1 (Fig. 10c),
with generally high SST (> 28 ◦C), which intensified the
upper-layer stratification. At this time, the MLD was less

Figure 10. Seasonal variability in POC flux, FPC flux, and three
hydrological parameters at the time-series sediment trap mooring
TJ-A1B in the northern SCS. (a) POC flux, (b) FPC flux, (c) wind
speed, (d) net primary production (PP) of biomass, (e) precipitation.

than 45 m, which was probably insufficient to transport sub-
surface nutrients to the epipelagic layer. Therefore, the ob-
served increase in the POC and the FPC fluxes cannot be
attributed solely to the summer monsoon, but also to rain-
fall and terrestrial nutrient inputs. Indeed, precipitation in
the northern SCS was highly seasonal, with up to 70 % con-
centrated between June and September (Fig. 10e; Zhang et
al., 2019). Summer precipitation can bring terrestrial organic
matter from land into the ocean, resulting in the increased
POC fluxes. This organic matter can also serve as a nutrient
supply, contributing to the marine primary productivity, thus
increasing zooplankton biomass and FPC fluxes (Fig. 10b;
Meyers, 1997; Vizzini et al., 2005). In addition, the no-
tably high FPC fluxes at 500 and 1970 m were observed in
May 2021 and May 2022, respectively (Fig. 10b). Previous
studies have highlighted the annual occurrence of a diatom
bloom peak in southwestern Taiwan waters in April (Chen
et al., 2016). This may have led to a clear increase in zoo-
plankton biomass, which produced a large number of fecal
pellets. These fecal pellets from southwestern Taiwan are
likely transported to the northern SCS by deep-sea currents,
which coincided with the previously reported high FPC flux
recorded in May 2014 (Gao et al., 2020). In summary, the
POC and the FPC fluxes in the northern SCS exhibited clear
seasonal variations, which were primarily controlled by the
East Asian monsoon system and seasonal precipitation.

Biogeosciences, 20, 5109–5123, 2023 https://doi.org/10.5194/bg-20-5109-2023



H. Wang et al.: Sinking fate and carbon export of zooplankton fecal pellets 5117

4.2 Role of zooplankton repackaging in fecal pellet
export

Assemblage of different types and sizes of fecal pellets var-
ied with depth, providing an indication of the repackaging
by deep-sea-dwelling zooplankton in the water column (Wil-
son et al., 2008). To better understand the FPC export to the
deep sea, the biovolume of fecal pellets was converted into
carbon content in the following discussion. Admittedly, us-
ing the same carbon conversion factor for the whole year and
for all fecal pellet shapes and zooplankton producers could
lead to uncertainty. Despite this uncertainty, our data still
provide adequate information on FPC flux and its contribu-
tion to total POC flux in the northern SCS. Cylindrical pellets
had the highest carbon content (on average 0.07 µg C per pel-
let), which was up to 10 times higher than other pellet types
(Fig. 11b). The maximum carbon content of cylindrical pel-
lets at 1970 m was 10.62 µ g C per pellet, which was 2.5 times
higher than the maximum value recorded at 500 m (4.26 µg C
per pellet). The average carbon content of ellipsoidal pellets
increased from 0.01 µg C per pellet at 500 m to 0.02 µg C per
pellet at 1970 m (Fig. 11a). Spherical pellets were the small-
est, and they also had higher carbon contents at 1970 than at
500 m (Fig. 11c). These larger pellets may result in a 2-fold
increase in the FPC flux at 1970 m (Table 1, Fig. 10b), which
might come from the in situ production of fecal pellets by
deep-sea-dwelling zooplankton communities. According to
the literature, ellipsoidal pellets could be attributed to cope-
pods, pteropods, Appendicularia, and larvae (González et al.,
1994, 2004; Wilson et al., 2008; Wexels Riser et al., 2010;
Gleiber et al., 2012). Cylindrical pellets are produced by
copepods and euphausiids, and spherical pellets are produced
by amphipods, ostracods, and small copepods (Beaumont et
al., 2002; Wexels Riser et al., 2007; Phillips et al., 2009;
Köster et al., 2011). The origin of amorphous fecal pellets
is still under debate, as they could be produced by chaetog-
naths (Wilson et al., 2008) or result from the fragmentation
of other-shaped intact fecal pellets (Svensen et al., 2012). In
the northern SCS, copepods are the dominant group, with
some species (Chiridius poppei, Heterorhabdus abyssalis,
Scolecithricella valens, and Calanoides carinatus) occurring
only between 450 and 1000 m depth (Gong et al., 2017; Li
et al., 2021). Larger individuals are mainly distributed in the
deeper layers and produce larger fecal pellets (Paffenhöfer
and Knowles, 1979; Li et al., 2021). This phenomenon of
increased deep-sea fecal pellet flux due to mesopelagic and
bathypelagic zooplankton is a common occurrence (Fowler
et al., 1991; Wassmann et al., 2000; Belcher et al., 2017).
Although zooplankton distribution is primarily concentrated
within the epipelagic zone (0–200 m), the total zooplankton
abundance in the mesopelagic zones may still be substan-
tial due to the large depth extent of these layers (Gong et
al., 2017). Therefore, it is likely that a large amount of fecal
pellet production still occurs in the mesopelagic and bathy-
pelagic zones to increase the export of fecal pellets to the

Figure 11. Carbon content of four types of fecal pellets at water
depths of 500 and 1970 m at the time-series sediment trap mooring
TJ-A1B in the northern SCS. (a) Ellipsoidal pellet, (b) cylindrical
pellet, (c) spherical pellet, (d) amorphous pellet.

deep sea, and these fecal pellets are characterized by strong
cycling within the water column.

