
Marine Pollution Bulletin 194 (2023) 115429

Available online 28 August 2023
0025-326X/© 2023 Elsevier Ltd. All rights reserved.

Distribution of picophytoplankton in the northern slope of the South China 
Sea under environmental variation induced by a warm eddy 

Wenjing Zhang a,b,e, Chen Zhang b, Shan Zheng a, Yunyan Chen d, Mingliang Zhu a, 
Xiaoxia Sun a,c,e,* 

a Jiaozhou Bay National Marine Ecosystem Research Station, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China 
b Muping Coastal Environmental Research Station, Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai, China 
c Laboratory for Marine Ecology and Environmental Science, Laoshan Laboratory, Qingdao, China 
d Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, Qingdao, China 
e University of Chinese Academy of Sciences, Beijing, China   

A R T I C L E  I N F O   

Keywords: 
Continental slope 
Warm eddy 
Picophytoplankton 
Vertical distribution 
South China Sea 

A B S T R A C T   

Mesoscale eddies have been reported to have a substantial impact on the distribution of phytoplankton through 
the regulation of environmental variables in the open ocean. However, the influence of warm eddies on 
phytoplankton in continental slopes remains largely unknown. To reveal the impact of mesoscale eddies within 
slope regions, we conducted a field investigation of picophytoplankton on the northern slope of the South China 
Sea during an anticyclonic warm eddy propagation. We observed different picophytoplankton distribution 
patterns. Synechococcus dominated the picophytoplankton community in the Kuroshio-affected eddy core rather 
than the previously reported Prochlorococcus, and Prochlorococcus dominated outside the eddy in the shelf. In 
addition, through further vertical study of typical layers, we found that the influence of warm eddy varied in 
different layers. Analysis of the mechanisms indicated that the distributions were attributed to warm eddy- 
induced nutrients and light variations and the physical processes in it.   

1. Introduction 

The continental slope connects the shallow shelf and deep open sea, 
and it mediates the exchange of heat, salt, materials, and water masses 
between them (Laruelle et al., 2018; Qiu et al., 2022). The complex 
topography of continental slopes, including canyons, ridges, troughs, 
and straits, results in highly variable currents (Igeta et al., 2021; 
Thompson et al., 2018; Mizobata et al., 2002) and frequent mesoscale 
eddies (Cheng et al., 2020; Manucharyan and Isachsen, 2019). Meso-
scale eddies formed on continental slopes induce variations in ambient 
flow (Su et al., 2020; Qiu et al., 2019) and modulate the water mass 
transformation between the shelf water and open sea (Wei and Wang, 
2021), which is different from the stable and simple water mass 
composition in eddies formed in the open ocean (Wang and Stewart, 
2020; Zhang et al., 2022). The complex system of eddies in slope regions 
results in variable marine environments and biological ecosystems 
(Jakobsson et al., 2012; Bluhm et al., 2020). 

Mesoscale eddies are ubiquitous in oceans worldwide. Phyto-
plankton biomass and composition inside and outside eddies vary owing 

to physical turbulence or the doming/sinking of the nutricline induced 
by eddies (Bibby and Moore, 2011; Barlow et al., 2017; Gao et al., 2017). 
Phytoplankton are primary producers in marine ecosystems and 
contribute roughly half of the global photosynthetic primary production 
(Field et al., 1998). They also play crucial roles in biogeochemical cy-
cles, carbon budgets, and climate change (Litchman et al., 2015). 
Generally, primary and secondary production has been found to increase 
in cyclonic cold eddies and decrease in anticyclonic warm eddies (Xiu 
and Chai, 2011; He et al., 2019). However, biological responses to an-
ticyclonic eddies are complex. Some studies have reported positive ef-
fects on the phytoplankton abundance in warm eddies. Phytoplankton 
blooms occur in the center of the South China Sea because of the 
transport of coastal nutrients by a large warm eddy (Lin et al., 2010). 
Wang et al. (2018) found enhanced phytoplankton biomass at the edge 
of a warm eddy, which resulted from a nutrient pump at the edge. In 
addition, little difference between phytoplankton biomass or Chl a 
concentration inside and outside warm eddies have been documented in 
the Pacific Ocean (Dai et al., 2020; Huang et al., 2010; Ning, 2004; Shih 
et al., 2020) and Atlantic Ocean (Sweeney et al., 2003). Despite the wide 
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recognition of the spatial distribution of phytoplankton in the water 
column inside and outside mesoscale eddies, the influence of different 
layers has received less attention. And previous studies on the 
biochemical influences of mesoscale eddies have primarily focused on 
the open sea or basin scale, and the biological responses to warm eddies 
on continental slopes, especially phytoplankton abundance and com-
munity composition, are less understood. Rodríguez et al. (2003) pre-
liminarily revealed that phytoplankton distributions above 100 m were 
influenced by an anticyclonic eddy on the slope of Biscay Bay and found 
a two-fold increase in Chl a concentration at the eddy core relative to 
that at reference stations. Using satellite and numerical models, Geng 
et al. (2021) found a phytoplankton bloom on the slope of the South 
China Sea resulting from the interaction of a mesoscale eddy and river 
plume. Such limited observations and reports have resulted in uncer-
tainty regarding the biological influences of mesoscale eddies in slope 
regions. 

