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Abstract We examined response of phytoplankton total chlorophyll a (TChl a) and community
composition to three coherent anticyclonic eddies (ACEs) observed during a cruise to the northern South
China Sea on 28 July to 7 August 2007. Photosynthetic pigments were measured to estimate the
contribution of nine phytoplankton groups to TChl a. Although the water column-integrated TChl a
inventory in the upper 100 m was very similar among the three ACEs (17.6–18.9 mg/m2) we observed during
the cruise, there were remarkable enhancements in biomasses at the eddy edges. TChl a inventory was
20.8 ± 3.0 mg/m2 at the edge, which was 33% or 60% higher than at the center and reference. The greatest
enhancement of the TChl a at edge was attributed to haptophyte-8, which was 1.6 and 2.2 times the
analogous concentrations at the center and reference sites. The Prochlorococcus Chl a was ~50% greater at
the edge relative to the reference and was intermediate at the center. Diatom Chl a at the edge was ~2.5
times the concentrations at the center and reference sites. The positive correlation between particulate
organic carbon flux and haptophyte-8 Chl a at the edge implied an important role of haptophyte-8 in
particle export productivity. It is interesting to note that there occurred higher fluxes of biogenic Si at the
center of the ACEs due likely to lateral transport of diatoms from the edge. The phenomenon of higher
TChl a at the edge but higher export at the center may have been the combined result of vertical convection
and lateral transport within the eddies.

Plain Language Summary The response of different phytoplankton groups to three anticyclonic
eddies (ACEs) and the relationship between the carbon export and phytoplankton community was studied
in the northern South China Sea on July 28-August 7, 2007. The phytoplankton TChl a concentration
inventory in the upper 100 m was very similar among the three ACEs. But the biomass and community
composition varied in different parts of the ACEs, including the ACEs’ centers, edges and outside the ACEs.
The enhancement of TChl a at edge attributed to haptophyte-8 was siginificantly.The Prochlorococcus Chl a
was ~50% greater at the edge relative to the reference and was intermediate at the center. The haptophyte-8
played an important role of in particle export. The phenomenon of higher TChl a at the edge but higher
export at the center may have been the combined result of vertical convection and lateral transport within
the eddies

1. Introduction

Mesoscale eddies are ubiquitous oceanic features that extend spatially over distances of tens to hundreds of
kilometers and temporally over times of days to months (Chelton et al., 2011; Zhang et al., 2013). Eddies are
classified into cyclonic eddies, anticyclonic eddies (ACEs), and mode-water eddies (McGillicuddy et al.,
1999, 2007).

Numerous studies have shown that mesoscale eddies play an important role in biogeochemical cycles
initiated by their effects on nutrient dynamics in the euphotic zone (Klein & Lapeyre, 2009; Martin &
Pondaven, 2003; Nurser & Zhang, 2000). It has been estimated that 20–40% of the nutrient requirements
of phytoplankton are supplied by mesoscale eddies (Mahadevan & Archer, 2000; McGillicuddy et al., 2003;
Oschlies & Garçon, 1998). Nitrogen fixation and submesoscale processes can provide allochthonous
nutrients for new production (Glover et al., 2008; Kolber, 2006; Lévy et al., 2001; McGillicuddy et al., 2007;
Moore et al., 2007). Nutrient pumping induces an enhancement of phytoplankton biomass, community
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succession, and primary production, especially in the oligotrophic subtro-
pical ocean (Eden & Dietze, 2009; Landry et al., 2008; Lévy et al., 2009;
MacFadyen et al., 2008; McGillicuddy et al., 2007; Oguz & Salihoglu,
2000; Painter et al., 2010). These effects are easily explained in the case
of a cyclonic eddy based on the doming of its isopycnals and nutricline.
The mechanism is more complicated in the case of an ACE. Because of
the depression of its isopycnals, there is not obvious nutrient pumping
in the ACE center, and the absence of a biological response has been
reported in many ACE studies (Biggs, 1992; Leterme & Pingree, 2008;
Sweeney et al., 2003; Tanaka et al., 2011). However, positive effects on
phytoplankton biomass and primary production have been reported in
some ACEs. The postulated mechanisms have included (1) the importa-
tion of shelf waters or terrigenous nutrients (Campbell et al., 2013;
Dietze et al., 2009; Hansen et al., 2010; Moore et al., 2007; Paterson
et al., 2008; Perissinotto & Rae, 1990; Washburn et al., 1993); (2) Ekman
pumping induced by wind stress (José et al., 2014; Martin & Richards,
2001; Woodward & Rees, 2001; Zhang et al., 2001); (3) nitrogen fixation
(Fong et al., 2008; Guidi et al., 2012); (4) the rebound of depressed isopyc-
nals and the release of nutrients during the decay stage of the ACE
(Crawford et al., 2007; Flierl & Mied, 1985; Franks et al., 1986; Nelson
et al., 1989; Tranter et al., 1980); and (5) the enhancement of particle sink-
ing as a result of the wineglass shape structure of the ACE (Waite et al.,

2016) and during the spring bloom in the North Atlantic (Omand et al., 2015). In recent studies, a scenario
involving the perimeter of an ACE or eddy-eddy interactions has been discussed. This mechanism may be
another explanation for the stimulation of biological production observed in some ACEs (Guidi et al.,
2012; Jeffrey & Hallegraeff, 1980; Kim et al., 2012; Kishi, 1994; Omand et al., 2015; Peterson et al., 2011;
Toner et al., 2003).

