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A B S T R A C T   

The role of TEPs in the carbon cycle remains inadequately understood in oligotrophic tropical oceans. This study 
investigates TEP concentrations, distributions, sinking behavior and fluxes in the oligotrophic South China Sea 
(SCS) and western tropical North Pacific (WTNP). The results suggested that TEPs levels were relatively low [<
60 μg Xeq. L− 1 (μg xanthan gum equivalent per liter)] in both regions, and they were higher in the epipelagic 
layer than in deeper layers. TEP concentrations correlated significantly positively with Chl a and picophyto-
plankton biomass, and TEP-associated carbon contributed significantly to particulate organic carbon (POC) pool 
in the SCS and WTNP. The sinking flux of TEPs constituted a mean of 61% of the total POC flux in the SCS and 
46% in the WTNP, highlighting their important role in carbon export in these areas. Generally, this study should 
provide good insight into the role TEPs play in the carbon cycle in oligotrophic tropical oceans.   

1. Introduction 

Transparent exopolymer particles (TEPs) are organic gel-like and 
polysaccharide-enriched particles (from ~0.4 to >200 μm) with a 
ubiquitous distribution in the ocean (Alldredge et al., 1993; Li et al., 
1998; Passow, 2002a). Phytoplankton, including diatoms, di-
noflagellates, coccolithophores, cyanobacteria and cryptomonads, are 
considered the main TEP producers in the ocean (Passow, 2002a; Nis-
simov et al., 2018; Ortega-Retuerta et al., 2019). The production of TEPs 
by marine phytoplankton is mainly influenced by phytoplankton 
abundance (Passow, 2002a), species composition (Fukao et al., 2012) 
and physiological status (Morelle et al., 2017). Moreover, TEP dynamics 
can be affected by a variety of environmental factors, such as temper-
ature, nutrient availability, cation ions, and turbulence (Pedrotti et al., 
2010; Fukao et al., 2012; Sun et al., 2012; Burns et al., 2019). Several 
other organisms, such as bacteria, zooplankton, and benthic feeders, can 
also produce TEPs in the ocean (Prieto et al., 2001; Shackelford and 
Cowen, 2006; Sugimoto et al., 2007; Heinonen et al., 2007). 

As the density of pure TEPs ranges from 0.70 to 0.84 g cm− 3, which is 
lower than that of seawater (Azetsu-Scott and Passow, 2004), freshly 

produced, particle-free TEPs would show an upward trend in the water 
column in the ocean (Mari et al., 2017). However, TEPs can be easily 
ballasted by other heavier organic and mineral components (e.g., 
phytoplankton cells, clay, calcium carbonate) due to their sticky nature, 
which further generates larger aggregates with high density in the ocean 
(Passow and Alldredge, 1995b; Beauvais et al., 2006; Ploug and Passow, 
2007; Liu et al., 2021a). The ballasted TEPs can then sink down to the 
sea bottom (Koeve, 2005; Martin et al., 2011). As the carbon content of 
TEPs is high (Engel and Passow, 2001), the ability to increase aggregate 
formation and subsequent sinking of TEPs indicate that they should be 
important in the carbon cycle in the ocean (Mari et al., 2017). 

Several studies have found that TEP sinking can be relevant to carbon 
accumulation in the deep ocean, with TEPs accounting for 8–14% of 
particulate organic carbon (POC) flux at 200 m in the subarctic Pacific 
(Ramaiah et al., 2005) and 24–78% of POC fluxes in the 300 m layer in 
the Gulf of Aqaba (Bar-Zeev et al., 2009). In the subpolar North Atlantic, 
25–43% of the TEP-associated particulate carbon at the 100 m depth 
was found to export below 750 m (Martin et al., 2011). Most of these 
studies on TEP sinking have been carried out in high latitude oceanic 
regions, and there has been limited information on TEP sinking behavior 
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and its contribution to carbon export in oligotrophic tropical oceans (Ge 
et al., 2022). Oligotrophic tropical oceans constitute an important part 
of the global ocean and play an important role in the global oceanic 
carbon cycle (Palmer and Totterdell, 2001; Christian et al., 2008). 
Through biological pumps, the oligotrophic tropical ocean can deposit 
atmospheric carbon dioxide to the deep ocean (Moutin et al., 2008), and 
the study of TEP concentrations and their sinking behavior in these re-
gions would be beneficial for predicting the carbon flow in oligotrophic 
tropical oceans. 

The South China Sea (SCS) and western tropical North Pacific 
(WTNP) are two typical oligotrophic tropical oceans. Both N and P in the 
euphotic layer of the SCS are usually below the detectable limits, and 
chlorophyll (Chl) a concentrations are also low (Chen et al., 2011; Xiao 
et al., 2015; Liu et al., 2017). WTNP is also a famous oligotrophic region 
with Chl a concentrations lower than 0.25 μg L− 1 (Messié and Radenac, 
2006; Kodama et al., 2014), and the phytoplankton community struc-
ture in the WTNP is mostly dominated by picophytoplankton (Liu et al., 
2021b; Ma et al., 2021). Until now, there have been few studies on the 
TEP concentration and distribution in the SCS and WTNP (Kodama et al., 
2014; Yamada et al., 2017; Ge et al., 2022), and the knowledge on TEP 
sinking behavior and its contribution to carbon export is still quite 
limited in these areas. In this study, samples were collected in the SCS 
and WTNP during two cruises in 2017 and 2019, and the concentrations 
of TEPs and their controlling factors were studied. The sinking velocity 
of TEPs and their contribution to carbon export were also determined. 
The main goals of this study were to (1) determine the concentrations of 
TEPs in the SCS and WTNP, clarify their distribution patterns and their 
biotic and abiotic drivers and (2) determine their sinking flux and clarify 
the role TEPs play in carbon export in these regions. This study should 
provide useful information for understanding the participation of TEPs 
in the carbon cycle in oligotrophic tropical oceans. 