The South China Sea is the largest semi-enclosed marginal sea in the 
western Pacific Ocean. The northern slope of the South China Sea, 
located between the shelf water, which is rich in nutrients and Chl a, and 
the oligotrophic and open basin area, plays an important role in the 
material and energy exchange between the shelf water and basin water 
(Xu et al., 2018). Mesoscale eddies frequently occur in the northern 
South China Sea (Guo et al., 2017). The intrusion of water from the 
Kuroshio Current, characterized by high temperature, high salinity, and 
depleted nutrients from Luzon Island, is a dominant factor in eddy for-
mation in the northern South China Sea, where more anticyclonic warm 
eddies are shed from the Kuroshio Current Loop in winter and early 
spring under the influence of the northeasterly monsoon (Nan et al., 
2011). 

Based on satellite oceanographic sea-level anomaly (SLA) data from 
AVISO (http://www.aviso.altimetry.fr), an anticyclonic warm eddy 
propagated southwest along the northern slope of the South China Sea in 
March 2017. It originated from the Kuroshio Current. A branch of the 
Kuroshio passed through the Luzon Strait and flowed into the northern 
slope of the South China Sea. It flowed southwest to the continental shelf 
and looped together with South China Sea water and shelf water to form 
the warm eddy (Graphic Abstract, Fig. 1, and Fig. A1). To study the 
biological effect of warm eddies on continental slopes, we conducted a 
field investigation during warm eddy movement along a continental 
slope. The objective of this study was to use picophytoplankton data 
from flow cytometry (CytoBuoy Inc., Holland, UK) to reveal the three- 
dimensional structure of picophytoplankton communities inside and 
outside a warm eddy on a continental slope. In particular, we examined: 
(1) The horizontal difference in picophytoplankton composition in the 

water column inside and outside warm eddies; (2) The influence of 
warm eddies on the vertical distribution of picophytoplankton; (3) The 
influence of warm eddies on phytoplankton distribution in typical water 
layers. 

2. Materials and methods 

2.1. Sample collection 

The field investigation was conducted at 16 stations in the northern 
slope of South China Sea while aboard the research vessel “Nanfeng” 
from March 17 to 31 in 2017 (Fig. 1). The study area was defined as 
three groups: eddy core (EC), eddy edge (EE) and out of eddy (OE) based 
on the closed contour of sea level anomaly. Stations 5, 6, 10, 11, 12, 13, 
and 14 were located in the EC, and stations 2, 3, 4, 7, and 15 were in the 
EE, stations 1, 8, 9, and 16 were in the OE. We also clustered the stations 
according to their temperature, salinity, and density data, and the re-
sults were consistent with the defined groups (Fig. A2). 

A Sea-Bird 911 CTD (Sea-Bird Scientific Inc., United States) was 
utilized to record hydrographic data at different depths, including the 
temperature, salinity and photosynthetically available radiation (PAR) 
level. Phytoplankton and nutrient levels were determined from seawater 
samples taken at 5–6 depths (Table 1) up to 200 m below the surface (in 
some cases the bottom depth was <200 m) using a 10 L Niskin sampler 
(KC-Denmark Inc., Denmark) bundled with a CTD. The concentrations of 
ammonia, nitrate, nitrite, and phosphate were measured using an 
autoanalyzer (Skalar SANplus). The detectable lines for these nutrients 
were 0.02 μmol/L, 0.02 μmol/L, 0.01 μmol/L, and 0.01 μmol/L, 
respectively (Zhang et al., 2012). The phytoplankton samples were fixed 
with 5 % glutaraldehyde and immediately stored at − 80 ◦C until the 
estimation by CytoSub. 