Mesoscale eddies occur frequently in the South China Sea (SCS), which has facilitated studies of their impacts
on biogeochemical cycles. In the case of ACEs, almost all the biomass-modulating mechanisms have been
reported in at least one study, including the lack of a response or a reduction in biomass (Huang et al.,
2010; Ning et al., 2004, 2008) and enhancement by importation of shelf water (Lin et al., 2010) or by eddy
advection (Liu et al., 2013). Even though a physical-biogeochemical model indicates that new production
is reduced by one third in ACEs compared to the mean value in the SCS basin (Xiu & Chai, 2011), enhance-
ment of Chl a in the filament structure and the resulting enhancement of carbon export have been reported
at the perimeter of ACEs in the SCS (Liu et al., 2013; Sasai et al., 2013; Zhou et al., 2013). Based on fieldwork
carried out on the same cruise as this study, Zhou et al. (2013) have addressed submesoscale variability asso-
ciated with ACEs and their effects on particle export at the submesoscale. In this study, the details of the
response of phytoplankton TChl a concentrations and community composition to these three ACEs will
be expatiated.

2. Data and Methods
2.1. Cruise and Sample Collection

The cruise was carried out in the northern SCS basin with the R/V Dongfanghong 2 from 28 July to 7 August
2007 (Figure 1). Samples were collected along two transects from 111.5°E to 120°E based on the sea level
anomaly: Transect H along 18°N and Transect G along 19°N. The locations of the three ACEs were identified
using the sea level anomaly acquired from the French Archiving, Validation, and Interpolation of Satellite
Oceanographic data project (Nan et al., 2011; Zhou et al., 2013). Transect H extended through three ACEs
—ACE1, ACE2, and ACE3—from west to east (Figure 1).

A conductivity-temperature-depth (CTD) system (SeaBird SBE-911 Plus, Bellevue, WA, USA) was deployed to
acquire hydrographic parameters. Seawater samples for phytoplankton pigment analysis using high-
performance liquid chromatography (HPLC) were collected at five depths (0, 25, 50, 75, and 100 m) with
CTD-mounted rosette assemblies and 12-L Niskin bottles (General Oceanics, Inc., Miami, FL, USA).

Figure 1. Map of sampling stations based on the sea level anomaly on 1
August 2007. The blue dots were stations with phytoplankton pigment sur-
vey in all 33 stations during the cruise. The three anticyclonic eddies were
named ACE1, ACE2, and ACE3 from the west to the east along transect H. The
red, yellow, and blue cycles on the station dots indicate the center, edge, and
reference stations of the ACEs, respectively. ACES = anticyclonic eddies;
SLA = sea level anomaly.
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2.2. HPLC Pigments

Seawater samples (6–16 L) for phytoplankton pigment analyses were filtered onto 47-mm Whatman GF/F
filters under gentle vacuum (<120 mm Hg). The filters were wrapped with aluminum foil, frozen, and stored
in liquid nitrogen on board the research vessel. The frozen samples were later placed in a freezer (�80 °C)
after transportation to the laboratory. Pigments were extracted with 2 mL of N,N-dimethylformamide in a
freezer (�20 °C) for 2 h (Furuya et al., 1998). The extracts were then filtered through 13-mm Whatman
GF/F filters in a Swinnex filter holder to remove filter debris before mixing with 1 mol/L ammonium acetate
solution (600 μL:600 μL). Subsamples were injected into an HPLC system (Agilent series 1100, Santa Clara, CA,
USA) equipped with a 3.5-μm Eclipse XDB C8 column (100 × 4.6 mm; Agilent Technologies) following the
elution protocol described by Zapata et al. (2000). The quantification was confirmed using standards
purchased from the Danish Hydraulic Institute Water and Environment, Hørsholm, Denmark. Six chlorophylls
and 12 xanthophylls could be quantified. The chlorophylls included monovinyl chlorophyll a, divinyl
chlorophyll a, monovinyl chlorophyll b, divinyl chlorophyll b, chlorophyll c1 + c2, and chlorophyll c3. The
xanthophylls included alloxanthin, 190-butanoyloxyfucoxanthin, diadinoxanthin, diatoxanthin, fucoxanthin,
190-hexanoyloxyfucoxanthin, lutein, neoxanthin, peridinin, prasinoxanthin, violaxanthin, and zeaxanthin.

2.3. Phytoplankton Community Composition

The chemical taxonomy program CHEMTAX V1.0 was used to estimate the contribution of different phyto-
plankton groups to the TChl a concentration (Mackey et al., 1996). Thirteen pigments were used to quantify
the fraction of the TChl a contributed by each of nine phytoplankton groups—dinoflagellates, diatoms,
haptophyte-8, haptophyte-6, chlorophytes, cryptophytes, Prochlorococcus, Synechococcus, and prasino-
phytes. The initial matrix of pigment/Chl a ratios followed the protocol used by Mackey et al. (1996).
Residual analysis indicated that the pigment/Chl a ratios had converged by the fifth iteration of CHEMTAX
(Latasa, 2007).

Based on more detailed pigment information, Zapata et al. (2004) divided haptophytes into eight pigment
types by analyzing 37 species (65 strains) of haptophytes (Zapata et al., 2004). The main differences between
the haptophyte-6 and haptophyte-8 were the relatively small concentrations of 190-but-fucoxanthin in type-6
versus type-8, and the opposite pattern for Mv-Chl c3. Emiliania huxleyi and Gephyrocapsa oceanica belong
to haptophyte-6, whereas species like Dicrateria inornata, Imantonia rotunda, and Phaeocystis belong
to haptophyte-8.

2.4. Particle Export Data

The data for particulate organic carbon (POC) concentrations, thorium-234 (234Th) fluxes, 234Th/238U, POC
fluxes, and biogenic SiO2 (bSiO2) concentrations have been reported in Zhou et al. (2013).