2. Materials and methods 

2.1. Study area and sampling stations 

Seawater samples were collected in the SCS slope onboard the RV 
‘Nanfeng’ (15 March to 2 April 2017) and in the WTNP onboard the RV 
‘Ke Xue’ (13 November to 10 December 2019) (Fig. 1). Eight stations in 
both the SCS and WTNP were selected to collect seawater samples 
(Table 1). 

2.2. Sampling and analysis 

2.2.1. Environmental parameters 
Water temperature and salinity were determined with a 

conductivity, temperature and depth (CTD, model: SBE 9plus, Seabird) 
sensor. Seawater samples for the measurement of nutrients, Chl a, TEPs 
and other biological parameters were collected with Niskin bottles 
mounted on the CTD, and 5–7 layers from the 5–220 m depth were 
sampled at each station. Samples for POC analysis were collected in each 
layer with CTD at stations L3, L5, L12 and L13 in the SCS and stations E4, 
E6, E19 and E21 in the WTNP. 

Seawater for dissolved inorganic nutrient analysis was collected and 
filtered through a 0.45 μm pore-size cellulose acetate membrane, and 
the filtrates were stored below − 20 ◦C until analysis. In the lab, the 
samples were processed and analyzed with a Technicon AA3 auto-
analyzer (Bran-Lube, GmbH) (Han et al., 2012). The detection limits for 
nutrients were 0.02 μmol L− 1 for NO3

− , 0.02 μmol L− 1 for NO3
− , 0.03 

μmol L− 1 for PO4
3− and 0.05 μmol L− 1 for SiO3

2− . Chl a was determined 
with the fluorimetric method (Welschmeyer, 1994). Seawater samples 
(500 mL) were filtered through 0.7 μm Whatman GF/F filters and then 
extracted in 90% acetone for 24 h in the dark at 4 ◦C until processing in a 
Turner Design fluorometer (Turner Designs Model 10). 

2.2.2. Phytoplankton and heterotrophic prokaryote (HP) analysis 
Seawater samples for phytoplankton analysis were fixed with form-

aldehyde solution (2% final formalin concentration) in polyethylene 
bottles aboard. Upon return to the lab, a 100 mL sample was allowed to 
settle for 24–48 h in sedimentation chambers (Hydrobios, Kiel, Ger-
many), and phytoplankton cells (>2 μm) were then identified and 
enumerated with an inverted microscope (Olympus CKX41) at 200 × or 
400 × magnification (Utermöhl, 1958). The linear dimensions of 
phytoplankton cells were measured, and the cell volume was then 
calculated using geometric models (Hillebrand et al., 1999). At least 
twenty cells were measured for each phytoplankton species for their 
linear dimensions. The cell C content of phytoplankton was calculated 
using the recommended conversion equations of Menden-Deuer and 
Lessard (2000). Samples for picophytoplankton (<2 μm) analysis (4.5 
mL) were fixed with 1% paraformaldehyde plus 0.05% glutaraldehyde 
and then frozen in liquid nitrogen at − 80 ◦C. Upon return to the lab, 
samples were analyzed with a FACS Calibur (Becton and Dickinson) flow 
cytometer. Three groups of picophytoplankton (Synechococcus, Pro-
chlorococcus and picoeukaryotes) were distinguished and enumerated. 
The cell C content of picophytoplankton was calculated using the con-
version factors of Zamanillo et al. (2019a): 175 fg C cell− 1 for Syn-
echococcus, 51 fg C cell− 1 for Prochlorococcus and 1319 fg C cell− 1 for 
picoeukaryotes. It should be noted that uncertainty sources for the 
carbon estimation in this study were biovolume estimates and conver-
sion factors. 

HPs were determined with the same fixing method and instrument 
for picophytoplankton described above. In the lab, samples were thawed 

Fig. 1. Sampling stations in the SCS in 2017 and WTNP in 2019. a: general view of the study area and sampling stations; b: enlarged view of the sampling stations in 
the SCS. 
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and stained with SYBR Green I (Molecular Probes) at a final concen-
tration of 10 μM. Ten microliters per sample of a 105 mL− 1 solution of 
yellow–green 0.92 μm Polysciences latex beads were added as an in-
ternal standard, and the samples were analyzed with a flow cytometer. 
The carbon content of the HPs (HP–C) was calculated using a conversion 
factor of 12.3 fg C cell− 1 (Ducklow, 2000). 

2.2.3. TEP and POC analyses 
TEP concentrations were determined using the classical method of 

Passow and Alldredge (1995a). Triplicate 500 mL seawater samples 
were gently filtered (<150 mmHg) through 0.4 μm pore size poly-
carbonate filters (25 mm diameter, Whatman) and then stained with 1 
ml of Alcian Blue solution (8 GX; Sigma–Aldrich) in 0.06% v/v acetic 
acid (pH 2.5). The filters were rinsed with 2 mL of Milli-Q water, and 
then the Alcian Blue-stained material in the filters was extracted with 6 
mL of 80% sulfuric acid for 3 h. The absorbance of the extracted material 
was measured spectrophotometrically at 787 nm using a Varian Cary 
spectrophotometer (Metash, Shanghai, China). For the measurement of 
filter blanks, empty filters stained with Alcian Blue were also prepared 
with every batch of samples. For TEP concentration calculation, the 
mean filter blank value was first subtracted from the absorbance for the 
seawater samples, and the TEP concentration was then calculated by a 
standard curve prepared with xanthan gum according to Passow and 
Alldredge (1995a). TEP concentrations were expressed in micrograms of 
μg xanthan gum equivalent per liter (μg Xeq. L− 1). The detection limit of 
the technique was 5 μg Xeq. L− 1, and the standard deviation in replicate 
samples was <20%. The carbon associated with the TEPs (TEP-C) was 
calculated using a conversion factor of 0.51 μg C μg Xeq. L− 1 (Engel and 
Passow, 2001). 