2.2. Quantifying phytoplankton abundance 

Picophytoplankton analyses were conducted using CytoSub flow 
cytometer software. The fixed phytoplankton samples were thawed at 
room temperature and scanned using CytoSub for 3 min at a rate of 15 
μL/s. Each cell was intercepted by a 15 MW laser beam with a wave-
length of 488 nm as it passed through the CytoSub flow cell; the optical 
pulse shape signals were then recorded. The forward scatter signal was 
collected using a PIN photodiode as a proxy for cell size. The sideward 
scatter signal was related to the complexity inside the cells. The fluo-
rescence signals were dispersed via a concave holographic grating and 
collected using a hybrid photomultiplier. The wavelengths of the red 

Fig. 1. A map of sea level anomaly (cm) and sampling stations in the study area in March 2017. 
Notes: The black points were the sampling stations. The stations in yellow box were not affected by the warm eddy (OE), and in the blue box were located at the eddy 
core (EC). And the remaining stations were stations at the eddy edge (EE). 
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fluorescence (FLR), orange fluorescence (FLO), and yellow fluorescence 
(FLY) signals were 668–734 nm, 601–668 nm, and 536–601 nm, 
respectively. To capture the optical pulse of the target particles and 
avoid signals from background noise and non-photosynthetic cells, we 
set 10 mV as the trigger FLR threshold. Images of each particle were 
captured as they passed through the flow cell, and the pulse-shape sig-
nals, including the forward scatter, were also recorded using CytoSub. 

Based on the optical characteristics recorded using CytoSub, the 
sampled picophytoplankton were classified into three taxa and counted 
separately: Prochlorococcus, Synechococcus, and picoeukaryotes (Fig. 2). 
Beads with a diameter of 1 μm were used as a size reference. Pro-
chlorococcus has the minimum size and high FLR which is related to its 
Chl a content (Chisholm et al., 1988). Synechococcus is characterized by 
a high FLR and FLO (FLO is related to phycoerythrin) (Waterbury et al., 
1979). Picoeukaryotes also feature a high FLR, and their size ranges 
from 1 to 2 μm (Dugenne et al., 2014). 

2.3. Data analysis 

Phytoplankton data were analyzed using the CytoClu3 software 
(CytoBuoy). Statistical differences among the phytoplankton abundance 
and specific depth in OE, EE, and EC samples were determined using the 
t-test, Wilcox test, or ANOVA using R version 4.1. Redundancy Analysis 
(RDA) was used to identify the environmental variables that regulate 
phytoplankton distribution, using R version 4.1 (vegan package). Prior 

to analysis, the phytoplankton and environmental data were transferred 
using Hellinger and log (X + 1), respectively. Monte Carlo permutations 
(999 times) were used to select significant driving factors for the RDA 
model. Distribution data were presented using Surfer 11.0 (Golden 
Software Inc., Golden, CO, United States), OriginPro 9.0 (OriginLab Co, 
Massachusetts, United States), and Ocean Data View 5.3.0 (Reiner 
Schlitzer, Alfred Wegener Institute, Bremerhaven, Germany). 

3. Results 

3.1. Distribution of environmental variables 

The temperature–salinity diagram in Fig. 3 shows the source water 
types of the South China Sea water, Kuroshio Current, and Shelf water, 
as well as the CTD data of all the sampling station locations (OE, EE, and 
EC). The data of the Kuroshio Current water and the South China Sea 
water were from Argo data from AVISO, and the statistical core salinity 
and temperature of the Shelf water were cited from Zhu et al. (2019) and 
Gao et al. (2020). The distributions of nutrients, temperature, and 
salinity (Fig. 4) were affected by the water masses and physical pro-
cesses associated with the warm eddy. Influenced by the Kuroshio 
Current and South China Sea water, nutrients were scarce at the sea 
surface in OE, EE, and EC, with undetectable nitrite and nitrate levels at 
each station and average ammonia and phosphate concentrations of 
0.04 ± 0.03 μmol/L and 0.02 ± 0.01 μmol/L, respectively. Water was 

Table 1 
Sampling information from the stations in the northern South China Sea in March 2017.  

