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Abstract The Kuroshio, the North Pacific Ocean's most robust western boundary current, brings a rich
infusion of nutrients (especially phosphate) and warm-water species into the East China Sea (ECS), profoundly
shaping its environmental conditions and ecological processes. However, the precise impact of Kuroshio
intrusion on the composition and distribution of phytoplankton communities remains unclear. We hypothesized
that the Kuroshio intrusion alleviates phosphorus limitations on phytoplankton growth and enhances
phytoplankton diversity within the ECS. We collected phytoplankton samples and relevant physicochemical
data from the ECS across four seasons in 2011. We observed that phytoplankton abundance and chlorophyll a
concentration were significantly higher during summer and autumn compared to winter and spring. Notably,
elevated phytoplankton biomass was detected in the Zhejiang coastal waters during spring, and along the
boundary between Kuroshio Subsurface Water and Changjiang Diluted Water during summer and autumn. The
dissolved inorganic phosphorus (DIP) carried by Kuroshio subsurface water mitigated the phosphorus limitation
in summer and stimulated the growth of phytoplankton in spring and autumn. Redundancy analysis revealed a
strong association between low-salinity species and nutrient levels, while warm-water species appeared to be
influenced primarily by temperature. Generalized additive models further elucidated that phytoplankton
biomass in coastal region was primarily influenced by nitrogen/phosphorus (N/P) ratio, and silicate/nitrogen (Si/
N) ratio, whereas in Kuroshio region, DIP and N/P ratio played more significant roles. In mixed region,
phytoplankton biomass was influenced by temperature, Si/N ratio, and stratification. The intrusion of the
Kuroshio significantly enhanced phytoplankton diversity (species number, warm-water species number, and
Shannon index) in the Kuroshio region compared to the coastal and mixed regions. These findings underscore
the substantial influence of Kuroshio intrusion on the spatial and seasonal variations of phytoplankton biomass
and community composition within the ECS.

Plain Language Summary The Kuroshio, a powerful ocean current in the North Pacific, carries
abundant phosphate and warm-water species into the ECS, profoundly impacting its environment and
ecosystems. We hypothesize that Kuroshio intrusion into the ECS promotes phytoplankton growth by
alleviating phosphorus limitations and enhances phytoplankton diversity through the transportation of warm-
water species from the ocean. To test this hypothesis, we conducted four cruises in the ECS throughout the four
seasons of 2011, collecting data on phytoplankton communities and physicochemical properties. Our results
indicate that phosphate carried by the Kuroshio intrusion promotes phytoplankton growth, while the influx of
warm-water species and heat enhances phytoplankton diversity in the ECS.

1. Introduction

The ocean circulation system can cause ocean water to infiltrate coastal regions, impacting the characteristics and
ecological processes of marginal seas (Kobayashi & Fujiwara, 2008). The Kuroshio, the most potent western
boundary current in the North Pacific Ocean, originates from the northern branch of the Northern Equatorial
Current in the eastern Philippine Sea. It enters the East China Sea (ECS) via the northeast of Taiwan Island and the
southwest of the Ryukyu Islands (Qu et al., 2016). According to Yang et al. (2018), a nearshore Kuroshio Branch
Current (NKBC) originating from the Kuroshio Subsurface Water (KSSW) is observed from April to July.
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Moreover, during summer, the mainstream of the Kuroshio deflects toward the shore, leading to intensified
NKBC shoreward intrusion, and carrying significant amounts of phosphate and warm-water species into the ECS
(Wang et al., 2018; Zhang et al., 2007). Kondo (1985) observed Kuroshio intrusions from the northeast of Taiwan
occurring throughout the year. Influenced by temperature changes, the Kuroshio Surface Water (KSW), with
relative oligotrophication and high temperature and high salinity, deflects toward the continental shelf in winter
(Oey et al., 2010). Consequently, there is differential enhancement of KSW and KSSW between warm and cold
seasons: KSW intrudes into the ECS during winter and autumn, while KSSW strongly penetrates the ECS and
approaches coastal waters near 30°N in summer (Wu et al., 2014; Yang et al., 2011, 2012). The Kuroshio and its
branches are recognized as the primary factors shaping ECS circulation and profoundly influencing phyto-
plankton community structure (Jiang et al., 2014, 2015).