2.5. Data Analysis

Pearson’s correlation coefficient was used to identify the correlations between two variables. Independent t
tests combined with one-way analysis of variance were used to compare the difference between two groups.
All the statistical analyses were carried out with OriginPro v8.5 (OriginLab Corporation©, Northampton, MA,
USA). Ocean Data View software (v4.6.1) was used to plot the contour figures.

3. Results
3.1. Hydrochemical Structure

The sea level anomaly images identified the location of the three ACEs during the 2007 cruise (Figure 1 &
Figure S1). According to the study of Nan et al. (2011), the centers of the three eddies were located at
111.7°E, 17.7°N for ACE1; 115.0°E, 17.9°N for ACE2; and 118.1°E, 17.5°N for ACE3 on 22 August 2007, respec-
tively. It was obvious that the positions of the three ACEs were stable during the 3 weeks of our survey, except
for the position of ACE2, which moved northward by a few kilometers. Based on the standard of 5 cm
contours in altimetry (Hwang & Chen, 2000), the diameters of the three ACEs (150 km, 156 km, and 178 km
for ACEs 1, 2, and 3, respectively) reported by Nan et al. (2011) were also stable during the 3 weeks. ACE1,
ACE2, and ACE3 were all long-lived and lasted 147 days, 168 days, and 210 days, respectively (Nan et al.,
2011). From the beginning of our survey, their lifetimes were 74 days, 67 days, and 56 days, respectively.
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The stations in the three ACEs (nine in Transect H and eight in Transect G) were categorized based on the
temperature-salinity properties of the water and cluster analysis. The categories were the center, edge, and
reference (stations outside the eddies; Table 1 and Figure 2; and Zhou et al. (2013)). The vertical distribution
of temperature (T), salinity (S), and potential density anomaly (σ0) along Transect H (Figures 3a–3c) and
Transect G (Figures 3d–3f) during the 2007 cruise implied that all three ACEs had lower salinity (<33.7) in
the surface water at the center. But there were no significant differences between the temperatures and
σ0 values in the surface water of the center, edge, and reference stations. The isohalines were typically

depressed in the center. The S = 33.9 contour, for example, was at
~50 m at the center and at ~25 m at the edge. The isohalines at the edges
of ACE1 and ACE2 domed dramatically; the S = 33.9 and S = 34.5 contours
were ~50-m shallower than at the centers. Along Transect G, the isohalines
and isopycnals at the reference stations were at depths intermediate
between the shallower isohalines and isopycnals at the centers of the
eddies and the deeper ones at the edges.

The distributions of dissolved inorganic nitrogen (DIN) and silicate [Si
(OH)4] along Transects H and G during the 2007 cruise have been
shown in Zhou et al. (2013). Briefly, DIN was depleted in the upper
50 m along both zonal transects, but the Si (OH)4 distribution was
stratified. The nutricline was at ~75 m at the center of ACE1 and deeper
(100 m) at the center of ACE2. The DIN was exhausted in the upper
100 m at the center of ACE3, and the nutricline was deeper than
100 m. However, the nutricline had a dramatic dome structure at the
edges of the ACEs. At a depth of 100 m, for example, the DIN
concentrations at the edges were 7–12 μmol/L compared to
0–6 μmol/L at the centers.

3.2. Phytoplankton TChl a Concentration
3.2.1. Vertical Distribution
The vertical distribution of TChl a concentrations along Transect H showed
that the depth of the deep chlorophyll maximum layer (DCML) was stable
at 75–100 m (Figure 4a). The concentration of TChl a varied from 0.228 to
0.546 mg/m3 in the DCML along Transect H; the minimum value in the
entire survey area was 0.147 mg/m3 at station G02. There was no signifi-
cant difference between the TChl a concentrations in the DCML among
the three ACEs, but the TChl a concentration was distinctly higher
(p < 0.010) at the edge (0.415 ± 0.081 mg/m3) than at the center
(0.284 ± 0.037 mg/m3) or the reference (0.259 ± 0.085 mg/m3). The

Table 1
The Hydrologic Parameters of the Three Station Types (Center, Edge, and Reference) in the Three Anticyclone Eddies (ACEs)

Types ACEs Station SST (°C) SSS MLD (m) θ = 23.5 kg/m3 depth (m)

Center 1 H02 30.24 33.74 23.0 75.0
2 H08, H10 30.58 33.70 22.5 82.5
3 H14, H16, H18 30.92 ± 0.20 33.69 ± 0.07 20.0 ± 3.6 88.3 ± 3.3

Average n = 6 30.70 ± 0.69 33.70 ± 0.06b 21.3 ± 3.9a 84.2 ± 5.4
Edge 1 H04 30.51 34.11 27.0 69.0

2 H06, H12, G10 30.62 ± 0.31 33.83 ± 0.08 12.0 ± 2.2 76.3 ± 14.4
3 G06, G08 30.57 33.88 13.5 69.5

Average n = 6 30.58 ± 0.24 33.90 ± 0.15ab 15.8 ± 6.0b 73.2 ± 11.8
Reference G01, G02, G04, G12, G14 30.74 ± 0.26 34.04 ± 0.07a 27.4 ± 5.8a 75.6 ± 10.4

Note. The parameters included sea surface temperature (SST), sea surface salinity (SSS), the mixed layer depth (MLD), and
the depth of the 23.5 kg/m3 isopycnal. The reference group was treated as the control in the multiple comparison using
one-way ANOVA. The superscript labels a,b and ab implied significant difference at the level of p < 0.050.
ANOVA = analysis of variance.

