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We have investigated the effect of eddies (cold and warm eddies, CEs and WEs) on the
nutrient supply to the euphotic zone and the organic carbon export from the euphotic zone
to deeper parts of the water column in the northern South China Sea. Besides basic
hydrographic and biogeochemical parameters, the flux of particulate organic carbon
(POC), a critical index of the strength of the oceanic biological pump, was also
measured at several locations within two CEs and one WE using floating sediment
traps deployed below the euphotic zone. The POC flux associated with the CEs (85 ±
55mg-Cm−2 d−1) was significantly higher than that associated with the WE (20 ±
7mg-Cm−2 d−1). This was related to differences in the density structure of the water
column between the two types of eddies. Within the core of the WE, downwelling created
intense stratification which hindered the upwardmixing of nutrients and favored the growth
of small phytoplankton species. Near the periphery of the WE, nutrient replenishment from
below did take place, but only to a limited extent. By far the strongest upwelling was
associated with the CEs, bringing nutrients into the lower portion (∼50m) of the euphotic
zone and fueling the growth of larger-cell phytoplankton such as centric diatoms (e.g.,
Chaetoceros, Coscinodiscus) and dinoflagellates (e.g., Ceratium). A significant finding that
emerged from all the results was the positive relationship between the phytoplankton
carbon content in the subsurface layer (where the chlorophyll amaximum occurs) and the
POC flux to the deep sea.
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INTRODUCTION

Eddies are ubiquitous in oligotrophic regions of the open ocean. They are believed to induce an
upward mixing of deep, nutrient-enriched waters, alleviating the nutrient limitation of the euphotic
zone, and thus resulting in an increase in primary production (PP, as known as biological carbon
fixation), which in turn enhances its prospect for export out of the euphotic zone (Hung et al., 2004;
Hung et al., 2010a; Zhou et al., 2013; Shih et al., 2015; Boyd et al., 2019). Broadly speaking, the eddies
in the Northern Hemisphere can be separated into two types: 1) the cold eddy (CE), also called
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cyclonic eddy, containing cold nutrient-rich waters and generally
associated with higher phytoplankton abundance and PP
(Vaillancourt et al., 2003), and 2) the warm eddy (WE), also
called anticyclonic eddy, containing warm nutrient-depleted
water with lower phytoplankton abundance and low PP.
Neighboring eddies of opposite sign, i.e., CE against WE, and
vice versa, can also interact with one another to produce an
injection of nutrients into the surface layer (McGillicuddy et al.,
1998). Warm eddies can further be split into two types depending
on whether surface water sinks, depressing the thermocline and
taking nutrients away from the photic zone or, on the contrary,
the thermocline forms a dome which brings nutrients closer to
the sea surface and results high phytoplankton biomass (Sweeney
et al., 2003; McGillicuddy et al., 2007). Despite this broad
classification, recent research has produced inconsistent results
among studies conducted in various marine environments when
it comes to the intensity of vertical mixing and/or the stimulation
of phytoplankton blooms (Hung et al., 2004; Hung et al., 2010a;
Zhou et al., 2013; Chen et al., 2015; Shih et al., 2015). Indeed, it is
difficult to resolve biogeochemical responses to eddies, partly
because they are superimposed on large regional and seasonal

changes in water characteristics, and partly because satellite
image observations and field cruise observations only allow
large-scale surface signatures and small-scale spatiotemporal
variability to be captured, respectively. Satellite observations
are limited to surface properties which then need to be
extrapolated to the relevant depth horizon. Field observations
can provide detailed spatial variations regarding thermocline/
pycnocline and nutrients in the water column of the euphotic
zone, but only in selected regions and on an episodic basis.

The South China Sea (SCS) is one of the largest marginal seas
in the world. It has a complicated flow, with the surface waters of
the Kuroshio flowing into the SCS and the surface water of the
SCS flowing out to the Taiwan Strait and the Bashi Channel
(Figure 1 of Wong et al., 2007). In terms of its nutrient budget,
the main input to the SCS comes mainly from an influx of
intermediate and deep waters originating from the western
Philippine Sea and flowing west through the Luzon Strait
(Chen et al., 2001). Chen (2005) reported that nitrate was
more limiting than soluble reactive phosphate in the SCS.
Despite nutrients being supplied to ocean gyres by lateral
transport and vertical diapycnal diffusion, the rates of supply

FIGURE 1 |Maps showing the locations of the main sampling stations (solid circles, S1 to S6) in the NSCS in (A) April 2013 (cold eddy), (B)May 2014 (cold eddy)
and (C) September 2013 (warm eddy). Contour plots of sea level anomaly (SLA, unit: m) were obtained from the Copernicus Marine Environment Monitoring Service
(CMEMS) and are based on comprised daily measurements within 0.25 × 0.25 grid cells (http://marine.copernicus.eu). Solid and dashed lines represent positive (warm
eddy) and negative (cold eddy) SLAs, respectively. (D) T−S diagrams for the upper 300 m of the water column at stations S1 to S6 including the T−S diagrams of
the South China Sea (SCS) and the Kuroshio waters (KW, thick red arrows in A–C). The SEATS site is represented with a square symbol.
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involved are generally insufficient to support new production (Liu
et al., 2002). Other mixing dynamics associated with eddies must
therefore be invoked to account for the nutrient pumping which
they are thought to generate (Wong et al., 2007). Nutrient fluxes
generated by the eddies are thought to be comparable to benthic
nutrient fluxes from shelf sediments (Liu K.-K et al., 2007),
Kuroshio intrusions (Liu et al., 2002; Chou et al., 2005; Du
et al., 2013; Gan et al., 2016; Li et al., 2016), entrainment by
internal waves (Li et al., 2018) or typhoons (Shih et al., 2020)
(Supplementary Figure S1). Satellite altimetry is one of the most
widely used eddy detectionmethods (Wang et al., 2003). Based on
altimetry measurements, Xiu et al. (2010) and Chen et al. (2011)
reported that there were approximately thirty eddies appearing in
the SCS every year, with no apparent difference between the
numbers of CEs and WEs, with radii ranging from 50 to 220 km
and with an average lifetime of 8.8 weeks.

Although the diffusional supply of nutrients, phytoplankton
abundance and new production associated with eddies were
examined by Chen et al. (2007); Chen et al. (2015), little
attention has been paid to the direct measurement of carbon
fluxes and their modification by eddies over the deep basin of the
SCS (Zhou et al., 2013). In particular, particulate organic carbon
(POC)measurements are sorely needed to support the contention
that POC exports out of the euphotic zone of an eddy are
enhanced relative to those outside of the eddy. In this study,
we examined this long-neglected issue, first by characterizing the
nutrient regime and large algae composition in the water column
of three eddies which had formed successively in the SCS.
Secondly, POC and particulate nitrogen (PN) export fluxes,
together with upward fluxes of dissolved nitrogen associated
with these eddies were measured. The results are discussed in
relation to the potential mechanisms that control the magnitude
and composition of PP and the fate of plankton-fixed carbon in
the SCS.

MATERIAL AND METHODS

The daily altimetry sea level anomalies (SLAs) at 1/4° resolution
obtained from the Copernicus Marine Environment Monitoring
Service (CMEMS) (http://marine.copernicus.eu) were used to
detect the CEs and the WE (Figure 1) and define their sea
surface properties and dynamics at the start of each field
survey. Daily satellite measurements of chlorophyll a (Chl)
and sea surface temperature (SST) provided further indication
that the eddies were biogeochemical distinct from the
surrounding waters. The Chl data were obtained from the
European Space Agency’s GlobColour project (http://www.
globcolour.info), at 4-km resolution. The SST data were
obtained from the Remote Sensing System (http://www.remss.
com), at 0.25° resolution.