In addition to the influence of mesopelagic and bathy-
pelagic zooplankton, lateral input by deep-sea currents may
also be a significant factor in the increasing export of fecal
pellets to the deep sea. Analysis of the internal composition
of fecal pellets identified the presence of terrigenous min-
erals like quartz and clay minerals, with an elemental com-
position characterized primarily by O, Si, C, Ca, Al, and K
(Figs. 4, 5). The weak correlation between the FPC flux and
the POC flux at 1970 m (Fig. 8) also suggested that POC ex-
port in the deep northern SCS was influenced by multiple
factors, including the input from Taiwan rivers (Blattmann
et al., 2018, 2019). Previous studies have demonstrated an
increasing deep-sea POC flux in the northern SCS due to lat-
erally transported terrestrial organic carbon (Blattmann et al.,
2018, 2019; Zhang et al., 2022). Therefore, the significant in-
crease in the POC flux and the FPC flux in deeper layers may
be a result of lateral input via deep-sea currents along the
continental slope. This phenomenon has also been observed
in the Panama Basin, where Pilskaln and Honjo (1987) re-
ported an increase in the FPC flux from 0.09 mg C m−2 d−1

at 1268 m to 1.50 mg C m−2 d−1 at 3769 m. They identified
deep-sea currents as a possible driver of the increase in the
FPC flux. In summary, lateral transport of deep-sea currents
is also likely to lead to increased fluxes of deep fecal pellets.

Conversely, the biovolume and carbon flux of amorphous
pellets were significantly reduced at 1970 m compared to
the 500 m (Table 1). The average carbon content of amor-
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phous pellets also showed a decrease from 0.02 µg C per pel-
let at 500 m to 0.01 µg C per pellet at 1970 m (Fig. 11d), in-
dicating the fragmentation of fecal pellets during the sink-
ing process. Previous studies have shown that certain cope-
pod species have distinct feeding behaviors on fecal pel-
lets (Noji et al., 1991). For instance, the species Oithona
similis is known to frequently engage in coprorhexy or co-
prochaly (González and Smetacek, 1994). This highly adapt-
able species is widespread throughout the northern SCS in
all water layers (Gong et al., 2017) and may play a critical
role in fecal pellet fragmentation. In the eastern Fram Strait,
higher copepod FPC fluxes were detected in the upper wa-
ter column compared to the lower water column, indicating
the effects of re-feeding and decomposition (Lalande et al.,
2016). Similarly, studies conducted at station K2 also pro-
vided evidence of fecal pellet fragmentation by repackaging
of mesopelagic sinking debris (Wilson et al., 2008). These
phenomena further support the idea that deep-sea-dwelling
zooplankton may play a significant role in the repackag-
ing of fecal pellets. Additionally, increased current activity
may also lead to fragmentation of fecal pellets. As shown in
Fig. 12, the amorphous FPC flux showed a trend of winter
peak and summer sub-peak, with the highest value occurring
in May 2021. However, the temporal variation in amorphous
pellet proportion to the total FPC flux did not show consis-
tency with the amorphous FPC flux (Fig. 12b). Notably, as
current velocity increased, the proportion of amorphous pel-
lets to the total FPC flux was significantly higher (∼ 40 %),
meaning that these pellets exhibited a higher degree of frag-
mentation (Fig. 12b, c). Therefore, the fragmentation of fe-
cal pellets in the northern SCS shows the joint effect of zoo-
plankton reworking and hydrodynamic changes.

4.3 Sinking fate of zooplankton fecal pellets

In the northern SCS, various mechanisms affect the car-
bon export of zooplankton fecal pellets (Fig. 13). In the
epipelagic zone, zooplankton consume phytoplankton and
egest sinking fecal pellets. Phytoplankton cells, zooplank-
ton moults, and fecal pellets together form larger aggregates.
High FPC fluxes are observed during the northeast monsoon
period and the summer rainy season. Presence of deep-sea-
dwelling zooplankton communities and lateral inputs from
the slope into the deep basins tend to increase the export
of fecal pellet to the deep sea. However, amorphous pellets
are fragmented during the sinking process, indicating that
surface-produced pellets are likely to be consumed and re-
worked by zooplankton grazing and fragmented by strong
hydrodynamic activity. Also, lateral removal by deep-sea
currents can transport fecal pellets away from the northern
SCS eventually to different basins. The evolving picture re-
garding the sinking fate of fecal pellets is therefore a cou-
pling between the marine primary productivity, repackag-
ing and fragmentation by mesopelagic and bathypelagic zoo-

Figure 12. Correlation between (a) amorphous FPC flux, (b) amor-
phous pellet proportion to the total FPC flux, and (c) seawater veloc-
ity at 100 m at the time-series sediment trap mooring TJ-A1B in the
northern SCS. Yellow shadows display the period with a relatively
high proportion of amorphous pellets to the total FPC flux.