POC was determined by filtering 6 L of seawater on precombusted 
GF/F glass fiber filters (0.7 μm pore size, 4 h, 450 ◦C). The filters were 
then stored frozen (− 20 ◦C) until analysis. Prior to analysis, the filters 
were dried at 60 ◦C for 24 h and then placed in an HCl-saturated at-
mosphere to remove inorganic carbon. Finally, the filters were dried 
again and analyzed in a C:H:N autoanalyzer by high temperature 
(900 ◦C) combustion (Perkin-Elmer 240). 

2.2.4. TEP sinking velocity and sinking flux 
To clarify the sinking behavior of TEP excluding the effect of 

seawater turbulence, the sinking velocities of TEPs were determined at 
stations L3, L5, L12, and L13 in the SCS and E4, E6, E19, and E21 in the 
WTNP with the settling column (SETCOL) method (Bienfang, 1981), 
which has been used in other studies (Azetsu-Scott and Passow, 2004; 
Mari, 2008; Guo et al., 2021). For analysis, a Plexiglass column (height 
= 1 m, volume = 7.85 L) was filled completely with a homogeneous 
seawater sample immediately after sampling, and it was allowed to 

settle undisturbed for 2–3 h. Finally, the seawater in the upper, middle, 
and bottom compartments of the column was successively drained via 
taps in the column wall. TEP concentration in all three compartments 
was measured before and after settlement, and the sinking velocity of 
TEPs was calculated according to the formula:  

V = (Bs/Bt) × L/t,                                                                       (Eq.1) 

where V = sinking velocity; Bs = TEP amount settled into the bottom 
compartment of the column; Bt = total TEPs amount in the column; L =
length of the column; and t = settling interval. Sinking velocities were 
determined at the surface (5 m), deep Chl a maximum (DCM) layer and 
200 m layer, and triplicate plexiglass columns were set at each layer. 

A sediment trap was deployed during the daytime in the 200 m layer 
for approximately 12–24 h at stations L3, L5 and L12 in the SCS and 
stations E4, E6, E19 and E21 in the WTNP. The trap was hung with a 
crane of the vessel, and a 30 kg lead fish was hung bottom to ensure the 
vertical stability of the trap. The trap was composed of two-plexiglass 
cylinders (height: diameter = 80 cm: 10 cm). The trap mouths were 
covered with honeycomb baffles. On recovery, buffered formaldehyde 
(5% final concentration) was added to each cup, and then the sample 
from each cup was split using a rotary splitter for analysis of TEP and 
POC. After returning to the lab, two aliquots (700 ml) of each cup were 
filtered with a glass fiber filter (Whatman GF/F) for analysis of POC, and 
two aliquots (300 ml) were filtered with 0.4 μm pore size polycarbonate 
filters (25 mm diameter, Whatman) for analysis of TEP. From the TEP 
and POC concentrations determined in the trap, TEP and POC sinking 
fluxes (mg C m− 2 d− 1) were estimated by considering the sample volume 
in the trap, surface area of the trap, and duration of trap exposition 
(Vicente et al., 2009). 

2.3. Data analysis 

Pearson correlation analysis was used to analyze the relationship 
between TEP concentrations and various environmental parameters 
using SPSS 14.0 software. A t-test was used to verify the significant 
differences between two groups of data, and the significance level was 
set at p < 0.05. 

3. Results 

3.1. Hydrological conditions 

In the SCS, sea surface temperatures ranged from 24.61 ◦C to 
26.38 ◦C, and sea surface salinity ranged from 33.33 to 34.70. Thermal 
stratification was observed in this area (Fig. 2a and b). Nitrate was 

Table 1 
Physical and chemical properties of the surface layers of the sampling stations in the SCS and WTNP. PSU, practical salinity unit; –, under detection limit.   

St. Longitude 
(E) 

Latitude 
(N) 

Bottom 
depth(m) 

Temperature 
(◦C) 

Salinity 
(PSU) 

NO3
− (μmol 

L− 1) 
NO2

− (μmol 
L− 1) 

PO4
3− (μmol 

L− 1) 
SiO3

2− (μmol 
L− 1) 

Chl a 
(μg 
L− 1) 

TEP(μg 
Xeq. 
L− 1) 

SCS L3 114◦46′08′′ 19◦22′47′′ 1280 26.38 33.33 0.02 – 0.01 2.24 0.11 41 
L4 115◦07′21′′ 18◦55′02′′ 2800 25.43 34.02 – 0.01 0.01 2.25 0.01 25 
L5 115◦36′11′′ 19◦10′03′′ 2700 25.27 34.64 0.02 – 0.03 1.82 0.01 21 
L6 115◦19′55′′ 19◦37′32′′ 2033 24.61 34.63 – – 0.04 1.83 0.01 33 
L11 115◦52′22′′ 19◦50′51′′ 1514 24.73 34.70 0.06 0.01 0.01 1.62 0.09 30 
L12 116◦10′56′′ 19◦23′42′′ 1969 25.13 34.70 – 0.01 0.01 1.69 0.11 30 
L13 116◦44′50′′ 19◦39′46′′ 2017 24.71 34.66 0.02 – 0.02 1.72 0.10 26 
L14 116◦23′10′′ 20◦06′10′′ 993 25.01 34.48 0.03 – 0.02 2.01 0.10 36 