Locations Station Longitude Latitude Bottom depth(m) Date Sampling depth (m) 

OE  1  114.23  20.33  122 2017.03.17 5,24,40,50,90,115  
8  114.73  20.56  122 2017.03.22 5,25,70,100,121  
9  115.27  20.79  180 2017.03.22 5,40,70,100,175  

16  115.74  21.00  208 2017.03.25 5,25,40,70,100,205 
EE  2  114.49  19.87  543 2017.03.17 5,30,60,85,130,200  

3  114.77  19.38  1280 2017.03.19 5,25,50,75,110,200  
4  115.12  18.92  2808 2017.03.19 5,25,60,80,120,200  
7  115.01  20.09  472 2017.03.21 5,15,48,65,105,200  

15  116.12  20.61  514 2017.03.25 5,40,65,100,200 
EC  5  115.6  19.17  2700 2017.03.20 5,25,40,80,130  

6  115.33  19.63  2087 2017.03.21 5,25,40,75,140,200  
10  115.6  20.36  518 2017.03.23 5,25,80,160,200  
11  115.87  19.85  1514 2017.03.23 5,25,50,90,120,200  
12  116.18  19.4  1969 2017.03.23 5,25,50,85,120,200  
13  116.75  19.66  2017 2017.03.24 5,25,50,80,120,200  
14  116.39  20.10  993 2017.03.24 5,25,50,85,120,200  

Fig. 2. Phytoplankton classification using CytoClu3 
Notes: The grey, cyan, light blue and red dots were background noise, Prochlorococcus, Synecococcus and picoeukaryotes, respectively. The dots in the red circle were 
beads with a diameter of 1 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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nitrogen-limited above 100 m, with a nitrogen to phosphate ratio less 
than the Redfield stoichiometry of 16. Nitrogen was significantly more 
limited in EE and EC than in OE (ANOVA, p < 0.05). The average ni-
trogen to phosphate ratios were 12.36, 6.18, and 4.67 in OE, EE, and EC, 
respectively. The concentration of nutrients increased at 200 m; 

nitrogen-limited conditions were relieved at 100 m in OE and EE and 
150 m in EC. 

The OE stations were located on the continental shelf, which is 
characterized by high temperature and low salinity from the surface to 
150 m in depth, influenced by a mixture of the Kuroshio Current, the 
South China Sea, and shelf water. Due to the influence of shelf water, the 
average nutrient levels above 100 m were higher in OE samples than in 
EC (t-test, p < 0.05). The average concentrations of nitrogen and 
phosphate were 0.68 ± 0.46 μmol/L and 0.11 ± 0.08 μmol/L in OE and 
0.05 ± 0.02 μmol/L and 0.03 ± 0.01 μmol/L in EC, respectively. 

Water above 100 m at the EC stations was a mixture of the Kuroshio 
Current (high temperature and salinity) and the South China Sea (low 
temperature and salinity) water. Nutrients were poor above 100 m at EC 
stations, influenced by the oligotrophic Kuroshio Current and South 
China Sea water. The convergence and downwelling at the EC caused 
the surface water to sink and deepen the isothermal, isohaline, and 
oligotrophic water layers (Fig. 4). 

Water above 120 m at the EE stations was mainly affected by the 
South China Sea water. And an obvious upwelling was observed in EE 
(Fig. 4), which might be attributed to the nonlinear Ekman effect or the 
ageostrophic second circulation (Liu et al., 2017; Mahadevan et al., 
2008). The upwelling brought mass nutrients from deep-sea water and 
increased the levels of nitrate and phosphate in particular (Fig. 4c and f). 

The PAR of stations in EE and EC estimated in the daytime were 
shown in Fig. 5. They decreased sharply with depth, and the value at the 
depth of 150 m was <1.00. The PAR at the depth of 10 m was 777.57 and 
216.13 in EE and EC, respectively. It was much higher in the upper 100 
m in EE than that in EC. 

Fig. 3. Temperature–salinity diagram of outside of the eddy (OE), eddy edge 
(EE), and eddy core (EC) in March 2017 
Notes: KW: Kuroshio Current water; SCSW: South China Sea water; SHW: 
Shelf water. 

Fig. 4. The distribution of (a) temperature (◦C), (b) salinity, (c) phosphate (μmol/L), (d) ammonia (μmol/L), (e) nitrite (μmol/L), and (f) nitrate (μmol/L) in eddy 
edge (EE), outside of the eddy (OE), and eddy core (EC). 
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3.2. Horizontal distribution of picophytoplankton 

The average abundance was calculated using the depth-integrated 
abundance divided by the bottom depth of the stations, or by 200 if 
the bottom depth was >200 m, to evaluate the horizontal distribution of 
phytoplankton. The average abundance of picophytoplankton was 
14,034.57 ± 5176.19 cells/ml, among which Synechococcus and Pro-
chlorococcus were responsible for 49.56 % and 44.72 %, respectively. 
The Synechococcus and Prochlorococcus concentrations were similar, 
with averages of 6955.19 ± 4032.90 cells/ml and 6276.22 ± 4085.55 
cells/ml, respectively, which were an order of magnitude higher than 
the concentration of picoeukaryotes (803.16 ± 354.85 cells/ml). 