Figure 2. Potential temperature (θ) versus salinity scatters (T-S properties)
showing the water mass in the upper 150-m water column for the August
2007 cruise. The dots represent potential density anomaly σ0 (kg/m

3), and
gray lines are the isopycnals. The center, edge, and reference stations were in
red, yellow, and blue, respectively.
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distributions of the phytoplankton groups were similar in the DCML and in the upper water column, except
for Synechococcus (Figure 4f), which was present throughout the euphotic zone but was most numerous in
the DCML (>0.040 mg/m3). The haptophyte-8 group was dominant at the DCML and contributed ~50% to
the TChl a concentration in that area (Figure 4c), followed by Prochlorococcus, which accounted for 20–
25% of the phytoplankton TChl a concentration (Figure 4e). Approximately 10% of the TChl a
concentration was contributed by Synechococcus (Figure 4f), similar to the haptophyte-6 contribution
(Figure 4d). The Chl a concentration of diatoms was very low, only 3–7% (Figure 4b). The variations of the
Chl a concentrations among the center, edge, and reference differed among phytoplankton groups.
Almost all the phytoplankton groups were enhanced at the center and/or edge compared to the
reference. The most dramatic elevation was the abundance of the predominant group, haptophyte-8,
which was ~50% greater at the edge compared to the reference (p < 0.050). Although diatoms
contributed very little to the TChl a concentration, they made an obviously greater contribution to the
TChl a concentration at the edge, 5.4-fold higher compared to their contribution at both the center and
reference (p < 0.010). Prochlorococcus and Synechococcus also showed a ~20% increase at the edge and
center compared to the reference (p < 0.050).
3.2.2. Horizontal Comparison
The integrated TChl a concentration in the upper 100 m of the water column inventory was used to
quantify the phytoplankton biomass (Figure 5). The TChl a inventories were 18.9 ± 1.2, 18.6 ± 4.0, and
17.6 ± 3.8 mg/m2 for the ACE1, ACE2, and ACE3, respectively, which were approximately 40% higher than
at the reference (p < 0.010), while there were no significant differences between the TChl a inventories as
well as between the contribution of each phytoplankton group in the three eddies (p > 0.050). The
predominant groups, the haptophyte-8 and Prochlorococcus, were elevated 80–90% (p < 0.010) and
30–40% (p < 0.050) in the ACEs compared to the reference. The Chl a concentrations of diatoms were
almost the same at ACE3 and the reference, but they were 120% higher than the reference concentration
at ACE1 and ACE2 (p < 0.010). The inventories of the Synechococcus Chl a concentrations were very similar
between the ACEs and reference, although there was a 15% decrease at ACE1 (p < 0.050). Other

Figure 3. Vertical distribution of (a and d) temperature (°C), (b and e) salinity, and (c and f) potential density anomaly (σ0, kg/m
3) in Transects H (left panel) and G

(right panel) during the August 2007 cruise. The red, yellow, and blue on the station labels indicate the center, edge, and reference stations of the ACEs,
respectively. ACES = anticyclonic eddies.
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Figure 4. Vertical distribution of (a) TChl a, (b) diatoms, (c) haptophyte-8, (d) haptophyte-6, (e) Prochlorococcus and
(f) Synechococcus TChl a concentration (mg/m3) along transect H during the August 2007 cruise. The red, yellow, and blue
on the station labels indicate the center, edge, and reference stations of the ACEs, respectively. ACES = anticyclonic eddies.

10.1029/2017JC013623Journal of Geophysical Research: Oceans

WANG ET AL. 6



phytoplankton groups fluctuated simultaneously at the ACEs compared
to the reference: a 25–45% increase for haptophyte-6 (p < 0.050), an
~80% decrease for prasinophytes (p < 0.050), and ~10% (variable)
changes for dinoflagellates (p > 0.050).
3.2.3. Edge Effects
In order to address the effect of eddies on phytoplankton communities at
the submesoscale, comparisons were made between the communities at
the center, edge, and reference of the ACEs (Figure 6). There were distinct
variations of the TChl a inventories and some of the dominant phytoplank-
ton groups, especially at the edge. The TChl a inventory in the upper 100m
was 20.8 ± 3.0 mg/m2 at the edge, which was higher by 33% (p < 0.050)
and 60% (p < 0.050) compared to the center and reference, respectively
(Figure 6a). The Chl a inventory of the haptophyte-8 group was enhanced
the most at the edge, 60% higher than the inventory at the center
(p < 0.050) and 120% higher than the inventory at the reference
(p < 0.050, Figure 6d). The Chl a inventory of the second most abundant
group, Prochlorococcus, was 50% greater at the edge relative to the refer-
ence (p < 0.050) and was intermediate at the center (Figure 6f). The pat-
tern for haptophyte-6 was similar, about 40% enhancement at the edge

relative to the reference (Figure 6e). Synechococcus was distributed homogeneously among the center, edge,
and reference; the Synechococcus Chl a inventory varied from 3.32 ± 0.76 to 3.58 ± 0.47 mg/m2 (Figure 6g).
Although diatoms contributed only 3–7% to the TChl a inventory, the diatom Chl a inventory was 150%
higher at the edge than at the center and the reference (p < 0.050, Figure 6c). The dinoflagellates
(Figure 6b) and prasinophytes (Figure 6h) contributed only slightly to the TChl a inventory, and their Chl a
inventories did not vary significantly. Their Chl a concentrations were elevated at the edge and
somewhat variable.