WTNP E4 142◦00′00′′ 2◦00′00′′ 2559 29.36 34.21 0.27 0.05 0.26 0.69 0.08 35 
E5 142◦00′00′′ 3◦00′00′′ 2352 29.23 34.30 0.16 0.03 0.78 3.03 0.07 29 
E6 142◦00′00′′ 4◦00′00′′ 2453 29.56 34.07 0.06 0.04 0.18 0.73 0.05 22 
E7 142◦00′00′′ 5◦00′00′′ 2618 29.26 34.06 0.85 0.07 0.16 1.34 0.12 32 
E19 141◦00′00′′ 17◦00′00′′ 4782 28.63 34.50 0.06 0.03 0.11 1.16 0.07 21 
E20 141◦00′00′′ 18◦00′00′′ 4710 28.48 34.44 0.02 0.03 0.15 1.25 0.05 21 
E21 141◦00′00′′ 19◦00′00′′ 4645 28.62 34.30 0.09 0.05 0.14 1.44 0.06 26 
E22 141◦00′00′′ 20◦00′00′′ 4608 28.63 34.31 0.06 0.04 0.14 1.28 0.06 28  
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generally depleted in the upper 120 m layers, and the concentration 
obviously increased with increasing depth (Fig. 2e and f). The surface 
Chl a concentration ranged from 0.01 μg L− 1 to 0.11 μg L− 1 (mean =
0.07 ± 0.04 μg L− 1). The DCM layer was observed from the 75 m–120 m 
layer at the sampling stations (Fig. 2g and h), with Chl a concentrations 
ranging from 0.09 μg L− 1 to 1.13 μg L− 1 (mean = 0.62 ± 0.29 μg L− 1). In 
the WTNP, strong column stratification was also observed at all sam-
pling stations (Fig. 3a and b). Sea surface temperatures ranged from 
28.48 ◦C to 29.56 ◦C, and sea surface salinity ranged from 34.06 to 
34.50. Similar to the SCS, the WTNP was characterized by quite low 
nitrate concentrations in the epipelagic layer (Fig. 3e and f). The mean 
sea surface Chl a concentration was 0.06 ± 0.02 μg L− 1, and DCM was 
observed from the 50–120 m layer (Fig. 3g and h), with Chl a concen-
trations ranging from 0.10–0.44 μg L− 1 (mean = 0.23 ± 0.10 μg L− 1). In 
both regions, nutrient concentrations in the surface mixed layer and 
DCM layer were lower than those in the deeper layer, while Chl a con-
centrations were higher in the surface mixed layer and DCM layer 
(Table 2). 

3.2. TEP concentrations and TEP-C 

TEP concentrations varied between 14 and 47 μg Xeq. L− 1 (mean =
30 ± 8 μg Xeq. L− 1) in the SCS and 12 and 54 μg Xeq. L− 1 (mean = 34 ±
10 μg Xeq. L− 1) in the WTNP (Fig. 4). The TEP concentration had a 
maximum value between the 50 and 85 m layer and a minimum value 
between the 180 and 220 m layer in the SCS (Fig. 4a and b). In the 
WTNP, the maximum TEP concentration was observed between the 50 
and 120 m layers (Fig. 4c and d). Generally, TEP concentrations in the 
upper 120 m layer were significantly higher than those in the deeper 
layer in the SCS (n = 48, t-test, p < 0.05) and WTNP (n = 53, t-test, p <

0.05) (Fig. 4). TEPs correlated significantly and positively with tem-
perature, Chl a and picophytoplankton biomass and significantly and 
negatively with NO3

− , PO4
3− and SiO3

2− concentrations (Table 3). No 
significant correlation was observed between TEP and HP. The in-
ventories of TEP and Chl a in the upper 220 m of each station were also 
calculated, and the ratio of TEP to Chl a ranged from 52 to 410 μg Xeq. 
μg Chl a− 1 (mean = 157 ± 101 μg Xeq. μg Chl a− 1) in the SCS and 
244–584 μg Xeq. μg Chl a− 1 (mean = 372 ± 99 μg Xeq. μg Chl a− 1) in the 
WTNP. 

TEP-C ranged from 7 to 24 μg C L− 1 (mean = 16 ± 4 μg C L− 1) in the 
SCS and 6–28 μg C L− 1 (mean = 15 ± 4 μg C L− 1) in the WTNP, and it 
constituted 32%–173% (mean = 75 ± 37%) of the total POC in the SCS 
and 45%–114% (mean = 61 ± 40%) of the POC in the WTNP. In both 
regions, TEP-C contributed the most to the POC pool, followed by phyto- 
C (35 ± 21% in the SCS and 41 ± 27% in the WTNP), and HP-C 
contributed the least (15 ± 6% in the SCS and 25 ± 14% in the 
WTNP) (Fig. 5). 

3.3. SETCOL-determined sinking velocities and sinking fluxes of TEPs 

The sinking velocities of TEPs determined with the SETCOL method 
ranged from 0.11 to 0.93 m d− 1 (mean = 0.49 ± 0.24 m d− 1) in the SCS 
and 0.09–0.63 m d− 1 (mean = 0.36 ± 0.16 m d− 1) in the WTNP. 
Generally, SETCOL-determined sinking velocities of TEPs were signifi-
cantly higher in the DCM layer than in the surface and 200 m layers (t- 
test, p < 0.05) (Fig. 6). The sinking flux of TEPs averaged 13 mg C m− 2 

d− 1 in the SCS and 12 mg C m− 2 d− 1 in the WTNP (Fig. 7). Overall, 
sinking TEPs constituted a mean of 61% and 46% of the total POC 
sinking flux in the SCS and WTNP, respectively. 