Three cruises were conducted on April 14–17, 2013 (Stations
S1 and S2), September 12–18, 2013 (Stations S5 and S6) and May
20–28, 2014 (Stations S3 and S4) onboard Ocean Researcher III
(first cruise) and V (second and third cruises). Stations S1 and S2
(Figure 1A) were located inside a cold eddy at (22.0°N, 120.3°E)
and (20.3°N, 120.3°E) and exhibited temperatures at 50 m depth

of 25.6°C and 22.9°C, respectively (Table 1). Stations S3 and S4
(Figure 1B) were located at (18.8°N, 116.2°E) and (18.3°N,
116.2°E) inside the second CE, and both stations exhibited a
temperature at 50-m depth of 24.5°C (Table 1). Stations S5 and S6
(Figure 1C) were located inside a warm eddy at (19.0°N, 116.0°E)
and (18.3°N, 116.0°E) where S5 and S6 were close to the periphery
and the core of the WE, respectively, and exhibited temperatures
at 50 m of 27.9 and 29.0°C, respectively (Table 1). It is also worth
noting that S4 and S6 were both in the vicinity of the South East
Asia Time-series Study (SEATS) site (18°N, 116°E). The CEs and
WE displayed by the SLA maps in Figure 1 were further
confirmed by the Okubo-Weiss (OW) parameters (Okubo,
1970; Weiss, 1991; Chen G. et al., 2011; Faghmous et al.,
2015), which can provide the difference between deformation
rate and rotation rate of ocean currents. If the OW parameters are
negative, then the rotation is dominant in the ocean-current field,
which is consistent with the presence of an eddy. As can be seen in
Figure 1, the points of minimum (maximum) SLA in the CEs
(WE) corresponded with negative OW parameters
(Supplementary Figure S2).

An SBE 911 plus mode (SeaBird Scientific Inc.) sensor was
deployed to record temperature, density and salinity of seawater.
The mixed layer depth (MLD) was defined by the criterion of the
depth where the temperature had decreased by 0.8°C from the
surface (Kara et al., 2000; Shih et al., 2015). Nitrate + nitrite (N)
was analyzed by flow injection analysis according to Gong et al.
(2000). Phosphorus (P) was analyzed by the molybdenum blue
method (Pai et al., 1990). The concentration of Chl was
determined by established fluorometric procedures using a
Turner model 10-AU-005 fluorometer. Seawater samples for
Chl analysis were directly filtered through 25-mm filters (GF/
F) and stored at −20°C pending analysis. The Chl retained on the
filter was extracted by 90% acetone and measured by the non-
acidification method (Gong et al., 2000; Hung et al., 2000).
Particulate matter was collected by filtration of a 2-L volume
of seawater through 0.7-μm filtration pre-combusted GF/G filters.
Subsamples for POC and PN analyses were then measured with a
CHN analyzer following fuming with concentrated HCl in a
desiccator to remove particulate inorganic carbon (Liu et al.,
2007; Hung and Gong, 2010). Water column inventories of N
(I-N), P (I-P), Chl (I-Chl), POC (I-POC) and PN (I-PN) were
calculated by the trapezoidal integration for the upper 150 m. The
depth of the nitracline (ZN) was determined as the depth at which
N equaled 1 μM (Reynolds et al., 2007).

Phytoplankton size and abundance measurements were
undertaken on 50 ml aliquots of seawater sampled at standard
depths (e.g., 5, 25, 50, 75 and 100 m) and quickly preserved in
acidic Lugol’s solution with a volumetric ratio of 1:100. Large
phytoplankton cells (>5 μm) were filtered out on 25 mm
polycarbonate filters (Whatman Nuclepore Membranes, 5 μm
pore size) under the influence of gravity. Large phytoplankton
cells and other particles retained on the filter were counted with
an optical microscope (OLYMPUS CX31) operating at 400 ×
magnification. Large phytoplankton abundance was reported at a
specific depth while the water column phytoplankton
(I-Phytoplankton) and diatom (including centric and pennate
diatoms) inventories (I-Diatom) were obtained from
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measurements in the upper 100 m. Phytoplankton species were
morphologically distinguished in accordance with the criteria of
Hasle and Syvertsen (1997) (diatoms), Steidinger and Tangen
(1997) (dinoflagellates) and Throndsen (1997) (other flagellates).
Their respective contributions to the phytoplankton carbon
inventory were then estimated from cellular carbon contents,
as follows: 1) select a geometric shape that best represents each
phytoplankton cell and use an ocular micrometer to measure all
the dimensions needed to calculate its biovolume (μm3) (Table 1
and Annex 1 in Olenina et al., 2006); 2) calculate its cellular
carbon content (pg-C) by using the carbon to volume ratio
commonly found in the relevant plankton group (Menden-
Deuer and Lessard 2000); 3) sum up the cellular carbon
contents of all the cells contained in a sample; 4) calculate the
water column phytoplankton carbon inventory (mg-C m−2) by
integrating the depth-dependent carbon contents between 0 and
100 m.

Sinking particles were collected at 150 m using a buoy-
tethered drifting sediment trap. This collection depth lay
below the euphotic zone (Zeu, Table 1), meaning that light
intensity had declined to less than 1% of its surface value. The
trap array was composed of 12 plastic cylindrical tubes (6.8-cm

diameter and 68-cm height) with honeycomb baffles covering the
mouth of each tube (Hung and Gong 2010; Hung et al., 2009;
Hung et al., 2010b). Each collecting tube was filled with seawater
that had been filtered through 0.5-μm and 0.1-μm Sparkling Clear
polypropylene filters. The period of deployment was generally
24–48 h (Table 1), but less than 24 h if sea state or weather
conditions precluded launch and recovery operations. After
recovering the trap, samples for POC and PN analysis were
filtered on pre-combusted quartz filters (1.0 μm pore size), and
swimmers on filters were carefully removed using forceps under a
microscope before analysis. POC and PN fluxes were determined
by following the detailed procedures mentioned in Hung et al.
(2010a). Briefly, POC and PN analyses of the sinking particles
were carried out with an elemental analyzer (CHNS/O Elementar,
Vario EL) following HCl-fuming to remove particulate inorganic
carbon after rinsing and drying of the filters. The analytical errors
for POC and PN were 1–3 and 1–5% for duplicate measurements,
respectively. Retention times of POC and PN (RT-C and RT-N)
within the upper 150 m of the water column were calculated by
dividing I-POC and I-PN (mg m−2) by the fluxes of POC and PN
(mg m−2 d−1) at 150 m (RT-C � I-POC/POC flux; RT-N � I-PN/
PN flux).

TABLE 1 | Summary of given parameters (mean ± SD), including temperatures at 50 m water depth (Temp50m); mean temperature and salinity values of the mixed layer
(TempMLD and SalinityMLD); mixed layer, nitracline, euphotic zone and subsurface Chl maximum depths, respectively (MLD, ZN, Zeu and SCM); surface water
concentrations of N, P and Chl, respectively (N, P and Chl); water column inventories (0–150 and 0–100 m) of N and Chl (I-N and I-Chl); inventories in the upper 150 m of POC
and PN (I-POC and I-PN); vertical gradients (MLD–150 and MLD–100 m) of N (N-gradient); water column phytoplankton and diatom inventories in the upper 100 m (I-Phyto.
and I-Diatom); water column phytoplankton and diatom carbon inventories in the upper 100 m (I-Phyto. C. and I-DiatomC.); export fluxes of POC and PN at 150 mdepth
(POC flux and PN flux); the periods of deployment; at respective stations of the CEs and the WE relevant to this study.