3.3. Relationship Between the Phytoplankton Community and POC Flux

To elucidate the relationship between particle export and phytoplankton community composition, we
classified the CHEMTAX-based phytoplankton groups into three size fractions: the microfraction
(diatoms + dinoflagellates), the nano-fraction (haptophyte-8 + haptophyte-6 + chlorophytes + cryptophytes),
and the pico-fraction (Prochlorococcus + Synechococcus + prasinophytes) in accord with (Uitz et al., 2006).
Ternary graphs clearly showed that the contribution of the microfraction to TChl a was <25% in almost all
the samples, and the major fluctuations occurred between the nano- and pico-fractions (Figure 7). The distri-
bution patterns of TChl a (Figure 7a), POC (Figure 7b), and bSiO2 (Figure 7d) were similar; the high values were
principally at the eddy edges. The micro:nano:pico contribution was approximately 15:25:60. The distribution
pattern of the 234Th/238U ratio (Th/U) was somewhat different (Figure 7c). The ratios were relatively high
when the nanoplankton or picoplankton were most abundant and were relatively low when the distribution
of size fractions was more balanced. At all sites the Th/U ratio was relatively high when the nanoplankton
fraction was 60% more than the picoplankton fraction, independent of the absolute contribution.

To explain the distribution pattern of the Th/U ratio in relation to the phytoplankton size fractions, details of
the vertical profiles for Th/U, TChl a, and the contributions of the major phytoplankton groups are shown in
Figure 8. There were more deficits of Th/U in the upper 50 m of the water column at the center or edge than
at the reference (Figures 8a–8c). The TChl a concentrations were also elevated at the center and edge relative
to the reference (Figures 8d–8f). The deficits of Th/U in the upper 50 m were associated mainly with
Prochlorococcus and Synechococcus (Figures 8g–8i). However, the pattern was more complicated at depths
of 50–100 m, where the maximum Th/U deficits were 18.2% at 75 m at the center, 16.8% at 50 m at the edge,
and 14.2% at 75 m at the reference. Remarkably, the 234Th-238U equilibriumwas reestablished at 100 m at the
edge, but there were still ~10% deficits at 100 m at the center and reference. This pattern might be explained
by the profiles of the haptophyte-8 Chl a concentrations, which reached maxima of 0.128 mg/m3 at the cen-
ter and 0.133 mg/m3 at the reference, both at a depth of 100 m. At the edge, the maximum haptophyte-8 Chl
a concentration was 0.218 mg/m3 at 75 m, and the haptophyte-8 Chl a concentration at 100mwas 0.119 mg/
m3, less than at the center and reference.

Figure 5. The contribution of phytoplankton groups to the upper 100-m
TChl a inventory in the three ACEs and at the reference stations during the
August 2007 cruise. ACES = anticyclonic eddies.
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Figure 6. Post hoc multiple comparisons of (a) TChl a, (b) dinoflagellates, (c) diatoms, (d) haptophyte-8, (e) haptophyte-6, (f) Prochlorococcus, (g) Synechococcus, and
(h) prasinophytes TChl a inventory (mg/m2) in the upper 100-mwater column between the ACEs’ center, edge, and reference stations during the August 2007 cruise.
The superscript labels a, b, and ab represent significant difference at the level of p < 0.05. ACES = anticyclonic eddies.
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4. Discussion
4.1. Modulation of the Phytoplankton TChl a Concentration at the ACE Edge

There were no obvious differences of phytoplankton TChl a concentrations and community compositions
between the three ACEs, perhaps because their origins were within 3° of longitude and at similar stages from
each other. The interiors of all three ACEs were located at bathymetries of 1,000 m, and all three ACEs could
be defined as basin-scale ACEs (Nan et al., 2011). The similarity of their physical characteristics and their ori-
gins from the same current system could account for their similar phytoplankton distributions. ACE1 was gen-
erated from the western boundary current of the SCS 1 week before ACE2, which was generated from the
eastward branch of the western boundary current along ~18°N. ACE3 was also generated from the same
branch, but 3 weeks later than ACE2 (Nan et al., 2011). Thus, the lineal origins of the eddies and steady
basin-scale circulation resulted in the three ACEs being slow moving and in synchrony.

The phytoplankton TChl a concentrations were elevated at the edges of all three ACEs, but this pattern is not
universal among ACEs that are generated in eutrophic or oligotrophic water (Table 2). For example, the eddy
Haida-2000a, which was generated off the coast of British Columbia, propagated westward and merged into
the high-nitrate, low-chlorophyll waters of the Gulf of Alaska. Therefore, that ACE could trap typical coastal
water at its center and develop higher Chl a concentration there than at its edge. Advective entrainment
and upwelling resulted in the edges playing the role of a conduit between the eddy and the outside water,
and the phytoplankton community therefore varied significantly (Peterson et al., 2011).

There have been other reports of similar scenarios, where the enhancement at the ACE’s edge was obliter-
ated at the center. These scenarios have been associated with ACEs that originate from the coast or shelf
(Campbell et al., 2013; Jeffrey & Hallegraeff, 1980; Kim et al., 2012; Moore et al., 2007). The scenarios at the
edges of ACEs that have been generated in typical oligotrophic oceanic environments have been similar

Figure 7. The ternary contours of (a) TChl a (mg/m3), (b) particulate organic carbon (POC, mmol C/m3), (c) 234Th/238U, and
(d) biogenic SiO2 (bSiO2, mmol Si/m3) based on the phytoplankton size fraction, including the microfraction, nano- and
pico-fraction. The dots, squares, and inverted triangles represent the ACEs’ center, edge, and reference stations,
respectively. ACES = anticyclonic eddies.
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Figure 8. Vertical profiles of 234Th/238U (top panel, a–c), TChl a (mg/m3) (middle panel, d–f), and TChl a concentration (mg/m3) of the major four phytoplankton
groups (bottom panel, g–i) in the upper 100 m for ACEs’ center (dots, a, d, and g), edge (squares, b, e, and h), and reference stations (inverted triangles, c, f, and
i). The gray shadow in Figures 8a–8c show the deficits of 234Th/238U. All the splines represent the profiles of average values. The diatoms are in dark yellow,
haptophyte-8 in magenta, Prochlorococcus in blue, and Synechococcus in cyan in Figures 8g–8i, respectively. ACES = anticyclonic eddies.
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to our results to some extent, no matter whether the eddies were in a dipole- or single-ACEmode (Guidi et al.,
2012; José et al., 2014). In the northern SCS, Liu et al. (2013) have attributed the elevation of Chl a at the edges
of nonlinear ACEs to nutrient pumping. The west-to-east difference of Chl a concentrations along the
periphery of the ACEs revealed a high-northeast and low-southeast pattern of Chl a concentrations in each
ACE that seems consistent with our results (Liu et al., 2013).