The average picophytoplankton abundance in the OE, EE, and EC 
samples was 16,833.25 ± 6732.99 cells/ml, 13,334.49 ± 1164.65 cells/ 
ml, and 12,935.39 ± 6030.91 cells/ml, respectively (Fig. 6a). Different 
picophytoplankton community structures were found in the OE and EC 
samples; Prochlorococcus was the most abundant in OE and accounted 
for 62.23 % of the total phytoplankton, whereas Synechococcus domi-
nated in EC and contributed 63.25 % of the total phytoplankton biomass 
(Fig. 6b). Synechococcus abundance in EC samples (8496.25 ± 4877.94 
cells/ml) was 1.68 times higher than that in OE (5064.34 ± 2686.79 

cells/ml). The Prochlorococcus abundance in OE samples (10,857.18 ±
4742.00 cells/ml) was significantly higher than that in EE (6384.16 ±
2507.10 cells/ml) and EC (3581.43 ± 1955.41 cells/ml) (ANOVA, p <
0.01). 

3.3. Vertical distribution of picophytoplankton 

In general, the phytoplankton abundance first increased and then 
decreased with increasing depth (Figs. 7 and A3). Synechococcus domi-
nated the picophytoplankton community above 25 m in OE, EE, and EC 
samples (Fig. 7). The composition became distinct in OE, EE, and EC 
samples at depths below 25 m. In OE samples, the picophytoplankton 
community was dominated by Prochlorococcus below 25 m, with a 
contribution of up to 90 % at depths of 100 m or greater (Fig. 7b). In EE 
samples, Synechococcus was abundant above 75 m, with a contribution 
exceeding 50 % (53.10 %–68.8 %), while Prochlorococcus was dominant 
below 75 m, with contributions of 82.66 % at 110 m and 68.88 % at 200 
m (Fig. 7d). In EC samples, Synechococcus was the most abundant 
picophytoplankton at the depth above 200 m (the abundance of Pro-
chlorococcus was the highest and contributed 65.87 % of the community 
at 200 m), with contributions ranging from 49.66 % to 85.48 % (Fig. 7f). 
Vertically, Prochlorococcus was dominant from the subsurface to 200 m 
in depth in OE samples, whereas Synechococcus was dominant above 
200 m in depth in EC samples. 

3.4. Distribution of picophytoplankton in typical layers 

To reveal the fine vertical structure influenced by warm eddies, we 
explored the distribution of picophytoplankton in different layers 
(Fig. 8). At the sea surface, picophytoplankton abundance was 2920.42 
± 2396.38 cells/ml and 2330.87 ± 1355.06 cells/ml in EE and EC 
samples, respectively, with no statistical difference (p > 0.05). At the 
depth of abundance maximum (DAM), the abundance of picophyto-
plankton was significantly higher in EE samples than in EC (t-test, p <
0.05). This difference was attributed to the concentration of Pro-
chlorococcus in EE samples (19,303.09 ± 14,022.35 cells/ml), which 
was significantly higher than that in EC (7570.04 ± 3161.15 cells/ml) 
(t-test, p < 0.05). The abundance of picoeukaryotes in EE samples was 
higher than that in EC, with an average of 2915.37 ± 997.45 cells/ml 
and 2400.38 ± 447.12 cells/ml, respectively. At 200 m, the picophy-
toplankton abundance was statistically higher in EC samples (906.78 ±
405.64 cells/ml) than in EE (303.93 ± 143.87 cells/ml) (t-test, p <
0.05). The abundance of Synechococcus, Prochlorococcus, and picoeu-
karyotes was 3.20, 2.85, and 4.03 times higher in EC than in EE. 

The DAM of phytoplankton gradually became deeper from the OE 
stations to the EE and then to the EC, with average depths of 62.50 ±
15.00 m, 69.00 ± 8.22 m, and 72.14 ± 15.77 m, respectively. The DAMs 
of the different phytoplankton groups were between 55 and 95 m 
(Fig. A3). For Synechococcus, the DAM was 58.50 ± 23.00 m at the OE 
stations, 69.00 ± 8.22 m at the EE. and 72.14 ± 15.77 m at the EC 
(Fig. A3b), and the depths at the EE and EC were significantly higher 

Fig. 5. The distribution of photosynthetically available radiation (PAR) at the 
eddy core (EC) and the eddy edge (EE) in March 2017. 