Nutrients play a pivotal role in driving phytoplankton growth and primary productivity, with coastal regions often
experiencing severe phosphorus limitations (Trommer et al., 2013; Wang et al., 2021; Yu & Gan, 2022). While
phytoplankton growth typically adheres to the Redfield ratio, the N/P ratio carried by the Changjiang Diluted
Water (CDW) far exceeds 16 (often reaching around 100), leading to phosphorus deficiency and hindering
phytoplankton growth (Chen et al., 2004; Gong et al., 1996; Harrison et al., 1990; Li et al., 2009; Tseng
et al., 2014). The phosphates transported by the Kuroshio can alleviate this phosphorus limitation in the ECS,
potentially influencing phytoplankton abundance and community composition (Tseng et al., 2014; Zhang
et al., 2007). Furthermore, warm-water species like Trichodesmium, carried by the Kuroshio, may significantly
alter phytoplankton species composition in the ECS (Jiang et al., 2018). Previous research indicates that Kuroshio
intrusion into the ECS regulates distribution and community structure, enhancing the diversity of benthic fishes
(Y. Xu et al., 2019), macrofauna (Xu et al., 2018), and radiolarians (Qu et al., 2020). Zhao et al. (2019)
demonstrated that the distribution of pico-phytoplankton Prochlorococcus reflects the intrusion path of the
NKBC, with the Kuroshio's transport significantly influencing the dynamics of harmful algal blooms (HABs) in
the region. Additionally, the Taiwan Warm Current (TWC), formed by the mixing of Taiwan Strait water and
intruding Kuroshio water, flows northward, impacting heat, salinity, and nutrient balance in the ECS (Chen, 2009;
Jiang, Chen, Zhai, et al., 2019; Lian et al., 2016). Consequently, the significant intrusion of the Kuroshio and its
branches into the ECS can profoundly affect the community composition and biomass of phytoplankton.

Previous studies have primarily focused on coastal waters such as the Changjiang Estuary (CE) or the ECS in
individual seasons (Jiang et al., 2014, 2015; Wu et al., 2000). Few have explored variations in phytoplankton
communities across all seasons in the ECS (Guo et al., 2014), and even fewer have specifically addressed the
impact of Kuroshio intrusion. Moreover, most research has centered on the effects of CDW on phytoplankton
composition and distribution in the CE (Jiang et al., 2014, 2015; Zhou et al., 2012), with limited investigations
into the influence of Kuroshio intrusion on seasonal and spatial changes in phytoplankton communities.
Consequently, the extent to which Kuroshio intrusion shapes the composition and distribution of phytoplankton
communities in the ECS remains uncertain. Here, we propose that Kuroshio intrusion into the ECS promotes
phytoplankton growth by alleviating phosphorus limitations and enhances phytoplankton diversity through the
transportation of warm-water species from the ocean. To test this hypothesis, we conducted four cruises in the
ECS (26°-33°N, 121°-128°E) across four seasons of 2011, collecting data on phytoplankton community char-
acteristics (abundance, chlorophyll a concentration, group composition, dominant species, and diversity) and
physicochemical properties. By analyzing the temporal and spatial variations of the Kuroshio, we investigated its
influence on the composition and distribution of phytoplankton communities in the ECS. These findings offer
valuable insights into the temporal and spatial distribution and community structure of phytoplankton in the ECS
under the influence of Kuroshio intrusion, laying a foundation for understanding the broader impacts of this
intrusion on the ECS ecosystem.