CE WE

CE 1 (2013) CE 2 (2014) WE (2013)

Parameters S1 S2 Mean ± 1SD S3 S4 Maen ± 1SD S5 S6 Maen ± 1SD

Temp50m (°C) 25.6 22.9 24.2 ± 2.0 24.5 24.5 24.5 ± 0.0 27.9 29.0 28.5 ± 0.8
TempMLD (°C) 26.2 26.2 26.2 ± 0.0 29.8 29.3 29.6 ± 0.4 29.4 29.2 29.3 ± 0.1
SalinityMLD 33.85 33.84 33.85 ± 0.01 34.06 34.11 34.09 ± 0.04 33.30 33.29 33.30 ± 0.01
MLD (m) 47 36 42 ± 8 13 14 14 ± 1 47 56 52 ± 6
ZN (m) 56 16 36 ± 28 53 38 46 ± 11 52 61 57 ± 6
Zeu (m) 88 72 80 ± 11 83 88 86 ± 4 82 74 78 ± 6
SCM (m) 53 49 51 ± 3 64 67 66 ± 2 72 79 76 ± 5
N (μM) 0.1 0.9 0.5 ± 0.5 0.1 0.8 0.5 ± 0.6 0.1 <0.1 <0.1
P (μM) 0.02 0.01 0.01 ± 0.01 0.05 0.04 0.04 ± 0.01 <0.01 <0.01 <0.01
Chl (mg m−3) 0.16 0.09 0.13 ± 0.05 0.11 0.09 0.10 ± 0.01 0.10 0.10 0.10 ± 0.00
I-N (mmol m−2) — — — — — — — — —

(0–150 m) 395 1,155 775 ± 537 780 1,136 958 ± 251 1,268 674 971 ± 420
(0–100 m) (111) (475) (293 ± 257) (257) (444) (351 ± 132) (524) (150) (337 ± 264)
I-Chl (mg m−2) — — — — — — — — —

(0–150 m) 38 29 34 ± 6 33 26 29 ± 5 33 28 30 ± 4
(0–100 m) (38) (29) (31 ± 4) (33) (26) (24 ± 4) (33) (28) (22 ± 1)
I-POC (mg-C m−2) 4.7 4.5 4.6 ± 0.2 2.7 3.2 3.0 ± 0.3 4.3 4.0 4.1 ± 0.2
I-PN (mg-N m−2) 0.4 0.7 0.5 ± 0.2 0.8 0.9 0.8 ± 0.0 0.7 1.2 1.0 ± 0.4
N-gradient (mmol m−4) 0.07 0.12 0.10 ± 0.03 0.11 0.12 0.11 ± 0.01 0.20 0.14 0.17 ± 0.04
(MLD–150 m) — — — — — — — — —

(MLD–100 m) (0.06) (0.19) (0.13 ± 0.10) (0.10) (0.16) (0.13 ± 0.04) (0.31) (0.14) (0.22 ± 0.12)
I-Phyto. (106 cells m−2) 69 32 50 ± 26 67 34 51 ± 23 14 18 16 ± 3
I-Diatom (106 cells m−2) 63 20 41 ± 31 56 26 41 ± 21 6 8 7 ± 1
I-Phyto. C. (mg-C m−2) 20.5 19.6 20.1 ± 0.6 17.4 8.1 12.8 ± 6.6 6.8 6.3 6.6 ± 0.4
I-Diatom C. (mg-C m−2) 18.0 16.5 17.3 ± 1.1 14.1 6.4 10.2 ± 5.4 5.6 3.5 4.5 ± 1.5
POC Flux (mg-C m−2 d−1) 51 72 61 ± 14 166 50 108 ± 82 15 25 20 ± 7
PN Flux (mg-N m−2 d−1) 6 11 9 ± 3 33 15 24 ± 13 3 7 5 ± 3
Deployment (h) 37 12 — 8 32 — 47 27 —
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For the sake of comparison with fluxes obtained from mass
balance calculations, the vertical entrainment of N from depth
was conservatively estimated by Fick’s first law of diffusion:

N flux � KzdN/dz

where N flux (mmol m−2 d−1) is the upward vertical diffusive flux
of N through the base of the euphotic zone, Kz (m

2 d−1) is the
average diffusion coefficient in the upper 150 m water column
and dN/dz (mmol m−4) represents the vertical gradient of N
between the MLD and 150 m of the depth interval over which
turbulent diffusion is occurring. Note that the mixed layer itself,
which is characterized by intense vertical advection andmixing, is
excluded from that depth interval. The diffusion coefficient Kz is
then determined from the formula of Denman and Gargett
(1983):

Kz � 0.25 εf−2

where ε represents the turbulent energy dissipation rate and is
computed using the in situ density profile to detect overturns of
water layer in the whole water column (Thorpe 1977). When
density inversions are encountered, the Thorpe scale is defined as
the distance by which a water parcel has to be moved to reinstate
stability. For each overturn, the overall stratification is computed,
and the turbulence dissipation rate can be estimated as the
multiplication of Thorpe scale squared by the overall
stratification squared (Dillon 1982). The f−2 is the Brunt-
Välsälä buoyancy frequency, which is derived from the vertical
gradient in density between theMLD and 150 m. The values of f−2

measured at S1−S6 were 2.1, 2.2, 2.6, 2.7, 3.5 and 3.1 × 10–4 s−2,
respectively.

To compare sets of measurements made between different
eddies, t tests (with a one-tailed or two-tailed alternative
hypothesis—depending on our biogeochemical knowledge of
the sites, please see Supplementary Table S1 for explanations)
with 0.10 of significance level were applied. Linear regressions
were used to describe relationships between any two of the
parameters. All values are reported as mean ± one standard
deviation (SD).

RESULTS

Vertical Hydrographic Characteristics and
Biogeochemical Data Distributions
The two CEs of 2013 and 2014, and the WE of 2013 were initially
detected through their negative and positive SLAs, respectively,
using satellite altimetry records (Figures 1A–C). Based on
satellite observations, Supplementary Figure S3 shows that
CEs can also be defined by cooler SST (<28°C) and higher Chl
(>0.14 mg m−3) while the WE exhibits warmer SST (>28°C) and
lower Chl (<0.14 mg m−3), near the eddy cores. The temperature-
salinity diagrams of the main sampling stations (S1−S6) are
shown in Figure 1D. At the four main stations inside the two
CEs, the T-S diagrams reflect the mixing between warmer, high-
salinity Kuroshio water and cooler, lower-salinity SCS water. By
contrast, the two main stations sampled in the WE produced a

T-S diagram more representative of a typical SCS water column.
The mean temperature and salinity values of the mixed layer were
26.2 ± 0.0°C and 33.85 ± 0.01 in the first CE, 29.6 ± 0.4°C and
34.09 ± 0.04 in the second CE, and 29.3 ± 0.1°C and 33.30 ± 0.01
(Table 1) inside the WE. The lower temperature and higher
salinity values inside the CEs can likely be attributed to an upward
transport of subsurface water at the CE sampling sites (Table 1;
Supplementary Figure S4). Despite these lower temperatures,
the mixed layers were no deeper in the second CE (2014) than in
the WE. In fact, the MLD was shallower in the second CE (14 ±
1 m) than in either the first CE (42 ± 8 m) (p < 0.05) or the WE
(52 ± 6 m) (p < 0.01) (Table 1; Supplementary Figure S4).

We have added a figure depicting the seasonal variations of the
MLD, as previously recorded in the vicinity of the SEATS station
in two published studies (Chen 2005; Chou et al., 2005). It can be
observed that the MLD of our second CE is shallower than the
value expected in May from the seasonal trend defined by the
previous studies; on the other hand, the MLD of theWE is deeper
than would be expected in the SEATS area for the month of
September (Supplementary Figure S5). These anomalies
strongly suggest that seasonal effects alone cannot account for
our MLD observations. The most likely explanation is that these
anomalies are produced by the direct influence of the eddies on
the MLD. Indeed, CEs are known to drive the mixed layer
shallower and thinner while WEs can drive the mixed layer
deeper and suppress mixing of the water column (Chen et al.,
2011). As such, we believe that the passage of eddies may induce
short-term fluctuations of theMLD in a given location of the SCS.
Positive anomalies, i.e., deeper MLD, are expected to be produced
by WEs while negative anomalies, i.e., shallower MLD, result
from the passage of CEs.