Fig. 2. Sectional distributions of temperature (◦C) (a, b), salinity (psu) (c, d), nitrate (μmol L− 1) (e, f) and Chl a (μg L− 1) (g, h) in the SCS.  
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4. Discussion 

4.1. Comparison of TEP concentrations in this study with other studies 

Compared to eutrophic coastal waters, studies on TEP concentrations 
in oligotrophic oceans are limited, with several reports in the North 
Atlantic Ocean (Engel, 2004; Jennings et al., 2017), South Atlantic 
Ocean (Zamanillo et al., 2019a), northern South China Sea (Ge et al., 
2022), North Pacific Ocean (Kodama et al., 2014; Yamada et al., 2017) 
and Eastern Indian Ocean (Guo et al., 2021) (Table 4). TEP concentra-
tions ranged from 12 to 54 μg Xeq. L− 1 in this study, which were lower 
than those reported in a coastal frontal zone of the northern SCS 
(35–161 μg Xeq. L− 1, Li et al., 2021) and the Pearl River estuary 
(89–1727 μg Xeq. L− 1, Sun et al., 2012), but were quite similar to pre-
vious reports in the North Pacific (18–69 μg Xeq. L− 1, Kodama et al., 
2014; 5–40 μg Xeq. L− 1, Yamada et al., 2017) and the Eastern Indian 
Ocean (18–69 μg Xeq. L− 1, Guo et al., 2021). Coastal seas are directly 

influenced by river nutrient inputs, leading to high phytoplankton 
growth rates and biomass there, which would result in higher TEP levels 
there (Guo and Sun, 2019). 

For a better comparison among different oceanic ecosystems, the 
ratio between the TEP and Chl a inventories in the upper 220 m was also 
examined. The ratio of TEP: Chl a inventories in the upper 220 m 
averaged 157 ± 101 μg Xeq. μg Chl a− 1 in the SCS and 372 ± 99 μg Xeq. 
μg Chl a− 1 in the WTNP in this study, which were higher than those 
reported in several coastal seas, such as the Ross Sea (85 μg Xeq. μg Chl 
a− 1, Engel, 2004) and Bransfield Strait, Antarctica (51 μg Xeq. μg Chl 
a− 1, Corzo et al., 2005). The relatively high TEP: Chl a ratio in the SCS 
and WTNP was possibly due to nutrient scarcity there. Several studies 
have found that the production of phytoplankton extracellular carbo-
hydrates is higher under nutrient stress (Obernosterer and Herndl, 1995; 
Underwood et al., 2004). When irradiance is not limiting, insufficient 
inorganic nutrients may limit phytoplankton biomass but not photo-
synthesis, and the surplus carbon produced by phytoplankton cells 

Fig. 3. Sectional distributions of temperature (◦C) (a, b), salinity (psu) (c, d), nitrate (μmol L− 1) (e, f) and Chl a (μg L− 1) (g, h) in the WTNP.  

Table 2 
Environmental parameters and TEP concentrations (mean values ± standard deviation) in the surface mixed layer, DCM layer and lower layers (layers deeper than 
DCM) in the SCS and WTNP.  

Region Layer Temperature (◦C) Salinity (psu) NO3
− (μmol L− 1) PO4

3− (μmol L− 1) SiO3
2− (μmol L− 1) Chl a (μg L− 1) TEP (μg Xeq. L− 1) 

SCS Surface mixed layer 24.56 ± 0.73 34.50 ± 0.38 0.04 ± 0.11 – 1.85 ± 0.31 0.13 ± 0.11 34 ± 7 
DCM 23.07 ± 1.40 34.74 ± 0.05 2.14 ± 3.19 0.13 ± 0.15 3.47 ± 2.82 0.62 ± 0.29 32 ± 4 
Lower layer 20.56 ± 3.08 34.73 ± 0.07 5.21 ± 4.73 0.35 ± 0.31 7.09 ± 6.13 0.13 ± 0.13 23 ± 7 

WTNP Surface mixed layer 28.77 ± 0.42 34.38 ± 0.17 0.10 ± 0.16 0.17 ± 0.13 1.21 ± 0.60 0.09 ± 0.05 33 ± 6 
DCM 27.19 ± 1.20 34.72 ± 0.24 0.26 ± 0.21 0.15 ± 0.04 1.15 ± 0.37 0.23 ± 0.10 47 ± 4 
Lower layer 21.66 ± 4.24 34.92 ± 0.21 2.20 ± 2.20 0.31 ± 0.18 2.93 ± 3.00 0.06 ± 0.05 30 ± 10 

–: under detection limit. 
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would be exuded as extracellular carbohydrates, accelerating the for-
mation of TEPs in seawater (Pedrotti et al., 2010). Furthermore, bacte-
rial metabolism is slowed down under limited inorganic nutrient 
concentrations (Obernosterer and Herndl, 1995), and TEPs produced by 
phytoplankton may not be efficiently utilized by heterotrophic bacteria 
under these conditions, further resulting in high TEP: Chl a ratios in the 
study area. 