2. Materials and Methods
2.1. Study Area and Sampling Strategies

Four multidisciplinary cruises were conducted in the ECS for four seasons of 2011 by the research vessel
Dongfanghong 2#. A total of 46, 35, 41, and 46 sampling stations were arranged in the study area (121.0-127.5°E,
26.5-33°N; Figure 1) in winter, spring, summer, and autumn, respectively. At each station, water temperature,
salinity, and depth were measured using a conductivity-temperature-depth (CTD) recorder (SBE 917 Plus,
SeaBird, Sea Bird Corporation, USA). Water samples were collected at various depths (3, 10, 30, 50, 75, 100, 150,
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Figure 1. Sampling stations and a schematic showing winter (a) and summer (b) circulation (according to Bian et al., 2013) in
the ECS. YSCC, Yellow Sea Coastal Current; CDW, Changjiang Diluted Water; TWC, Taiwan Warm Current; NKBC,
Nearshore Kuroshio Branch Current; KBC, Kuroshio Branch Current; ECSCC, ECS Coastal Current.

and 200 m, as well as the bottom) using 12-L Niskin bottles. Analysis of dissolved inorganic nitrogen (DIN:
NH,*,NO;~ and NO, "), dissolved inorganic phosphorus (DIP), and dissolved silicate (DSi) was conducted using
a continuous-flow analyzer (Skalar San*™, Netherlands) after filtration through a 0.45 um polycarbonate
membrane. Chlorophyll a concentrations were determined from 100 mL seawater samples filtered through GF/F
filters, utilizing a Turner Design Fluorometer. GF/F filters were soaked in 90% acetone, and pigments were
extracted for 24 hr at —20°C in darkness before subsequent fluorometric evaluation. The temperature, salinity,
nutrient, and chlorophyll a data sets used in this analysis have already been published (Jiang et al., 2018).

Phytoplankton samples (1 L) were collected from Niskin bottles at different depths, then preserved in 2% neutral
formalin immediately. After quiescence in the laboratory for 24 hr, phytoplankton samples were concentrated
using an 8-pm nylon membrane, then rinsed the filter membrane from top to bottom with pure water and drew the
concentrated phytoplankton sample with a Graduated Polyethylene Transfer Pipette (Thomas Scientific, New
Jersey). Repeat the above operations 2—3 times. The concentrated samples were transferred to a 1-mL scaled slide
for microscopic examination using a Leica DM300B microscope. Phytoplankton biomass was indicated by
chlorophyll a concentration. Transect P was selected as a contrast in the area affected by the KSSW.

2.2. Statistical Analysis
Using the equation as follows to calculate the depth-integrated densities (DIDs) of phytoplankton (A,) at each
station (Jiang, Chen, Gao, et al., 2019).

n-1
A+ A;
A= % X (Diy1-D) M
i=l

where A, is the abundance (cells/m?) of the ith layer, D, is the depth (m) of the ith layer, n is the number of the
sampling layers.
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Using the equation as follows to calculate the Shannon index (H) of the phytoplankton community at each station
(Shannon, 1948).

where S is the species richness, P; is the proportion of individuals of species i, and In is the natural logarithm.

The top 10 most abundant species were defined as the dominant species. Environmental factors were analyzed
using Kruskal-Wallis tests to reveal the differences between seasons, and Spearman's rank correlation assessed
the relationship between phytoplankton abundance and environmental variables using SPSS 29.0. The distri-
bution of environmental variables, and phytoplankton abundance of diatom, dinoflagellate, and DIDs was drawn
by using Ocean Data View (ODV) 5.6.5. Multidimensional scaling (MDS) and cluster analysis were performed
using PRIMER 6.0 to reveal spatial patterns in the community structure, and phytoplankton abundance of species
were transformed by log(x+1/) and standardized before estimating Bray—Curtis similarities between sample pairs
(Clarke & Gorley, 2006). Redundancy analysis (RDA) was performed using CANOCO 5.0 to reveal the linear
correlation between environmental factors as explanatory variables and phytoplankton community structure as
response variables in the ECS under the intrusion of Kuroshio, and was applied on log(x+1)-transformed
dominant phytoplankton species abundance and environmental data. The percentage of variation in phyto-
plankton dominant species explained by environmental factors was calculated using forward selection. The study
area was clustered into three regions based on the temperature and salinity of the upper 30 m water column at each
station: coastal region (Green solid square in Figure S1 of Supporting Information S1), mixed region (Blue solid
circle in Figure S1 of Supporting Information S1), and Kuroshio region (Red solid triangle in Figure S1 of
Supporting Information S1) to compare the influence of Kuroshio intrusion on phytoplankton communities in
different regions. The stratification index (SI) of the water column was defined as Act = bottom density — surface
density.