Fig. 6. Average abundance (a) and percentage (b) of Prochlorococcus, Synechococcus, and picoeukaryotes in epipelagic zones in March 2017.  
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than those at the OE (t-test, p < 0.05). For picoeukaryotes, the DAM was 
65.00 ± 10.00 m at the OE stations, 69.00 ± 8.22 m at the EE, and 77.14 
± 12.86 m at the EC (Fig. A3d). The DAM for Prochlorococcus was deeper 
than that for Synechococcus and picoeukaryotes, at 70.00 ± 24.49 m, 
82.00 ± 14.83 m, and 93.57 ± 35.91 m at the OE, EE, and EC stations, 
respectively (Fig. A3c). 

3.5. Relationship between phytoplankton abundance and environmental 
factors 

The RDA tri-plot, including the relationships among the sampling 
locations, phytoplankton abundance, and environmental variables in 
EC, EE, and OE samples, is shown in Fig. 9. Nitrate, phosphate, tem-
perature, depth, nitrite, and salinity were selected as variables to ac-
count for the picophytoplankton distribution (p = 0.001). The first and 
second axes accounted for 58.38 % and 41.06 % of the picophyto-
plankton community, respectively. The distribution of stations and 

environmental variables in the tri-plots showed that the influence of 
environmental factors on OE, EE, and EC was nonspecific. Synechococcus 
was negatively correlated with depth, salinity, and nutrients, whereas 
Prochlorococcus was positively correlated with nitrate, phosphate, depth, 
and salinity. Nitrate (r2 = 0.62, p = 0.001) and phosphate (r2 = 0.53, p 
= 0.001) were the two most significant factors driving the variation in 
picophytoplankton. Picoeukaryotes were mainly explained by the sec-
ond axis and were positively correlated with nitrite. 

4. Discussion 

4.1. Vertical distribution of picophytoplankton 

The Synechococcus dominated at the upper 25 m layer, while Pro-
chlorococcus was dominant at the subsurface (in OE, Fig. 7b) or even 
below the depth of the DAM (in EE, Fig. 7d). The DAM of Prochlorococcus 
was also much deeper than that of Synechococcus. The distribution 
pattern was not unusual in marine ecosystems (Belkin et al., 2022; 
Carvalho et al., 2019; Li et al., 2017). The vertical distributions of 
Synechococcus and Prochlorococcus were strongly associated with light 
intensity (Flombaum et al., 2013, 2020), which was attributed to the 
preference for a well-lit environment by Synechococcus and low-lit water 
by Prochlorococcus. In this study, the PAR decreased sharply with depth 
(Fig. 5), and the light intensity in deeper water was more suitable for the 
growth of Prochlorococcus. The RDA results also showed that Pro-
chlorococcus abundance was positively correlated with depth, whereas 
Synechococcus abundance was negatively correlated with depth. 

4.2. Distribution of Synechococcus and Prochlorococcus influenced by the 
warm eddy 

The distribution of picophytoplankton in the South China Sea had 
been widely investigated that the Synechococcus was the most abundant 
in continental shelf, while Prochlorococcus was the most abundant in the 
continental slope (Cai et al., 2007; Chen et al., 2011). Besides, it has 
been reported that Prochlorococcus prefers oligotrophic warm eddies 
(Belkin et al., 2022; Carvalho et al., 2019; Li et al., 2017) and was 
considered as the bioindicator of the Kuroshio Current (Huang et al., 
2019; Zhao et al., 2019), meanwhile the abundance of Synechococcus in 
warm eddies was significantly lower than that of Prochlorococcus 

Fig. 7. Depth distribution and percentage of picoplankton group abundance and relative contribution in eddy core (EC) (a, b), eddy edge (EE) (c, d) and outside of 
the eddy (OE) (e, f). 

Fig. 8. The distribution of picophytoplankton in the typical layers in eddy edge 
(EE) and eddy core (EC) 
Notes: * meant the picophytoplankton abundance in the group was significantly 
higher than the other one. 
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(Carvalho et al., 2019; Wang et al., 2018). However, the distribution in 
our study was not consistent with the reported distributional pattern of 
Prochlorococcus and Synechococcus under the influence of the warm eddy 
in the continental slope region. In our study, Prochlorococcus dominated 
in the OE samples in the continental shelf rather than in the Kuroshio 
Current-affected warm eddy, where was dominated by Synechococcus 
regardless of the water column or depth (Fig. 6b, Fig. 7f). This finding 
aligns with the results of Dai et al. (2020), who analyzed the phyto-
plankton community structure in the same cruise through the evaluation 
of pigments using HPLC-CHEMTAX techniques. 