All N and P concentration profiles displayed characteristic
surface depletion and increased with depth. Surface
concentrations of N and P were analytically detectable in the
CEs but not in theWE, as shown in Table 1, Table 2 and Figure 2
(A1–A3 for N and B1–B3 for P). The ZN of the WE, CEs sampled
in 2013 and 2014 were 57 ± 6, 36 ± 28 and 46 ± 11 m, respectively
(Table 1, Figures. 2A1–3). The difference of ZN between the CEs
and WE was statistically insignificant (tdf�4 � −1.13, p � 0.162;
Table 2). Vertical profiles of POC, PN and Chl concentrations
showed strongly similar trends at both CE and WE stations
(Figure 2 C1–C3 for Chl, D1–D3 for POC, E1–E3 for PN). It
suggests that POC and PN were mostly derived from
phytoplankton biomass. There was no significant difference
between the mean surface Chl concentrations measured in the
CEs and WE (Table 2). However, the subsurface Chl maximum
(SCM) was present at shallower depths in the CEs than in theWE,
showing the vertical motion induced by the eddies may bring
nutrients to the water close to the upper layer (Moloney et al.,
1991; Shih et al., 2020). Note that, the satellite-obtained surface
Chl concentration (Supplementary Figure S3) is not comparable
with that obtained from the in situ observation (Table 1), due to
the different time and space scales of these two different
observations. Moreover, the Chl concentration obtained from
the in situ observation may be more sensitive to the changes of
physical and biogeochemical processes in the NSCS within a day
than the SCM. The concentrations of POC were high in the top
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50 m of the water column in the CEs, reaching maximum values
of 45 and 30 mg-C m−3, and decreasing with depth to less than 30
and 25 mg-C m−3 in 2013 and 2014, respectively (Figures
2D1–D3). Likewise, high concentrations of POC were
observed in the upper 75 m of the WE, reaching a maximum
of ∼45 mg-C m−3, and declining to less than 20 mg-C m−3 at
depth. The vertical concentration profiles of PN followed the
same pattern as the POC profiles, both in the CEs and the WE
(Figures 2E1–E3).

Total phytoplankton and diatom abundances showed a much
wider range of values in the CEs than in the WE (Figure 2 F1–F3
for phytoplankton, G1–G3 for diatom). In the two CEs, cell
counts for phytoplankton and diatoms were lowest near the
surface (0.12–0.26 and 0.10–0.26 × 103 cells L−1, respectively;
Figure 2) and increased with depth to a subsurface maximum

(0.52–2.28 and 0.32–1.94 × 103 cells L−1, respectively; Figure 2).
An unusually high abundance of phytoplankton and diatoms
(1.86 and 1.76 × 103 cells L−1, respectively; Figure 2) was also
observed in the surface waters of station S1, inside the first CE. At
WE stations S5 and S6, however, cell densities of phytoplankton
and diatoms were not only low near the surface (0.20–0.26 and
0.12–0.22 × 103 cells L−1, respectively; Figure 2), but they also
remained uniformly low with increasing depth (0.16–0.34 and
0.06–0.08 × 103 cells L−1, respectively; Figure 2). In the first CE
and the WE, centric diatoms (Figure 3, blue) were more
abundant than pennate diatoms (Figure 3, red) in the surface
waters, with the dominant genera being Bacteriastrum,
Thalassiosira and Chaetoceros. The most abundant diatoms
genera in the surface waters of the second CE were pennate
diatoms represented by Pleurosigma and Nitzschia species

TABLE 2 | Summary of the hydrographic and biogeochemical parameters (±SD) measured in this study of the northern South China Sea, including the temperatures at 50 m
water depth (Temp50m); mean temperature and salinity values of the mixed layer (TempMLD and SalinityMLD); the mixed layer, nitracline, euphotic zone and subsurface Chl
maximum depths, respectively (MLD, ZN, Zeu and SCM); surface water concentrations of N, P, Chl, POC and PN, respectively (N, P, Chl, POC and PN); the surface
abundances of large (>5 μm) phytoplankton and diatoms (Phytoplankton and Diatom); water column inventories (0–150 and 0–100 m) of N, P and Chl (I-N, I-P and I-Chl);
inventories in the upper 150 m of POC and PN (I-POC and I-PN); water column phytoplankton and diatom inventories in the upper 100 m (I-Phytoplankton and I-Diatom);
water column phytoplankton and diatom carbon inventories in the upper 100 m (I-Phytoplankton C. and I-Diatom C.); the values of diffusion coefficient (Kz); the vertical
gradients (MLD–150 and MLD–100 m) of N (N-gradient); the upward vertical diffusive fluxes (0–150 and 0–100 m) of N (N flux); export fluxes of POC and PN at 150 m
depth (POC flux and PN flux); retention times of C and N in the upper 150 m (RT-C and RT-N).

parameters CE (n = 4) WE (n = 2) t test

t df p

Temp50m (°C) 24.4 ± 1.1 28.5 ± 0.8 −4.53 4 0.005***
TempMLD (°C) 27.9 ± 1.9 29.3 ± 0.1 −0.98 4 0.384
SalinityMLD 33.96 ± 0.14 33.30 ± 0.01 9.54 3 0.002***
MLD (m) 28 ± 17 52 ± 6 −1.86 4 0.068*
ZN (m) 41 ± 18 57 ± 6 −1.13 4 0.162
Zeu (m) 83 ± 8 78 ± 6 0.77 4 0.484
SCM (m) 58 ± 9 76 ± 5 −2.53 4 0.032**
N (μM) 0.5 ± 0.5 <0.1 1.72 3 0.091*
P (μM) 0.03 ± 0.02 <0.01 2.19 3 0.058*
Chl (mg m−3) 0.11 ± 0.04 0.10 ± 0.00 0.76 3 0.250
POC (mg-C m−3) 30 ± 8 31 ± 7 −0.12 4 0.913
PN (mg-N m−3) 5 ± 1 5 ± 1 0.31 4 0.773
Phytoplankton (103 cells L−1) 0.62 ± 0.83 0.23 ± 0.04 0.62 4 0.280
Diatom (103 cells L−1) 0.57 ± 0.80 0.17 ± 0.07 0.67 4 0.270
I-N (mmol m−2) (0–150 m) 867 ± 358 971 ± 420 −0.32 4 0.380
I-N (mmol m−2) (0–100 m) (322 ± 170) (337 ± 264) (−0.09) (4) (0.460)
I-P (mmol m−2) (0–150 m) 59 ± 22 48 ± 3 0.67 4 0.260
I-P (mmol m−2) (0–100 m) (23 ± 11) (12 ± 0) (1.88) (3) (0.078*)
I-Chl (mg m−2) (0–150 m) 32 ± 5 30 ± 4 0.30 4 0.781
I-Chl (mg m−2) (0–100 m) (27 ± 5) (22 ± 1) (1.28) (4) (0.271)
I-POC (g-C m−2) 3.8 ± 1.0 4.1 ± 0.2 −0.51 4 0.310
I-PN (g-N m−2) 0.7 ± 0.2 1.0 ± 0.4 −1.12 4 0.160
I-phytoplankton (106 cells m−2) 50 ± 20 16 ± 3 2.27 4 0.043**
I-Diatom (106 cells m−2) 41 ± 22 7 ± 1 2.13 4 0.050*
I-phytoplankton C. (mg-C m−2) 16.4 ± 5.7 6.6 ± 0.4 2.31 4 0.041**
I-Diatom C. (mg-C m−2) 13.8 ± 5.2 4.5 ± 1.5 2.35 4 0.039**
Kz (m