4.2. Main drivers of TEP concentrations and distribution 

To better understand the distribution of TEPs in the ocean, it is 
important to clarify their relationship with various environmental 
modulators. In this study, significant positive correlations were 
observed between TEP and Chl a in both regions (Table 3), suggesting 
that phytoplankton should be important TEP producers in the study 
area. The phytoplankton community structure in the SCS and WTNP was 
mostly dominated by picophytoplankton (Chen et al., 2011; Liu et al., 
2017; Dai et al., 2020). Several studies have reported the ability of 

picophytoplankton to produce TEPs: Deng et al. (2016) found that 
Synechococcus could produce TEPs in a laboratory study; Iuculano et al. 
(2017) determined the production rates of TEPs by Prochlorococcus cells 
collected from the Atlantic and Pacific Oceans. A significant positive 
correlation was observed between TEPs and picophytoplankton biomass 
in both regions (Table 3), supporting the importance of picophyto-
plankton as an important TEP producer in oligotrophic tropical oceans. 
No significant correlation was observed between TEPs and HPs in this 
study (Table 3). Several previous studies have reported a significant 
positive correlation between these two variables (Corzo et al., 2005; 
Ortega-Retuerta et al., 2009, 2010; Dehwah et al., 2020), while others 
have not (Bhaskar and Bhosle, 2006; Zamanillo et al., 2019a). The effect 
of HPs on TEP distribution is complex in the ocean. On the one hand, 
they can stimulate the release of TEP precursors by phytoplankton cells 
and themselves could also release significant amounts of TEP precursors 
as capsular material (Passow, 2002a, b; Ortega-Retuerta et al., 2010, 
2019). On the other hand, TEPs can be efficiently utilized by 
particle-attached bacteria relative to other components of POC (Zäncker 

Fig. 4. Sectional distributions of TEP concentrations (μg Xeq. L− 1) in the SCS (a, b) and WTNP (c, d).  

Table 3 
Pearson’s correlation coefficients and 2-tailed significance matrix for TEPs and physical, chemical and biological parameters in the SCS and WTNP. T: temperature; HP: 
heterotrophic prokaryote abundance.  

Cruise T NO3
− PO4

3- SiO3
2- Chl a Phyto-C (>2 μm) Phyto-C (≤2 μm) HP 

SCS R(p, 2-tailed) 0.59b − 0.57b − 0.57b − 0.52b 0.22a − 0.67 0.35a 0.72 
0.00 0.00 0.00 0.00 0.04 0.49 0.03 0.29 

N 48 48 48 48 48 38 38 30 
WTNP R (p, 2-tailed) 0.47b − 0.37b − 0.34a − 0.33a 0.73b 0.27 0.78b 0.11 

0.00 0.01 0.01 0.01 0.00 0.17 0.00 0.34 
N 56 56 56 56 56 41 41 35  

a Correlation is significant at the 0.05 level (2-tailed). 
b Correlation is significant at the 0.01 level (2-tailed). 

Fig. 5. Relative contributions of TEP-C, Phyto-C and HP-C to the total POC pool in the SCS (a) and WTNP (b).  
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et al., 2019; Ge et al., 2022). Therefore, all these processes with different 
magnitudes and timescales would occur simultaneously in the envi-
ronment, leading to the lack of consistency in the relationships between 
TEPs and HPs in this study, which highlights the complexity of the 
TEP-HP relationship in the ocean. Maximum values of TEPs concentra-
tions were located between the surface and the DCM layer (Fig. 4), and 
TEP concentrations in the epipelagic layer were obviously higher than 
those in the deeper layer in both the SCS and WTNP (Fig. 4). Several 
studies in the oligotrophic open ocean have found similar distribution 
patterns (Ortega-Retuerta et al., 2017, 2019; Guo et al., 2021), and these 

observations establish that the accumulation of TEPs in the epipelagic 
layer is very common in the open ocean. 

TEP concentrations correlated significantly positively with temper-
ature in the SCS and WTNP in this study (Table 3). Several studies have 
examined the effects of temperature on TEP production by phyto-
plankton cells (Claquin et al., 2008; Fukao et al., 2012; Chen et al., 
2021). Claquin et al. (2008) observed accelerated TEP production of 
several diatom species with increasing temperature in the range of 
5–35 ◦C. Fukao et al. (2012) found that temperature could influence TEP 
production in Coscinodiscus granii cells by affecting their photosynthetic 

Fig. 6. The mean of sinking velocities of TEPs (m d− 1) in the surface, DCM and 200 m layer in the SCS (a) and WTNP (b). The error bar represents the stan-
dard devision. 

Fig. 7. Sinking flux of TEPs and POC in the SCS (a) and WTNP (b). The error bar represents the standard deviation.  

Table 4 
Comparison of TEP concentrations in this study with those in other studies in the oligotrophic ocean. nd: no data.  

Location Depth (m) TEP range (μg Xeq. L− 1) TEP mean ± SD (μg Xeq. 
L− 1) 

Chl a (μg L− 1) Reference 

Northeast Atlantic Ocean 0–50 10–120 29 ± 10 0–1.2 Engel, 2004 
Mediterranean Sea 0–200 4–95 21 0–1.78 Ortega-Retuerta et al. (2010) 
tropical North Pacific 5–300 18–69 42 ± 9 0–0.3 Kodama et al. (2014) 
Sargasso Sea 0–100 21–57 nd nd Cisternas-Novoa et al., 2016 
Equatorial Pacific Ocean 3 nd 24 ± 2 0–0.31 Iuculano et al. (2017) 
NW Mediterranean Sea 4–200 5–55 19 ± 11 0.10–0.65 Ortega-Retuerta et al. (2017) 
Pacific Ocean 0–200 5–40 25 ± 7 0–1.4 Yamada et al. (2017) 
Mediterranean Sea and the North Eastern Atlantic 

Ocean 
0–200 5–82 31 0–0.92 Ortega-Retuerta et al. (2019) 