The generalized additive models (GAMs) were used to estimate the relative importance of environmental vari-
ables in variation in abundances of phytoplankton and chlorophyll a concentration in four seasons using R Studio
(version 2023.12.1.402). The abundance of phytoplankton and chlorophyll a was transformed by log(x+1).
Variance inflation factor (VIF) was used to analyze the collinearity of the predictors, and environmental factors
with VIF greater than 10 were excluded. In order to avoid overfitting of the GAMs, select the one with the
smallest Akaike Information Criterion (AIC) value in the GAMs. VIF was established using the car package
(version 3.1.2). GAMs were established using the mgcViz package (version 4.3.2).

3. Results
3.1. Physicochemical Variables

The Kruskal-Wallis test revealed significant (p < 0.01) temporal and spatial variations in physicochemical
variables in the ECS. Sea surface temperature (SST) exhibited a gradual increase from nearshore to offshore areas
across all seasons, with low and high values observed near the CE and in the southeast of the ECS, respectively
(Figures 2a-2d). Bottom temperature increased from the CE toward the southeast of the ECS during winter
(Figure 2i), with a warm-water tongue evident in the southern ECS (Figure 2j). Conversely, SSS in the CE was
notably lower (<28) in summer and autumn due to freshwater input from the CDW. In spring and summer, a
northward tongue of water with a salinity of 34 was evident at the bottom (Figures 2m-2p). Figure 2j shows a
warm-water tongue in the south ECS in spring and strengthened in summer, resulting in the bottom temperature
approaching 20°C.

In summer, a water mass with elevated salinity (>34.4) and high dissolved inorganic phosphorus (DIP) con-
centration (>4.5 p mol/L) was observed at the bottom along transect P (Figures 3g and 3k). Figures 3k and 3s
indicate that the nearshore bottom along transect P exhibited higher DIP concentrations and lower N/P ratios
(<10) during summer. Furthermore, Figures 3i and 3j show that DIP concentrations along transect P remained
relatively consistent during winter and spring.
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Figure 2. Distribution of temperature and salinity in the ECS in four seasons (SST is sea surface temperature, SSS is sea surface salinity, SBT is sea bottom temperature

and SBS is sea bottom salinity).

3.2. Phytoplankton Community Composition and Density

We identified 10 phyla, 163 genera, and 603 species (including varieties, forms, and undetermined species) across
all seasons, encompassing diatoms, dinoflagellates, and cyanobacteria. In winter, spring, summer, and autumn,
the phytoplankton species number and abundance were 392, 81.19; 303, 160.62; 356, 183.02; and 426,
302.44 cells/mL, respectively. Among these phytoplankton species, the number of diatom species was the
highest, followed by dinoflagellate (Table S1 in Supporting Information S1).
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Figure 3. Profiles of temperature, salinity and nutrients (DIN, DIP, N/P) along transect P in all seasons.