2 d−1) 4.0 ± 1.5 4.8 ± 4.3 −0.36 4 0.737
N gradient (mmol m−4) (MLD–150 m) 0.10 ± 0.02 0.17 ± 0.04 −2.54 4 0.032**
N gradient (mmol m−4) (MLD–100 m) (0.13 ± 0.06) (0.22 ± 0.12) (−1.39) (4) (0.119)
N flux (mmol m−2 d−1) (0–150 m) 0.42 ± 0.18 0.90 ± 0.92 −0.74 1.03 0.290
N flux (mmol m−2 d−1) (0–100 m) (0.49 ± 0.26) (1.34 ± 1.54) (−0.77) (1) (0.290)
POC flux (mg-C m−2 d−1) 85 ± 55 20 ± 7 1.56 4 0.097*
PN flux (mg-N m−2 d−1) 16 ± 12 5 ± 3 1.26 4 0.130
RT-C (d) 59 ± 31 226 ± 95 −3.53 4 0.024**
RT-N (d) 938 ± 484 3,328 ± 2,903 −1.16 1 0.454

The value of CE was the average with 1 SD of first and second CE in 2013 and 2014. *: p < 0.10; **: p < 0.05; ***: p < 0.01.
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FIGURE 2 | Vertical profiles of (A1–A3) nitrate + nitrite (N), (B1–B3) phosphate (P), (C1–C3) chlorophyll (Chl), (D1–D3) POC, (E1–E3) PN, (F1–F3) phytoplankton
abundance and (G1–G3) diatom abundance at stations S1 (CE), S2 (CE), S3 (CE), S4 (CE), S5 (WE) and S6 (WE). Horizontal dashed lines inA1–A3 represent the depth of
the nitracline (ZN).
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(Figure 3). In subsurface waters (i.e., SCM), centric diatoms were
most abundant at stations S1 and S2, with the dominant genera
being Bacteriastrum, Thalassiosira and Chaetoceros, while at S3
and S4 the dominant centric and pennate diatoms were genera of
Chaetoceros and Pseudo-nitzschia, respectively. Finally, a clear
difference was observed between the periphery (S5) and the core
(S6) of the WE, with the centric diatom Thalassiosira being
dominant at S5 but Nitzschia and other unknown pennate
diatoms being dominant at S6 (Figure 3).

Inventories (I-N, I-P, I-Chl, I-POC, I-PN,
I-Phytoplankton and I-Diatom), POC and PN
Fluxes, Retention Times (RT-C and RT-N)
and Vertical Diffusion Flux of N
It should be noted from the outset that Figure 4 presents water
column inventories calculated from the surface to 150 m (i.e., I-N,
I-P, I-Chl). On the other hand, Tables 1, 2 also present
inventories of the upper 100 m of the water column so as to
allow direct comparison with previously published results.
Figures 4A1−A2 showed that the I-N was lower—although
not significantly so—in CEs than in the WE (tdf�4 � −0.32,
p � 0.380) whereas I-P tended to be higher in CEs than in the
WE (tdf�4 � 0.67, p � 0.260; Table 2). The comparable results of
I-N or I-P between the CEs and WE might be attributable to
transient spatiotemporal characteristics of the eddies in distinct
sampling locations, such as the extremely high value of
1,268 mmol m−2 of I-N which occurred at station S5 (Table 1;
Figure 4A2), close to the periphery of the WE as revealed by the
satellite SLA map (Figure 1C). It is commonly understood that
the cores of CEs and WEs are associated with upwelling and
downwelling which may correspondingly enhance and suppress
nutrients vertical transport, respectively (Sweeney et al., 2003;
Zhou et al., 2013; Shih et al., 2015). However, the upwelling can
also be induced around the periphery of WEs via the eddy-wind,
eddy-eddy and/or eddy-front interactions (McGillicuddy, 2016),

supplying more nutrients than near the WE cores (compare the
values of I-N at stations S5 and S6 in Table 1).

The I-Chl values ranged from 26 to 38 and 28–33 mg m−2 for
the CEs and WE, respectively (Table 1, Figure 4). Mean values
across the CEs and the WE were 32 ± 5 and 30 ± 4 mg m−2

(Table 2), respectively. These values were consistent with those
previously observed (Table 3) in the northern SCS (NSCS)
(Chen et al., 2004; Chen 2005; Tseng et al., 2005; Li et al.,
2016), with the exception of a higher value (38 ± 4 mg m−2;
Table 1) recorded in the first CE and which was more
comparable with the value (35 mg m−2) reported in winter by
Tseng et al. (2005) (Table 3). The average I-POC of the CEs and
WE were 3.8 ± 1.0 and 4.1 ± 0.2 g-C m−2, respectively (Table 2;
Figure 4). The average I-PN were 0.7 ± 0.2 and 1.0 ± 0.4 g-
N m−2 for the CEs and WE, respectively (Table 2; Figure 4).
Although there was no significant difference between the mean
values of I-POC and I-PN in the different eddies, there were
significant differences between the values measured at
individual stations: thus I-POC values were 4.7 and 4.5 g-
C m−2 at S1 and S2, respectively, against 2.7 and 3.2 g-C m−2

at S3 and S4; I-PN was 1.2 g-N m−2 at S6 against 0.7 g-N m−2 at
S5 (Table 1; Fig. 4).

The vertical POC export flux from the WE averaged 20 ±
7 mg-C m−2 d−1, which was lower than the fluxes (85 ± 55 mg-
C m−2 d−1) out of the CEs (tdf�4 � 1.56, p � 0.097;Table 2; Figures
4C1–C2). Similarly, the mean export flux of PN tended to be
smaller in the WE than that in the CEs (tdf�4 � 1.26, p � 0.130;
Table 2; Figures 4C1–C2). Although the CEs produced elevated
export fluxes of POC and PN, they did not differ noticeably from
the WE in terms of their nutrient concentration profiles (Figures
2A1–A3,B1–B3) or nutrient inventories (Figures 4A1–A2)
because nutrients were replenished by upwelling at a greater
rate than in the WE. In turn, these elevated fluxes resulted in
shorter RT-C and RT-N of the CEs compared with RT-C and RT-
N in the upper 150 m of the WE (Table 2; Figures 4D1,D2).
These results thus reinforce the notion of CEs as sites of enhanced

FIGURE 3 | Pie charts showing the relative abundances of centric and pennate diatom cells in surface (5 m) and subsurface (Chl maximum depth) waters.
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FIGURE 4 |Depth-integrated (0–150 m) values of (A) nitrate + nitrite (N), phosphate (P), chlorophyll (Chl) and (B) POC and PN; (C) POC and PN fluxes measured at
a depth of 150 m; (D) Retention times of carbon (RT-C) and nitrogen (RT-N) in the upper 150 m representing how long it would take for sedimentation by itself to remove
all of POC and PN from the water column (RT-C � I-POC/POC flux; RT-N � I-PN/PN flux); (E) Vertical eddy diffusion coefficient (Kz) between MLD and 150-m depth and
corresponding nitrate + nitrite (N) concentration gradient; (F) Total phytoplankton and diatom inventories (0–100 m) (I-Phytoplankton/I-Diatom), and nitrite + nitrate
flux (N flux) due to turbulent mixing.
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vertical POC fluxes (Bidigare et al., 2003; Hung et al., 2004; Hung
et al., 2010a; Zhou et al., 2013; Shih et al., 2015).