4.2. Community Composition Under Edge Effects

In the present study, the Chl a inventory of most of the phytoplankton groups increased at the edge. The TChl
a inventories at the edge were 30–60% greater than at the center or reference. The haptophyte-8 and dia-
toms were the most obvious components of the TChl a inventory that increased (Figure 6). The percentage
of nano-phytoplankton biomass has been reported to increase from 45–59% at the center of an ACE to 72–
76% at the edge (Table 3, Jeffrey & Hallegraeff, 1980). However, themajor components of the eddy in the east
Australian Current were prymnesiophytes (expressed as haptophyte-6 in this study), small dinoflagellates,
and diatoms (<15 μm). The group described as haptophyceae was also the dominant component in the
Haida-2000a eddy, but its biomass was higher at the center (58–62%) than at the edge (42–47%, Peterson,
2005). In the case of the ACEWE2 in the northern SCS, the haptophyte-8 group was also the major contributor
to the TChl a concentration (~35%) both inside and outside the eddy (Huang et al., 2010). In our study, if the
reference was regarded as the background, then the haptophyte-8 group was responsible for 60% of the
increase of the TChl a inventory at the edge, followed by 18% for Prochlorococcus and 11% for diatoms.
This result implies that the enhancement of the haptophyte-8 group largely accounted for the elevation of
the TChl a inventory stimulated by nutrient pumping at the edge.

The microphytoplankton, primarily diatoms and dinoflagellates, accounts for ~10% of primary production in
the oligotrophic ocean, but their contribution to particle export reaches 65–70% through direct sinking or
grazing (Michaels & Silver, 1988). In our study, although diatoms accounted for a minor percentage of the
phytoplankton TChl a concentration, their 11% contribution to the enhanced biomass at the edge was still
significant. According to Jeffrey and Hallegraeff (1980), there is a higher diversity of diatom species at an
ACE edge than at the core, and the abundance of the large genus Rhizosolenia (45–69%) is higher than that
of Nitzschia (1–21%) at the edge of the ACE; the contributions are roughly reversed at the center. This scenario

Table 2
Comparison of the Nutrient and Chl a Concentration Response Among the Center, Edge, and Reference in Various ACE Cases

Eddy name Sea area Time
Station
types

DCML
depth
(m)

Inventory
depth (m)

DIN
@inventory
(mmol/m2)

Si (OH)4
@inventory
(mmol/m2)

Chl a @DCML
(mg/m3)

Chl a
@inventory
(mg/m2) References

None East
Australian
Current

Dec. 1978 Center 50–100 200 - - 0.49–0.89 32.9–54.7 Jeffrey and
Hallegraeff
(1980)

Edge 50–100 200 - - 0.33–0.38 22.7–33.4
Reference 50–100 200 - - 0.27–0.34 -

None Western
Australian
Coast

Sep. 2000 Center - 250 - - 0.06–0.15 48.8 Moore et al.
(2007)Edge - 250 - - 0.10–0.27 49.6–51.8

Reference - 250 - - 0.10–0.20 20.2–24.5
Haida-2000a Gulf of

Alaska
1 Jun.
2000–1
Sep. 2000

Center 54 50 261 457 0.67 24.5 Peterson
et al. (2011)Edge 56 50 209 394 0.6 18.5

Reference 65 50 242 493 0.51 25
Ulleung warm
eddy

East Sea/
Japan Sea

Jul. 2005
Aug. 2007

Center 41 60 114 590 5.5 90.6 Kim et al.
(2012)Edge 41 60 159 595 2.5 44.6

Reference 34 60 81 274 <1.0 20
None ALOHA Aug. 2008 Center - - 81 ± 33 270 ± 23 0.4–0.6 - Guidi et al.

(2012)Edge - - 135 ± 10 374 ± 65 0.6–0.8 -
A1obsA2obsA3obs Mozambique

Channel
Apr. 2008
May 2009
Jan. 2004

Center 70–80 - - - <0.10 0.25
0.30

- José et al.
(2014)

Edge 50–80 - - - 0.10–0.30 -
ACE1 ACE2 ACE3 northern SCS Jul.-Aug.

2007
Center 83 ± 12 100 30 ± 37 332 ± 21 0.284 ± 0.037 15.712 ± 2.099 This study
Edge 75 ± 1 100 228 ± 89 470 ± 113 0.415 ± 0.081 20.822 ± 3.026
Reference 90 ± 12 100 45 ± 49 312 ± 22 0.259 ± 0.085 13.022 ± 3.639

Note. SCS = South China Sea; ACE = anticyclonic eddy; DCML = deep chlorophyll maximum layer DIN = dissolved inorganic nitrogen.
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is consistent with the pattern in Haida-2000a (Peterson et al., 2011), in which ~80% of the carbon biomass
was accounted for by pennate diatoms at the center or edge, although the contributions of diatoms to cell
abundance and fucoxanthin concentration were not as high. Notably, the Si (OH)4 concentration was in
excess in the upper 50 m at the center and edge, in contrast to the depleted Si (OH)4 concentrations at
the reference. The analysis also implied that DIN was the principal limiting nutrient. In our study, DIN was
almost exhausted in the upper 50 m. The nutricline was at ~100 m at the center or reference, so that DIN
was scarce in the entire euphotic zone. At the edge, nutrients could be supplied by nutrient pumping, and
the nutricline was at ~50 m. It was easy to understand the increasing diatom biomass at the edge, where
nutrient pumping generated by upwelling could mitigate the effect of the higher half-saturation constant
(Ks = 0.7–1 μM) of some diatom species (Eppley et al., 1969).