Figure 13. Conceptual graph of the sinking processes regulating the
carbon export of fecal pellets in the northern SCS. Yellow triangles
show the locations of time-series sediment traps to collect fecal pel-
lets in this study.

plankton, lateral input and removal by deep-sea currents, and
hydrodynamically induced fragmentation.

Zooplankton fecal pellets were a minor contributor to POC
flux in the northern SCS. Fecal pellets contributed an average
of 3.4 % (range of 0.3 %–15.8 %) of the POC flux at 500 m
and 1.9 % (range of 0.5 %–5.7 %) of the POC flux at 1970 m.
These results are similar to those from several other olig-
otrophic seas (Urrère and Knauer, 1981; Pilskaln and Honjo,
1987; Wassmann et al., 2000; Wilson et al., 2008; Goldthwait
and Steinberg, 2008; Shatova et al., 2012). The contribution
of fecal pellets to the total annual carbon flux was lower in the
northern SCS compared to the southern SCS, possibly due to
their higher degree of fragmentation and degradation (Li et
al., 2022). After being fragmented, fecal pellets will become
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small fragments and eventually reach to the sea floor. During
the sinking process, they may form larger aggregates with
other materials, or they may continue to be degraded and
become dissolved organic matter. Even though 87 % of the
sinking POC in the northern SCS was from marine biogenic
origin, the majority may have come from phytoplankton cells
such as Prochlorococcus and Synechococcus, zooplankton
moults, zooplankton carcasses, and large aggregates (Zhang
et al., 2019, 2022). Negative correlations between the POC
flux and the fecal pellet contribution were observed, indicat-
ing that during periods of low POC flux, fecal pellets may
play a proportionally larger role in deep-sea carbon export
(Fig. 8). In contrast, during periods of high POC flux, aggre-
gates composed of diatoms, dinoflagellate flocs, fecal pel-
lets, and other debris appeared to be the major contributors
(Fig. 3). Wilson et al. (2013) found that during periods of low
POC flux in the northeast Pacific, fecal pellets also accounted
for a greater proportion of deep-sea POC flux. This negative
correlation between the FPC flux and the POC flux may be a
common characteristic of particulate fluxes in the deep ocean
(Wilson et al., 2013). In the northern SCS, the FPC flux was
relatively low, with a high abundance of amorphous pellets
and significantly low FPC/POC ratios, which may indicate a
low-efficiency BCP with a weak carbon sink effect.

Although the contribution of fecal pellets to the total car-
bon flux in the northern SCS is quantitatively low (0.3 %–
15.8 %), detailed analyses of the spatiotemporal variations
in fecal pellet fluxes can provide significant insights into the
processes controlling fecal pellet production, sinking, and re-
working. Linking fecal pellet fluxes to seasonal and oceano-
graphic dynamics can provide new insights for investigating
the efficiency of BCP in the SCS and greatly enhance our un-
derstanding of the biogeochemical processes that influence
the export of organic carbon to the deep sea. Additional re-
search is needed to determine the presence of fecal pellets at
the sediment–water interface and to further explore the sink-
ing and burial processes of POC in the deep sea, from sinking
particles to sediment cores.

5 Conclusions

Characteristics, internal structure, quantity, and carbon con-
tent of zooplankton fecal pellets were investigated in the
northern SCS to quantify the numerical and carbon fluxes of
fecal pellets and to explore the process of fecal pellet sinking
in the tropical marginal sea. Our conclusions are as follows:

1. Seasonal variations in the FPN and the FPC fluxes
showed distinct peaks from November to April and from
June to August. Strong northeast monsoon and surface
water cooling led to the mixing of the upper water col-
umn, importing nutrients from the subsurface into the
epipelagic layer, stimulating phytoplankton growth, and
increasing FPC flux in winter. Additionally, the FPC

fluxes were also high in summer due to heavy precip-
itation that brought terrestrial nutrients into the sea.

2. Zooplankton fecal pellet fluxes were twice as high at
1970 m than at 500 m. The occurrence of larger ellip-
soidal, cylindrical, and spherical pellets at 1970 m pro-
vided evidence for repackaging and in situ production of
mesopelagic and bathypelagic zooplankton communi-
ties and lateral input by deep-sea currents. Amorphous
pellets were abundant, and their biovolume decreased
by half at 1970 m compared to 500 m, indicating that
these fecal pellets were subject to fragmentation dur-
ing sinking, possibly due to the impacts of zooplankton
grazing and strong current disturbance.

3. The sinking process of fecal pellets is controlled
by a combination of marine primary productivity,
mesopelagic and bathypelagic zooplankton repackag-
ing, and current activities. Although the contribution of
fecal pellets to the deep-sea carbon flux is relatively low
in the northern SCS, fecal pellets still play a variable but
indispensable role in the vertical carbon export.
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