Vertical diffusion coefficients (Kz) were calculated as a
function of quantities derived from the in situ density profiles
in the upper 150 mwater column. Values of Kz ranged from 2.0 to
5.5 m2 d−1 with an average of 4.0 ± 1.5 m2 d−1 in the CEs, ranging
from 1.8 to 7.9 m2 day−1 with an average of 4.8 ± 4.3 m2 day−1 in
the WE (Table 2; Figures 4E1–E2). These mean values were
higher than the value of 2.0 m2 day−1 derived from the model
estimation previously reported in November at low-latitude area
of SCS by Cai et al. (2002); the values of 1.2–2.3 m2 day−1 derived
from the constant ε estimation previously reported during the
summer period at SEATS site by Chou et al. (2006); the value of
0.6 m2 day−1 derived from the in situ ε estimates recently reported

in summer at SEATS site by Du et al. (2017). Reversely, these
values were lower than the value of 18.3 ± 10.8 m2 day−1 averaged
from the in situ ε calculation recently proposed in spring at NSCS
by Li et al. (2016) (Table 3). Vertical concentration gradients of N
(N gradient) in the CEs ranged from 0.07 to 0.12 mmol m−4 with
an average of 0.10 ± 0.02 mmol m−4, while in the WE they ranged
from 0.14 to 0.20 mmol m−4 with an average of 0.17 ±
0.04 mmol m−4 (Table 2; Figures 4E1–E2). On the other
hand, the average value (0.13 ± 0.06 mmol m−4) of N gradient
in the upper 100 m of the CEs was higher (tdf�4 � 1.93, p � 0.06)
than the value (0.07 ± 0.03 mmol m−4) investigated in spring by
Li et al. (2016); the average value (0.22 ± 0.12 mmol m−4) of N
gradient in the upper 100 m of the WE (in September) was
noticeably higher than the value (0.01 mmol m−4) reported in

TABLE 3 | Compilation of published field data on N, P and Chl inventories, N gradients, vertical diffusion coefficients and N fluxes in the upper 100 m of the water column at
different locations of the NSCS. Numbers in parentheses represent one standard deviation.

Season I-N I-P I-Chl N gradient Kz N flux References

(month) (mmol m−2) (mmol m−2) (mg m−2) (mmol m−4) (m2 d−1) (mmol m−2 d−1)

Spring 293 20 31 0.13 3.3 0.33 This study (CE1)a

(Apr 2013) (257) (18) (4) (0.10) (1.8) (0.09) —

Spring 351 25 24 0.13 4.8 0.64 This study (CE2)a

(May 2014) (132) (5) (4) (0.04) (1.0) (0.31) —

Autumn 337 12 22 0.22 4.8 1.34 This study (WE)a

(Sep 2013) (264) (0) (1) (0.12) (4.3) (1.54) —

Spring — — 20 — — — Chen et al. 2004b

(Mar 2000) — — (4) — — — —

Spring — — 22 — — — Chen et al. 2004b

(Mar 2001) — — (4) — — — —

Spring — — 21 — — — Chen 2005c

(Mar 01; 02) — — (5) — — — —

Autumn — — 21 — — — Chen 2005c

(Oct 2002) — — (1) — — — —

Winter — — 35 — — — Tseng et al., 2005
Other seasons — — 15 — — — Tseng et al., 2005
Summer — — — — 1.8 0.20 Chou et al., 2006
(Jul–Sep) — — — — (0.8) (0.04) —

Spring 183 — — — — — Chen et al., 2007
(Apr–May) (25) — — — — — —

Spring 252 21 — — — — Du et al. 2013d

(May) — — — — — — —

Summer 292 24 — — — — Du et al. 2013d

(Jul–Aug) — — — — — — —

Autumn 245 23 — — — — Du et al. 2013d

(Oct–Nov) — — — — — — —

Winter 201 13 — — — — Du et al. 2013d

(Jan) — — — — — — —

Spring — — 21 0.07 18.3 1.18 Li et al. 2016e

(May) — — (8) (0.03) (10.8) (0.90) —

Summer — — — 0.01f 0.6g 0.11h Du et al. 2017i

(Aug) — — — — — — —

aAverage inventories of N, P and Chl over the upper 100 m of the water column measured at the two main sampling sites. The one standard deviation had shown in parentheses.
bValues have been derived from ratios of integrated PP (IPP) and Chl (IPP/IChl) in Table 1 and Table 2 reported byChen et al. (2004). The values ofmeanwith one standard deviation include
the observations at stations 3, A, B, C and D in Chen et al. (2004).
cThe data obtained from Table 3 (Spring; March 2001 and 2002) and Table 4 (Autumn; Oct 2002) reported by Chen (2005). The values of mean with one standard deviation include the
observations of slope and basin stations in the NSCS.
dNutrient standing stocks of the upper 100 m reported by Du et al. (2013) were divided by the surface area of the studied region (2.74 × 1011 m2) to yield water column inventories.
eValues in Table 1 reported by Li et al. (2016) have been averaged, excluding values at stations C6 and B.
fThe value is derived from Figure 2 of Du et al. (2017).
gAverage of the maximum and minimum values of Kz, upper 100 m.
hMaximum value at a depth of 68 m.
iN gradient here refers to nitrate (NO3

−) only.
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the summer (in August) by Du et al. (2017) (Table 3). Adopting
these values (Kz and N gradient) yields vertical entrainment N
fluxes of 0.42 ± 0.18 mmol m−2 d−1 for the CEs and 0.90 ±
0.92 mmol m−2 d−1 for the WE from the water depth of 150 m
(Table 2; Fig. 4F1–F2). I-Phytoplankton and I-Diatom in the
CEs were higher than in the WE (Table 2; Figures 4F1−F2). To
summarize, phytoplankton and diatom inventories were ∼3.1 and
∼5.9 times higher in the CEs than in the WE, respectively.

DISCUSSION

Nutrients Dynamics in CE and WE
It has been reported that phytoplankton growth in the SCS is
limited by nitrogen availability (Chen 2005; Chen et al., 2004). To
put our work in a broader perspective, we therefore began by
examining the potential role of eddies in supplying nitrogen to
the euphotic zone. To facilitate comparison with reports from
previous studies (Chen et al., 2007; Du et al., 2013, 2017; Li et al.,
2016), we reported our nitrogen results in terms of depth-
integrated inventories in the upper 100 m water column,
referred to as I-N. The corresponding values of I-N at stations
S1−S6 were exhibited in Table 1. On average, I-N was 293 ± 257,
351 ± 132 and 337 ± 264 mmol m−2 in the first, second CE and the
WE, respectively, i.e., tended to be higher (p � 0.132) than the
range of values previously reported in the NSCS
(183–292 mmol m−2; Table 3) over the entire year (Chen
et al., 2007; Du et al., 2013). The mean value of 322 ±
170 mmol m−2 in the CEs (Table 2) was 76 and 28% higher
than the values of 183 ± 25 and 252 mmol m−2 in spring by Chen
et al. (2007) and Du et al. (2013), respectively (Table 3). The
average of 337 ± 264 mmol m−2 in the WE (Table 3) was 15 and
38% higher than the values of 292 and 245 mmol m−2 previously
reported in summer and autumn (Du et al., 2013), respectively. It
is important to note that the individual value we measured close
to the WE periphery (524 mmol m−2) was exceptionally high.
Indeed, that value was similar to inventories measured in other
eddies of the Northern Hemisphere where a clear upwelling of
nutrient-rich waters had been demonstrated (Chen et al., 2007;
Zhou et al., 2013; Shih et al., 2015).