The response of the pico-phytoplankton, Prochlorococcus and Synechococcus, was different. First, although
the TChl a concentrations were very similar at the center and edge, Prochlorococcus contributed ~37% and
18% of the elevated TChl a concentrations, respectively, relative to the reference. There have been some
reports of a positive response of Prochlorococcus to ACEs (Baltar et al., 2010; Fernández et al., 2008; Girault
et al., 2013; Lasternas et al., 2013), presumably because Prochlorococcus benefits from the warmer,
oligotrophic water in ACEs (Agawin et al., 2000). The enhancement of the Prochlorococcus Chl a concentration
is dramatic considering the higher cell mortality and lysis rates at the centers of ACEs (Lasternas et al., 2013).
Second, there was no difference in the Synechococcus Chl a concentration inventory among all stations in our
study: Synechococcus was distributed principally in the upper 50 m of the water column. This pattern was
explained by their preference for high irradiance compared to the adaptation of Prochlorococcus to low light
(Moore et al., 1995; Partensky et al., 1999). However, in our study, the most extreme environmental gradients
were accompanied by depressed isopycnals, which in general extended deeper than 50 m. Because of its
requirement of high light intensity, Synechococcus resides mainly in the water near the surface. A depression
of isopycnals deepens the upper mixed layer, and this deepeningmight be responsible for the homogeneous
distribution of Synechococcus Chl a concentrations.

4.3. Higher TChl a Concentration at the Edge but More Particle Export at the Center of the ACEs—Was
Vertical-Lateral Transport Coupled With the Community Composition?

Phytoplankton are the major component of POC in marine ecosystems (Laws et al., 1988; Michaels & Silver,
1988), although bacterial biomass may contribute ~40% to the POC in oligotrophic water (Cho & Azam,
1990). Therefore, variations in phytoplankton biomass and community succession can affect the POC stock
and POC flux to a great extent throughmechanisms such as sinking of dead cells, sinking of cell aggregations,
and excretion of undigested cells (Boyd & Newton, 1999). In our study, there was a positive correlation overall
between POC flux and the TChl a inventory in the upper 100 m (Figure 9a). The microphytoplankton and
nano-phytoplankton fractions were not related significantly with POC flux, except at the center and edge,
respectively (Figures 9b and 9c). Nevertheless, a positive correlation between POC flux and
pico-phytoplankton Chl a concentration was apparent holistically (Figure 9d). The POC flux was also
positively correlated with the Prochlorococcus Chl a concentration overall (Figure 9f). As mentioned above,
the enhancement of the Prochlorococcus Chl a concentration was remarkable at the center and edge relative
to the reference, and, in addition, its contribution to TChl awas slightly higher at the edge (~28%) than at the
center (~23%). Thus, the gradient of the Prochlorococcus Chl a concentrations was qualitatively similar to the
gradients of the POC fluxes and TChl a concentrations (Figure 9a) from the reference through the edge and to
the center.

Based on an analysis of data from the same cruise, Zhou et al. (2013) have reported a significant
enhancement of particle export in the three eddies estimated from 234Th-derived POC fluxes and the use
of both a one-dimensional steady state model (1-D SS model) and a three-dimensional model (3-D model).
In the 1-D SS model, the 234Th flux and POC flux at the center were 1.9 and 1.6 times, respectively, the fluxes
at the reference. The high POC concentration (stimulated by the upwelling at the eddy edges) induced an
increase of particle export. Zhou et al. (2013) therefore introduced a 3-D model to assess and explain the
increasing POC flux at the eddy center. Given that the lateral transport velocity was 0.03 m/s and the distance
from the edge to the center was 60 km, the lateral flux of 234Th flux was 506 ± 250 dpm·m�2·day�1, which is
half that of the 234Th flux observed at the eddy center (1007 ± 29 dpm·m�2·day�1) and almost equal to the
234Th flux at the reference (535 ± 53·dpm·m�2·day�1). A revaluation with the 3-D model revealed that the
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average integrated 234Th flux at the center and edge was 938 ± 284 dpm·m�2·day�1 (or POC flux of
3.69 mmol C·m�2·day�1), which was still 1.6 times the flux at the reference.

At the edge, the positive correlation between POC flux and haptophyte-8 was highly significant (p < 0.01,
Figure 9e). The fact that the TChl a concentration at the edge was 2.2 times the concentration at the
reference could have affected the POC flux profoundly. Our results were comparable to the positive
correlation between haptophyte biomass and POC flux (based on sediment trap data) in the Gulf of
Mexico (Hung et al., 2010). The size-fractionated POC/234Th ratios and pigment analyses implied that
haptophytes can aggregate into larger particles (up to 20 μm in size) with a relatively high density and
rapid sinking rate. However, at the Bermuda Atlantic Time Series site, there is no correlation between