RDA tri-plot showed eddy-induced nutrients variation played a 
pivotal role in the distribution of the Synechococcus, Prochlorococcus and 
picoeukaryotes in the northern slope of the South China Sea. Influenced 
by the mixture of the Kuroshio current and the South China Sea water, it 
was oligotrophic and nitrogen-limited in the upper water inside and 
outside of the eddy during the cruise (Fig. 4 c-f). The downwelling at the 
warm eddy deepen the nutrient-depleted surface water and decreased 
the nutrients in EC and EE. Meanwhile the shelf water at OE stations 
facilitated higher nutrients concentration in OE than EC and EE. 

Prochlorococcus and Synechococcus were highly competitive in 
nutrient-limited water (Tsiola et al., 2016), and Prochlorococcus would 
outgrow Synechococcus under nitrogen limitation when heterotrophic 
bacteria existed (Calfee et al., 2022). Although we did not sample het-
erotrophic bacteria, they did exist in global seawater. Therefore, Pro-
chlorococcus was more abundant than Synechococcus under nitrogen- 
limited conditions in OE samples. Besides, phosphate also affects the 
growth of Prochlorococcus and Synechococcus. Zubkov et al. (2007) found 
that Prochlorococcus contributed to an average of 45 % of the phosphate 
uptake, whereas Synechococcus was only responsible for 7 % in nutrient- 
depleted oceans. Thus, Prochlorococcus required more phosphate than 
Synechococcus, and higher phosphate concentration at OE locations 
facilitated the growth of Prochlorococcus. RDA analysis showed phos-
phate concentration positively correlated with the Prochlorococcus 
abundance and negatively correlated with the Synechococcus, which also 
indicated that phosphate was not the limiting factor for the growth of 
Synechococcus. Furthermore, the increase in phosphate could likely 
stimulated the abundance of Prochlorococcus at the EC locations. 

Synechococcus is found specifically responding to nanomolar con-
centrations of nitrate under nitrogen-depleted conditions (Domínguez- 
Martín et al., 2022). This evolutionary feature facilitates Synechococcus 
outcompeting Prochlorococcus in natural marine environments. This 
may explain the dominance of Synechococcus in the nutrient-depleted EC 
samples in our study. The low nutrient concentration in EC samples was 

even lower than that in the main Kuroshio Current branch after it mixed 
with South China Sea water at the EC stations. In the main Kuroshio 
Current branch near Luzon Strait, the annual sea surface nitrate and 
phosphate concentration was 0.2 μmol/L and 0.14 μmol/L, respectively 
(Li et al., 2010). The concentration of nutrients gradually decreased 
from winter to spring and spring to summer, and the average surface 
concentration of nitrate plus nitrite was 0.11 ± 0.84 μmol/L in winter 
(December) and 0.03 ± 0.12 μmol/L in spring (late April–May) (Lee 
Chen et al., 2008) in the main Kuroshio Current branch. At the EC sta-
tions on the slope of the South China Sea, the ammonia concentration in 
some layers within 200 m and the nitrate and nitrate concentrations in 
the upper 100 m were undetectable (Fig. 4); the average surface con-
centration of nitrate plus nitrite was 0.02 ± 0.03 μmol/L in early spring 
of the study period. Under these conditions, Synechococcus can grow 
well, depending on its ability to assimilate nanomolar concentrations of 
nitrate at EC locations. The negative relationship between nutrients and 
Synechococcus abundance also verified that nutrients were not a limiting 
factor for growth. 

Above all, the eddy-induced different mixing of water mass and the 
further redistribution of nutrients inside and outside of the warm eddy 
led to the interesting distribution pattern of Prochlorococcus and Syn-
echococcus inner and outer the eddy. 

4.3. The influence of the warm eddy on the distribution of 
picophytoplankton in different layers 

We analyzed the distribution of picophytoplankton in different 
layers, and a distinct distribution of picophytoplankton influenced by 
warm eddies in the typical layers was observed. There was no difference 
in the abundances in EE and EC samples taken at the sea surface; at the 
DAM, the abundance of picophytoplankton was the highest in EE sam-
ples; at 200 m, the abundance in EC samples was significantly higher 
than that in EE (Fig. 8). 