Atlantic Ocean 4 18–132 60 ± 27 0.2–0.41 Zamanillo et al. (2019a) 
Eastern Indian Ocean 0–200 5–46 20 ± 6 0.23 ± 0.20 Guo et al. (2021) 
Northern South China Sea 0–3700 0–79 nd 0–1.2 Ge et al. (2022) 
South China Sea 0–220 14–47 30 ± 8 0–1.13 This study 
Western tropical North Pacific 0–220 12–54 34 ± 10 0–0.44 This study  
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activity. Chen et al. (2021) found that a temperature increase would 
promote TEPs formation by the diatom species Skeletonema marinoi and 
Thalassiosira weissflogii. The effect of temperature on TEP production in 
phytoplankton cells might be related to their carbohydrate allocation. 
The enzyme activity related to TEP production mechanisms of phyto-
plankton cells would be elevated as temperature increases, leading to 
increased excretion of phytoplankton extracellular carbohydrates, 
which are precursors of TEPs in the ocean (Zlotnik and Dubinsky, 1989; 
Wolfstein and Stal, 2002). It should be noted that most previous studies 
on the effect of temperature on TEP production were carried out in the 
laboratory, where temperature is the sole variable with other environ-
mental parameters (e.g., nutrients, light) being stable (Claquin et al., 
2008; Fukao et al., 2012; Chen et al., 2021), and this was quite different 
from the conditions in the field. Whether higher seawater temperatures 
could accelerate TEP production in oligotrophic tropical oceans deserves 
further study. 

4.3. TEP-C contributed significantly to the POC pool and POC sinking 
flux 

As TEPs are a constituent of the POC pool, expressing their concen-
trations in terms of carbon is important for determining the role of TEPs 
in organic carbon cycling in the ocean. TEP-C ranged from 7 to 24 μg C 
L− 1 in the SCS and 6–28 μg C L− 1 in the WTNP in this study, falling 
within the lower range of previously reported TEP-C values (2–800 μg C 
L− 1) from different oceanic environments (Engel and Passow, 2001). 
The percentage of POC attributed to TEPs averaged 75% in the SCS and 
61% in the WTNP, which were higher than the TEP-C%POC values in the 
Atlantic Ocean (18%, Engel, 2004; 12%, Harlay et al., 2009) and the 
West Coast of India (6.88%, Bhaskar and Bhosle, 2006), lower than 
those in the Arctic Ocean (134%, Yamada et al., 2015; 160%, Yamada 
et al., 2017), and similar to those in the Eastern Mediterranean Sea 
(60–100%, Bar-Zeev et al., 2011). When compared with phytoplankton 
and HPs, TEPs contributed more to the POC pool in this study (Fig. 5), 
which was consistent with the study of Zamanillo et al. (2019a) in the 
open Atlantic Ocean. In several eutrophic systems, however, phyto-
plankton were reported to constitute the largest part of POC (Bhaskar 
and Bhosle, 2006; Ortega-Retuerta et al., 2009; Annane et al., 2015) 
when compared with TEPs and HPs. The high TEP-C%POC values in this 
study were mostly related to nutrient limitation in the SCS and WTNP, 
which would favor TEP production by phytoplankton cells and limit TEP 
consumption by HP (Iuculano et al., 2017). Generally, the results of this 
study suggest that TEPs and phytoplankton cells could constitute a 
majority of the POC pool in the SCS and WTNP. 

To date, several studies have reported sinking velocities of TEPs in 
the lab. Azetsu-Scott and Passow (2004) determined the sinking veloc-
ities of freshly produced, particle-free TEPs and found that particle-free 
TEPs ascended with an average velocity of 0.14 m d− 1. Mari (2008) 
studied the effect of seawater acidification on the sinking behavior of 
TEPs and reported that TEP sinking velocities averaged 0.49 ± 0.37 m 
d− 1. Guo et al. (2021) determined sinking velocities of TEPs in the 
Eastern Indian Ocean with the SETCOL method, with sinking velocities 
ranging from − 0.3 to 1.9 m d− 1. The 0.09–0.93 m d− 1 range of TEP 
sinking velocities determined with the SETCOL method in this study was 
consistent with those of previous studies (Mari, 2008; Guo et al., 2021). 
It should be noted that the sinking velocities of TEP determined with the 
SETCOL method only represent the settling behavior of TEPs in the 
absence of turbulence. In the natural marine environment, the sinking 
velocities of TEPs should be the sum effect of their intrinsic sinking 
behavior and the turbulence of seawater. Nevertheless, the 
SETCOL-determined sinking velocity of TEPs in this study proves that 
TEPs have a potential to sink down when excluding the effect of 
seawater turbulence. The SETCOL-determined sinking velocities of TEPs 
were higher in the DCM layer than in the surface and 200 m layers in 
both regions (Fig. 6). According to coagulation theory, the aggregation 
of particles in the ocean is controlled by their concentrations and 

collision rates (Prieto et al., 2002; Burd and Jackson, 2009). In the DCM 
layer, high phytoplankton biomass would promote the collision rate 
between TEPs and phytoplankton cells, further accelerating the sinking 
of TEPs via the formation of fast-sinking TEP-phytoplankton aggregates 
(Vicente et al., 2009; Mari et al., 2017). 