Here we found that the average water column (0–100 m)
concentrations of N increased by 1.04 μM [(322–218)
mmol m−2/100 m � 1.04 mmol m−3] and 0.68 μM [(337–269)
mmol m−2/100 m � 0.68 mmol m−3] in the CEs and WE,
respectively (the detail estimation was listed in Supplementary
Table S2). The values of 218 and 269 mmol m−2 within the
estimation above were the mean I-N values calculated from
183 to 252 mmol m−2 reported by Chen et al. (2007) and Du
et al. (2013) in Spring, from 292 to 245 mmol m−2 reported by Du
et al. (2013) in Summer and Autumn, respectively (Table 3).
These net concentration increases took place despite the loss of
some quantity of N bound up with sinking particles. Assuming
the N concentrations were at steady state over that period, the
amount of N associated with this lost particulate matter must
therefore be added to the observed net N increases to compute the
amount of N injected into the upper layer. Here we conservatively
assumed that nutrient injection took place over 7-days (Chelton

2001). During that period, biological uptake caused a drawdown
of N at the CEs and the WE were accordingly 0.05 and 0.02 μM
(PN flux mg-N m−2 d−1/150 m × 7 days/14 mg mmol−1),
respectively. This would have required a compensating upward
transport of N to produce the N concentrations of 1.09 (1.04 +
0.05) and 0.70 (0.68 + 0.02) μM (Supplementary Table S2) within
the upper layer at the CEs and the WE, respectively. These values
tended to be lower (or comparable) (CE: p � 0.10; WE: p � 0.14)
than the simulated estimate (3.21 ± 3.04, 0.2–10.7 μM) under the
pass of CEs for the time-series study KEO (Kuroshio Extension
Observatory) reported by Honda et al. (2018). They were
nevertheless sufficient to stimulate the growth of
phytoplankton species and to induce biological responses that
would otherwise be constrained by the insufficient N-availability
in the oligotrophic surface open waters of the NSCS. If we assume
steady state and use our particulate N flux value of 16 mg-N
m−2 d−1/14 g mol−1 � 1.14 mmol m−2 d−1 and upward vertical
diffusive flux of N of 0.42 mmol m−2 d−1 (Table 2), we obtain a
value of 37% for the approximate contribution of CEs to the
nutrient sources to the water column. In terms of the annual
budget, however, this figure should only be viewed as a first-order
approximation due to the limited temporal dataset of our study.

Figure 5 shows no significant correlation between
I-Phytoplankton (or I-Diatom) and I-Chl (or I-N). This might
be due in part to the variability in the chemical composition of
phytoplankton as a function of taxa and bloom phases.
Interestingly, a negative linear relationship was observed
between I-Phytoplankton (or I-Diatom) and the vertical N
gradient (Figures 5E–F). On average, the vertical N-gradient
was smaller in the CEs than in the WE (Table 2; Figures
4E1–E2), which therefore implies that the turbulent diffusion
coefficient must have been larger in the CEs than in the WE.

Community Structure of Large
Phytoplankton in the CEs and the WE
The phytoplankton species and cell size composition appears to
respond to the passage of the eddies in a similar way to that
observed after the passage of a winter storm or a typhoon. The
upper ocean response to both CE (core zone) and WE (periphery
zone) in terms of its water column physical structure is the onset
of upwelling and the upward transport of deeper, nutrient-rich
water into the photic zone, thus providing suitable conditions for
large phytoplankton growth (Chen et al., 2004, Chen et al., 2011,
Chen et al., 2015; Chen 2005). The relationship between Chl and
large phytoplankton inventories is a matter of continuing debate
despite reports of significant positive relationships at a few
different areas (Liu et al., 2007). Our observations in both the
CEs and the WE do not support the notion of a widely applicable
relationship, or indeed a relationship at all. For example, the
average I-Chl of the WE and of the CEs were comparable
(Table 2), however, I-Phytoplankton and I-Diatom were
higher in the CEs than in the WE (Table 2). The uncoupling
between I-Chl and I-Phytoplankton or I-Diatom might be due to
different population dynamics and assemblages of phytoplankton
at the different locations. The lack of significant relationship
between the abundance of large phytoplankton or diatoms and
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the Chl stocks can thus be attributed to the differing
phytoplankton assemblages and their cellular fluorescence
signals in the CEs and the WE. Previous field observations
(Chen 2000; Sweeney et al., 2003; Liu et al., 2007) have
revealed that small phytoplankton, such as Synechococcus,
Prochlorococcus and picoeukaryotes contribute most of the Chl
fluorescence in the upper water column. It follows that the high
value of I-Chl at S5, without a correspondingly high POC export,
may reflect a greater portion of small-celled phytoplankton
compared to the phytoplankton assemblages in the CEs.

Nutrient replenishment, as occurs in the CEs, triggers the
growth of the larger phytoplankton species while the N:P ratio
further affects their species composition and succession. In this
study, the average I-N:I-P ratio in the upper 150 m was 14 ± 1 in
the CEs and 20 ± 8 in the WE. In the CEs, diatoms made up 78 ±
13% of all the large-celled phytoplankton, including 59 ± 17% as
centric and 19 ± 10% as pennate diatoms (Figure 4F1). In the
WE, diatoms made up only 59 ± 20% of all the large-celled
phytoplankton, including 39 ± 20% as centric and 18 ± 2% as
pennate diatoms (Figure 4F2). The abundance of large cells,
including diatoms (e.g., Chaetoceros, Coscinodiscus,
Bacteriastrum) and dinoflagellates (e.g., Ceratium), is what
resulted in shorter fractional retention times of POC and PN
within the CEs than within the WE (Table 2). In addition,
retention time in the upper layer was shorter for POC than
for PN since carbon takes longer to regenerate and hence a greater
share of POC than PN is removed by sinking from the euphotic
zone (Liu et al., 2002, Liu et al., 2007). Note that the residence

time defined here (Figures 4D1–D2) represents how long it
would take for the process of sinking by itself to vertically
remove all the particulate organic matters from the upper
150 m water column. Dividing the distance of transport
(150 m) by the residence time of carbon (RT-C (days)) yields
an average sinking rate of 3.9 ± 3.5 (1.6–9.1) m d−1 in the CEs and
0.7 ± 0.3 (0.5–0.9) m d−1 in the WE. We believe that the faster
POC sinking velocity and shorter retention time of larger celled
phytoplankton in the CEs compared to theWE (p < 0.10), has the
effect of shortening oceanic food webs and increasing grazing
pressure on the other components, thus promoting the
repackaging of the organic carbon pool and further
strengthening the biological pump (Sweeney et al., 2003; Hung
et al., 2010b; Chung et al., 2012).

Origin of the POCFlux in theCEs and theWE
Phytoplankton species composition determines to a large extent
the fraction of the total biological production that is exported
from the surface ocean. For example, POC generated by diatoms
and other large species is more effectively exported than POC
generated by smaller and/or soft-bodied plankton (Sweeney et al.,
2003 and references therein). It is worth noting that the average
POC flux of the first CE (Table 1; Fig. 4C1) was higher than that
reported (50 ± 7 mg-C m−2 d−1) in the same area of the NSCS in
winter (Hung and Gong, 2010) even though this region as a whole
exhibits highest productivity in winter (Liu et al., 2002; Liu et al.,
2007; Chen et al., 2007). Likewise, the POC flux driven by the
second CE (Table 1, Figure 4C1) in spring was somewhat higher

FIGURE 5 | I-Phytoplankton and I-Diatom vs. (A, B) I-Chl; (C,D) I-N; (E, F) N gradient between the lower boundary of the mixed layer and 150 m. The lines in the E
and F denoted the result of linear regression.
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than previously reported (12 mg-C m−2 d−1) for the same area
and during the same period. Finally, the POC flux driven by the
WE (Table 1, Figure 4C2) in autumn was quite comparable to
the value (29 mg-C m−2 d−1) reported near the SEATS site by
Chen et al. (1998) during the summer monsoon. The major
discrepancy with previously reported POC fluxes was at station
S3, where the structure of the water column persisted for at least
∼15 days (Supplementary Figure S6): the POC flux there reached
a value of 166 mg-C m−2 d−1 (Table 1; Figure 4C1), i.e., well
beyond the range of values defined by the time-series
observational record (83 ± 34 mg-C m−2 d−1) at the SEATS
site (Wei et al., 2011). Supplementary Figure S7 shows how
the core of the second CE remained quasi-stationary for more
than 2 weeks. This unusual event differs from previous
descriptions of eddies in the SCS (Chen et al., 2011). That
eddy was a small eddy with a radius of 53–74 km and a
lifetime of 1 month (Supplementary Figure S7). These
observations suggest that the intensity of biogeochemical
processes may be stronger in sub-mesoscale than in mesoscale
eddies (Chen et al., 2011).