At the sea surface, similar water masses (Kuroshio Current and South 
China Sea water) resulted in similar temperatures and nutrient levels at 
both EC and EE stations (Figs. 3 and 4), and thus similar picophyto-
plankton abundances. Wang et al. (2018) also reported similar phyto-
plankton composition across three anticyclonic eddies and attributed 
this to their similar origins and stages. 

At the DAM, the nutrient concentration increased in EE due to the 
upwelling (Fig. 4), but still limited the growth of phytoplankton. Pro-
chlorococcus and picoeukaryotes were positively correlated with 
nutrient levels (Fig. 9). When the nutrient concentration was <1 μmol/L 

Fig. 9. The redundancy analysis (RDA) between the abundance of picophytoplankton and environmental factors in March 2017.  
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nitrate + nitrite, the proportion of picophytoplankton increased (Aga-
win et al., 2000). The nitrogen concentration at the DAM was 0.83 ±
0.80 μmol/L in EE samples and 0.30 ± 0.20 μmol/L in EC, so the nu-
trients level in EE samples was more favorable for the growth of pico-
phytoplankton than that in EC. Thus, higher total picophytoplankton 
concentrations were found in EE samples at the DAM. Furthermore, the 
light irradiance was more weakened in the EC than EE stations due to the 
downwelling (Cornec et al., 2021). In this study, the PAR at the depth of 
DAM was 27.23 and 6.36 in EE and EC, respectively. The light at EE 
locations was more beneficial for phytoplankton than that at EC. 
Therefore, both nutrient and light variation induced by the physical 
processes in EE and EC at the DAM resulted in the enhancement of 
picophytoplankton in EE locations. 

At 200 m, the nutrient concentration increased significantly, with the 
nitrate concentration reaching 7.23 ± 2.89 μmol/L and 12.24 ± 5.66 
μmol/L in EC and EE samples, respectively, which could satisfy the 
growth requirements of picophytoplankton (Agawin et al., 2000). In 
addition, light intensity decreases with depth, and the PAR at the depth 
of 200 m was only 0.12, which was <0.05 % of the surface light (Fig. 5). 
The light irradiance was also insufficient for phytoplankton at 200 m. 
Considering that there were few differences in both nutrients and light at 
the EE and EC stations, mesoscale physical processes were likely 
responsible for the high phytoplankton biomass in at the EC. The 
downwelling at the EC stations deepened the mixed layer, the isotherm 
of 20 ◦C sank at 188.14 ± 24.11 m, and the isohaline of 34.75-salinity 
occurred even below 200 m (Fig. 4a and b). The downward sinking of 
phytoplankton from the upper waters to 200 m also led to the 
enhancement of phytoplankton at the EC stations at 200 m. The distri-
bution of picophytoplankton also showed a downward spread at EC 
stations (Fig. A4). 

To sum up, the different influences of warm eddy on the distribution 
of picophytoplankton in typical layers were attributed to the warm 
eddy-induced nutrients and light intensity variation and the physical 
processes in the eddy. 

5. Conclusions 

An anticyclonic eddy along with the intrusion of Kuroshio Current 
water from the Luzon Strait propagated along the northern slope of the 
South China Sea in March 2017. During this period, we conducted a field 
investigation to demonstrate the influence of the warm eddy in the slope 
area on the distribution of picophytoplankton. The sampling stations 
were divided into OE, EE, and EC three groups based on the closed 
contour of the SLA. The distribution of picophytoplankton was different 
with the reported distribution in continental shelf and slope and inside 
and outside of the warm eddy. Synechococcus was dominant in EC 
samples rather than at OE stations in the continental shelf, while Pro-
chlorococcus was dominant in OE rather than at Kuroshio-affected EC 
stations. These were attributed to the warm eddy-induced water mass 
mixing and the physical processes inside the eddy redistributing the 
nutrients. In addition, the influence of the warm eddy differed by water 
layer. There was no difference in the picophytoplankton abundances in 
the OE, EE, and EC samples at the sea surface; at the DAM, the abun-
dance of picophytoplankton was the highest in the EE samples; and at 
200 m, the abundance in the EC samples was significantly higher than 
that in the EE. The distinct influences in the typical layers were because 
the physical processes in the warm eddy redistributed the nutrients and 
light intensity, and the downwelling in EC enhanced the picophyto-
plankton sinking at 200 m. This study shed light on the vertically fine 
distribution of picophytoplankton influenced by mesoscale eddies for 
the first time, and provided new insights into the biological response to 
mesoscale eddies in continental slope regions. More studies are needed 
for the understanding of biological influences of mesoscale eddies in 
slope regions and if the influences have universal applicability. 
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