As the molar C: N ratios of TEPs (C: N = ~26) were above the 
Redfield ratio (C: N = 6.6:1) (Engel and Passow, 2001), sedimentation of 
TEPs could contribute to carbon export in the ocean directly (Martin 
et al., 2011). Therefore, knowledge of the relationship between TEPs 
and POC sinking flux is important for us to study the carbon cycle in the 
ocean. Most studies on the sinking flux of TEPs have been carried out in 
middle- and high-latitude oceans, such as the Santa Barbara Channel 
(Passow et al., 2001), the western subarctic Pacific (Ramaiah et al., 
2005), and the subpolar North Atlantic (Martin et al., 2011), and few 
study has been carried out in oligotrophic tropical oceans (Ge et al., 
2022). This study reported the sinking flux of TEPs in the SCS and 
WTNP, and it averaged 13 ± 2 mg C m− 2 d− 1 in the SCS and 12 ± 4 mg C 
m− 2 d− 1 in the WTNP, which was in accordance with that reported in the 
Santa Barbara Channel (from 7 to 70 mg C m− 2 d− 1, Passow et al., 2001) 
and a Swedish fjord (up to 25 mg C m− 2 d− 1, Waite et al., 2005), lower 
than that in the subarctic Pacific (from 29 to 62 mg C m− 2 d− 1, Ramaiah 
et al., 2005) and the subpolar North Atlantic (up to 120 mg C m− 2 d− 1, 
Martin et al., 2011), and higher than that in the Southern Ocean (≤2.5 
mg C m− 2 d− 1, Ebersbach et al., 2014). The carbon flux of TEPs 
accounted for 61% of the POC flux in the SCS and 46% in the WTNP, 
indicating that sinking TEPs constitute an important portion of POC 
export in these areas. According to increased greenhouse gases and 
aerosols, the oceanic temperature will continue to rise (Sarmiento et al., 
2004), and the area of oligotrophic oceans will expand with the asso-
ciated oceanic stratification in tropical/subtropical areas in the future 
(Bopp et al., 2013). As elevated nutrient stress levels and temperatures 
have been proven to stimulate the carbon overflow of phytoplankton 
cells and TEP production (Pedrotti et al., 2010; Fukao et al., 2012; Chen 
et al., 2021), the export of TEPs in these regions will play an increasingly 
important role in carbon export in the future. 

4.4. Shortcomings of this study 

Due to methodological limitations, the comparison of TEP-C and 
POC should be interpreted with caution in this study. TEP-C was esti-
mated using a conversion factor (0.51 μg C [μg Xeq.]− 1) determined 
mainly by diatom cultures (Engel and Passow, 2001), and this conver-
sion factor has also been used in the western North Atlantic Ocean 
(Jennings et al., 2017; Zamanillo et al., 2019a), the Mediterranean Sea 
(Ortega-Retuerta et al., 2018) and the Southern Ocean (Zamanillo et al., 
2019b). In the SCS and WTNP, the phytoplankton community structure 
was mainly dominated by picophytoplankton (Chen et al., 2011, 2017), 
which was quite different from the phytoplankton groups (mainly di-
atoms) used in the experiments of Engel and Passow (2001). Therefore, 
whether the conversion factor for TEP-C estimation from Engel and 
Passow (2001) should be suitable for application in this study remains 
questionable, and there is a need to define specific TEP-to-carbon con-
version factors for diverse regions with different environmental condi-
tions. In the SCS and WTNP, high TEP-C%POC values exceeding 100% 
were observed (Fig. 5), which was impossible by definition, and this has 
also been observed in other studies (Bar-Zeev et al., 2011; Parinos et al., 
2017; Ortega-Retuerta et al., 2019). If large quantities of small TEPs 
(<0.7 μm) passed through the GF/F filters for POC collection but were 
retained on the polycarbonate filters (0.4 μm) for TEP collection, this 
would result in the overestimation of TEP-C%POC. The export fluxes of 
TEP and POC were determined with short-term sediment traps in this 
study, which were also used by other studies (Kiørboe et al., 1998; Caron 
et al., 2004; Guo et al., 2010). The application of short-term sediment 
traps may bring some source of bias. 
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5. Conclusions 

In conclusion, our study expands the existing knowledge on TEP 
concentrations and distributions in the SCS and WTNP and provides the 
information on the contribution of sinking TEPs to carbon export in 
these areas. TEP concentrations were higher in the epipelagic layer than 
in deeper layers in both regions, which was mostly due to the high 
phytoplankton biomass and nutrient shortage in the epipelagic layer. 
TEPs constituted a large portion of the POC pool in both the SCS and 
WTNP, larger than phytoplankton cells and heterotrophic prokaryotes, 
supporting the important role of TEPs in the carbon cycle in both re-
gions. The SETCOL-determined sinking velocities of TEPs were not 
constant but varied considerably in the euphotic zone, and they were 
higher in the DCM layer than in the surface and 200 m layers. High 
phytoplankton biomass would promote the collision rate between TEPs 
and phytoplankton cells, forming fast-sinking TEP-phytoplankton ag-
gregates, which should be responsible for the high SETCOL-determined 
sinking velocities of TEPs in the DCM layer. The carbon flux of TEPs 
accounted for 61% of the POC flux in the SCS and 46% in the WTNP, 
highlighting the important role of TEPs sinking in carbon export in these 
areas. This underscores the necessity for future studies to clarify the 
contribution of TEPs to organic carbon fluxes in oligotrophic tropical 
oceans, which occupy a large part of the global ocean. 
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Utermöhl, H., 1958. Zur Vervollkommnung der quantitative phytoplankton-Methodik. 
In: Mitteilungen der Internationale Vereinigung für Limnologie, Mitteilungen, 9, 
pp. 1–38. 

Vicente, I.D., Ortega-Retuerta, E., Romera, O., Morales-Baquero, R., Reche, I., 2009. 
Contribution of transparent exopolymer particle to carbon sinking flux in an 
oligotrophic reservoir. Biogeochemistry 96 (1–3), 13–23. 
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