Figure 9. The correlation analysis between POC flux (mmol C·m�2·d�1) and (a) upper 100-m TChl a inventory (mg/m2),
(b) microphytoplankton, (c) nano-phytoplankton, (d) pico-phytoplankton, (e) haptophyte-8, and (f) Prochlorococcus. The red
dots, green squares, and blue inverted triangles represent the ACEs’ center, edge, and reference stations, respectively.
The linear regression is shown in the same color as the scatters and is in black as the holistic regression. The two dashed
lines represent the 95% upper confidence limit and the lower confidence limit. POC = particulate organic carbon;
ACES = anticyclonic eddies.
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Figure 10. The correlation analysis between (a) bSiO2 concentration (mmol Si/m3) and diatom TChl a concentration (mg/m3), (b) bSiO2 flux (mmol Si·m�2·d�1) and
diatom TChl a concentration inventory (mg/m2), and (c) the histogram of bSiO2 flux and diatom TChl a concentration at the ACEs’ center, edge, and reference
stations. The dots, squares, and inverted triangles represent the center, edge, and reference stations. The linear regression is in the solid line with two dashed lines
showing the confidence limits. ACES = anticyclonic eddies.
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their Chl a concentration and the POC flux, even though haptophytes contribute 25–46% of the TChl a
concentration (Lomas & Bates, 2004). Interestingly in their study, the POC flux/primary production ratio
8 was significantly correlated in a negative way with the haptophyte Chl a concentration, as was the 9
dissolved organic carbon inventory. These correlations imply that heterotrophic activity or recycling
processes may hinder the efficiency of the haptophyte-related biological pump. However, in our study,
the haptophyte-8 group was the most abundant phytoplankton group and had a profound impact on
the carbon cycle, especially at the edge of the ACEs. The species Dicrateria inornata, Imantonia rotunda,
and Phaeocystis are included in the haptophytes-8 group, and they are usually the dominant
phytoplankton species in the DCML in oligotrophic oceanic water (Alexander et al., 2015).

After combining our results with those of the 1-D model of Zhou et al. (2013), we found that there was a
correspondence between the model and data with respect to the enhancement of the TChl a concentration
and 234Th flux. Both the model and data showed a ~60% elevation of the flux and TChl a concentration at the
edge relative to the reference. However, the mismatch at the center was striking; the enhancement of the
234Th flux was ~90% compared to only a ~20% increase of the TChl a concentration. A comparison of these
values at the edge and the center was even more perplexing because the 234Th flux was ~18% higher at the
center than at the edge, but there was a ~33% higher TChl a concentration at the edge than at the center. To
clarify why there was a higher particle export at the center of the ACEs, Zhou et al. (2013) introduced a 3-D
model and found that ~50% of the flux at the center was derived from lateral transport of particles from
the edge of the ACEs. Because we found a significant positive correlation between POC flux and
microphytoplankton Chl a concentration at the center (Figure 9b), we hypothesized that some diatoms were
transported from the edge to the center and played a leading role in particle export.

The bSiO2 concentration was positively correlated with the diatom Chl a concentration at the edge
(Figure 10a), and the bSiO2 flux was correlated with the diatom Chl a concentration inventory in the upper
100 m (Figure 10b). If the bSiO2 flux was normalized by the diatom Chl a concentration, the ratio at the edge
was approximately 0.272 mmol Si·mg�1 Chl a·day�1; the corresponding value at the center was 0.508 mmol
Si·mg�1 Chl a·day�1 (Figure 10c), almost double the value at the edge. There was only one bSiO2 flux
measurement at the reference, and therefore, it was not included in the comparison. This result was
consistent with the results of the 3-D model of Zhou et al. (2013) and implied that ~50% of the sinking
diatoms at the center had only a skeleton without pigments and were probably transported laterally from
the edge. It is regrettable that we did not have diatom species composition data and meso-zooplankton
grazing rate data. Without that information, it is hard to quantify the biomass of diatoms that were
transported from ACEs’ edge to the center. Lasternas et al. (2013) have found that the mortality of diatoms
is ~60% of the diatom cell abundance in an ACE as result of nutrient removal by downwelling. The implication
is that the diatoms that were transported laterally suffered from diminishing nutrient availability during their
journey from the edge to the center. The mortality of the diatom cells was inevitable, and their frustules were
removed from the euphotic zone at the center.

Unlike diatoms, pico-phytoplankton can grow continuously during their lateral movement by taking
advantage of their lower nutrient requirements and lower mortality (Baltar et al., 2010; Lasternas et al.,
2013). Although it might take 3 weeks or longer to cover the distance from the edge to the center, some
living cells could reach the center, especially Prochlorococcus. These groups of phytoplankton might sustain
50% of the POC flux at the center, and this might be another explanation for the correlation between the POC
flux and haptophyte-8 abundance only at the edge, but for the POC flux and Prochlorococcus to be correlated
throughout the entire region.

5. Conclusions

This study focused on the impact of three long-lived ACEs on the phytoplankton TChl a concentration,
community composition, and biogeochemical processes in the northern SCS. The phytoplankton TChl a
concentrations and community composition were very similar among the three ACEs. However, there
were significant differences in the individual spatial division, TChl a concentration, and community
composition among the center, edge, and reference stations of the ACEs. Higher TChl a concentrations
at the edge stations were attributed to increasing contributions to TChl a from haptophyte-8,
Prochlorococcus, and diatoms, and they could be explained by nutrient pumping at the edge.
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Synechococcus was distributed on depressed isopycnals and showed only a slight response to the ACEs,
both at the center and at the edge.

The relationship between phytoplankton TChl a concentrations and POC fluxes implied that both TChl a
concentrations3 and community composition had an impact on particle export. Based on the 1-D and 3-D
models described by Zhou et al. (2013), the phenomenon of higher TChl a concentrations at the eddy edge
but higher export at the center might be explained by a combination of vertical convection and lateral
transport. The lateral transport of diatoms might explain the ~50% enhancement in bSiO2 flux at the core.
In addition, the significant positive correlation between the POC flux and haptophyte-8 Chl a concentration
at the edge implied an important role of haptophyte-8 in the biogeochemical cycle, and the overall positive
correlation between POC flux and Prochlorococcus was evidence of the significance of lateral transport,
especially for the phytoplankton groups adapted to low nutrient concentrations.
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