The surface-to-deep ocean transfer efficiency of plankton-
fixed POC is affected by the production of biogenic particles
in the surface ocean as well as the carbon content of the large, fast-
sinking phytoplankton species (Sweeney et al., 2003; Olenina
et al., 2006). As such, we had initially expected to find a significant
relationship between POC fluxes and the water column carbon
inventory from the large phytoplankton and diatoms species we
identified. No such relationship held in the upper 100 m (Figures

6A,B). We subsequently reexamined this relationship separately
in both surface and SCM waters. We found significant linear
relationships between the POC export flux and the carbon
contents of phytoplankton and diatoms in the waters of the
SCM (Figures 6E−F) but not in the surface waters (Figures
6C–D).

These results provide several vital clues for the further
understanding of carbon sequestration caused by eddies and
points to the transfer efficiency being related to the type of
phytoplankton. Larger cells with heavy, durable shells (e.g.,
diatoms) sink relatively rapidly and are more efficient carbon
carriers than smaller phytoplankton cells (e.g., Synechococcus,
Prochlorococcus) (Karl et al., 2003). Some studies (Karl et al.,
2003; Sweeney et al., 2003) have identified diatoms as a principal
component for total organic carbon export flux from the upper
water column. Yet our compositional data suggest that carbon
sources other than diatoms contribute to the flux of sinking
particles. Honda and Watanabe (2010) have argued that the
association with ballast minerals, opal or CaCO3, can control
the export flux of organic matter in the subarctic Pacific Ocean.
However, the relative contribution of ballast minerals to the
downward POC flux in tropical regions such as the NSCS
remains an open question. Answering this question will be the
next critical step in explaining andmodeling sediment trap results
in these regions. A portion of the POC that is unlikely to be
associated with ballast minerals consists of zooplankton fecal
pellets. These have been identified as one of the main component
of sinking particulate matter, but their overall contribution to the

FIGURE 6 | POC fluxes vs. (A, B) I-Phytoplankton and I-Diatom carbon inventories (I-Phytoplankton C. and I-DiatomC.); (C,D) phytoplankton and diatom carbon
contents (Phytoplankton C. and Diatom C.) in surface waters; (E, F) phytoplankton and diatom carbon contents (Phytoplankton C. and Diatom C.) in subsurface waters
(i.e., SCM). The lines in the E and F denoted the result of linear regression.
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POC flux can be highly variable. Turner (2015) and references
therein report contributions of fecal pellets to POC export
ranging from less than 1–100%. Clearly, the potential
contribution of fecal pellets to POC export cannot be ignored
since they may explain the weak and insignificant relationships
we obtained between the POC flux and the I-Phytoplankton
(I-Diatom included) carbon inventory. Although we did not
collect fecal pellets in the present study, it would be important
to obtain fecal pellet measurements in future work.

An important positive finding of our study is the significant
positive relationship between the POC flux and the phytoplankton
carbon content in subsurface waters (i.e., SCM), which holds
equally strongly for total phytoplankton or diatom cells alone
(Figures 6E,F). This finding and our other results underscore the
importance of measuring primary production in subsurface
waters, especially as it cannot be estimated from satellite
measurements of ocean color. All in all, our result suggests that
the large phytoplankton and diatoms of the SCM within
subsurface waters that appear to govern the POC export to the
deep sea. This important finding highlights the limitations of
remote sensing as a tool to further our understanding of the
impact of eddies on oceanic interior biogeochemical responses,
since remote sensing is limited to the very top layer of the sea
surface.

Numerous field investigations based on different
techniques such as buoy-tethered floating sediment traps

(Hung et al., 2004; Hung et al., 2010a; Benitez-Nelson et al.,
2007; Buesseler et al., 2008; Shih et al., 2015; this study),
moored sediment traps (Honda et al., 2018), neutral
buoyancy sediment traps (Buesseler et al., 2007), radioactive
isotope disequilibrium (Bidigare et al., 2003; Sweeney et al.,
2003; Buesseler et al., 2008; Verdeny et al., 2008; Zhou et al.,
2013) as well as modeling approaches (Xiu and Chai 2011)
have generally drawn the conclusion that POC export fluxes
associated with eddies are high relative to those measured in
the surrounding waters. We have compiled POC fluxes
collected from “target zones”—where high fluxes are
expected—versus POC fluxes from ‘reference zones’—where
low fluxes are expected (Figure 7). In practice, target vs.
reference zones (circle and triangle symbols in Figure 7)
may correspond to CE vs. WE, WE’s edge vs. WE’s core,
WE’s edge vs. CE’s edge, CE vs. no eddy (external waters),
or CE vs. mode water (MW) or WE. Taken collectively, these
comparisons serve to evaluate the impact of eddies on the
magnitude of the POC export flux (Figure 7; Supplementary
Table S3). Among all references listed in Figure 7, the target
zone to reference zone POC flux ratios ranged from 1.3 to 5.7
(Supplementary Table S3), confirming that enhanced POC
export fluxes are associated with eddies. Although our own
results fall into this classification, we also found that the two
CEs differed in several aspects from each other as well as from
the WE. These differences point to the influence of

FIGURE 7 | POC fluxes associated with eddies in subtropical regions of the Northern Hemisphere: South China Sea (SCS), Western North Pacific (WNP), Kuroshio
Extension Observatory (KEO), Lee of Hawaii (LOH), Gulf of Mexico (GOM), Sargasso Sea (SS). POC fluxes at KEO (Honda et al., 2018), 150-m depth, was estimated
according to the Martin’s flux attenuation equation, i.e., POC flux � Flux100 (Z/100)

−b (Martin et al., 1987) with b values from Shih et al. (2019) andMartin et al. (1987) (1.10
and 0.86, respectively); the POC flux denoted by symbols of circle and triangle when CE passed and did not pass over a moored sediment trap, respectively (CE
pass and Normal). POC fluxes in the Sargasso Sea, 150-m depth, were calculated according to [POC flux (mg-C m−2 d−1)] � [234Th flux (dpm m−2 d−1)] × [POC/234Th
(μmol dpm−1)], where the flux of 234Th was obtained from Sweeney et al. (2003) and an average value for [POC/234Th] was obtained from the references listed in Hung
et al. (2012). Relative to the reference zone or period, i.e., triangle symbols, circle symbols represented the POC flux which the high value was expected to be observed at
the target zone or period.
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phytoplankton community structure, which in turns depends
on the evolution and stability of the upper water column, as a
critical factor controlling the biogeochemistry of the eddy.

SUMMARY

Our study provided in situ and direct measurement of POC flux
associated with CEs and WE in the NSCS. Both CEs exhibited a
shorter retention time, a higher sinking velocity of POC and a
higher POC flux than the WE, indicating that carbon export
processes were more intense in the CEs than the WE. The
enhanced POC export was primarily due to the greater
abundance of large cell phytoplankton (e.g., diatoms, large
dinoflagellates) at depths ranging between 30 and 90 m
(subsurface Chl maximum). These findings highlight the
limitations of remote sensing as a tool to study the upper
ocean biogeochemical responses to eddies. The lack of
correlation between Chl and large phytoplankton inventories
in the upper 100 m of the water column was likely due to the
variability in the Chl content of the phytoplankton taxa making
up the different assemblages in different eddy conditions. Large
cell phytoplankton growth was favored under the high-
turbulence, weak N-gradient prevailing in the CEs. Conversely,
the more stratified, strong N-gradient conditions encountered in
the WE encouraged the growth of smaller-celled phytoplankton
which may be grazed by small protozoa. Further field
investigations are required to clearly elucidate and accurately
quantify the evolution and transport of biogeochemical
properties induced by cold and warm eddies. This will require
new sampling and sensor technologies to extend the spatial and
temporal scales of the present study. Especially useful would be
the establishment of a long-term observation system to monitor
the physical and biogeochemical properties of NSCS waters
outside the eddies.
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