According to the results of MDS, cluster analysis, and the spatial variability in hydrological properties, the
phytoplankton community of the ECS can be classified as a low-salinity group controlled by coastal currents and
CDW, euryhaline groups controlled by shelf mixed water, and oceanic high-temperature and high-salinity groups
controlled by Kuroshio (Figure 4). The proportion of classified stations in low-salinity groups was similar in
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Figure 4. Multidimensional scale analysis and clustering of integrated density of phytoplankton in four seasons (1 = low-
salinity groups, 2 = euryhaline groups, 3 = high-salinity groups).
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winter (50.0%) and spring (68.6%), mostly contributed by Paralia sulcata (No. 10 in Figure 7) and Thalassiosira
pacifica (No. 3 in Figure 7). The euryhaline groups, such as Skeletonema spp (No. 1 in Figure 7) and Thalassiosira
curviseriata (No. 2 in Figure 7), more widely distributed in summer (58.6%) and spring (25.7%) than that in
winter (6.5%) and autumn (6.2%). Moreover, under the intrusion of KSW, the proportion of classified stations in
oceanic high-temperature and high-salinity groups in winter (43.5%) and autumn (65.2%) was higher than that in
spring (5.7%) and summer (14.6%). The representative species of this group were Trichodesmium spp (No. 16 in
Figure 7), Pseudo-nitzschia delicatissima (No. 5 in Figure 7), Coccolithus pelagicus (No. 13 in Figure 7), and
Calcidiscus leptoporus (No. 19 in Figure 7). The specific location of the three phytoplankton groups was
exhibited at Figure S5 in Supporting Information S1.

Along the horizontal scale, DIDs of phytoplankton exhibited significant seasonal variations (Figures S2a-S2d in
Supporting Information S1). In winter, DIDs (1.74 x 10 cells/m?) were notably lower compared to other seasons
(spring: 4.24 x 107 cells/m?, summer: 3.84 x 107 cells/m?, autumn: 6.69 X 107 cells/m?). In spring, the highest
DIDs of phytoplankton were observed in the upwelling area near the Zhoushan Islands, while the highest DIDs of
phytoplankton were observed around the front of CDW and Kuroshio in summer and autumn. The DIDs of
phytoplankton in the ECS were mostly determined by diatoms and dinoflagellates. The distribution of surface
chlorophyll a concentration was similar to the distribution of DIDs, with the highest DIDs recorded at station FO3
(92.08 x 10 cells/m?) in autumn, while the maximum surface chlorophyll a concentration was observed at station
D04 (13.39 mg/m®) in summer (Figure S2 in Supporting Information S1).

Vertically, high phytoplankton abundance was observed on the bottom in spring and on the surface and sub-
surface layers in summer and autumn. The distribution of diatom abundance was similar to phytoplankton
abundance in spring and summer. Notably, dinoflagellate abundance was significantly higher in summer
compared to other seasons. Additionally, diatoms and dinoflagellates occupied distinct ecological niches, with
diatoms prevalent in the eutrophic nearshore surface and bottom layers, while dinoflagellates were predominantly
distributed in the subsurface layer (Figure S3 in Supporting Information S1).

Figure 5 shows that the average abundance of phytoplankton was the highest in the coastal region during winter
(24.75 cells/mL), spring (50.44 cells/mL), and summer (66.05 cells/mL), and the highest in the mixed region
during autumn (95.82 cells/mL). Notably, the intrusion of the Kuroshio, carrying numerous oceanic dinofla-
gellate species, resulted in significantly higher relative abundances of dinoflagellates in the coastal region
(19.6%), mixed region (32.5%), and Kuroshio region (35.8%) during summer compared to other seasons. Besides,
under the intrusion of high temperature and oligotrophic KSW in winter, the abundance of haptophytes in the
Kuroshio region exceeded 5.9 cells/mL, with a relative abundance reaching 47.6%.

3.3. Dominant Phytoplankton Species

Figure 6 shows that the dominant species in the ECS mainly consisted of diatoms and dinoflagellates. The diatom
P. sulcata dominated during winter and spring, with abundances of 21.40 and 57.05 cells/mL, respectively, while
Skeletonema spp. and Pseudo-nitzschia pungens (No. 20 in Figure 7) dominated during summer and autumn, with
abundances of 20.84 and 78.65 cells/mL, respectively. Additionally, the abundance of the high-temperature and
high-salinity species Trichodesmium spp. was higher in autumn compared to other seasons.

3.4. Warm-Water Species and Diversity of Phytoplankton

The distribution of phytoplankton abundance and community structure in the ECS showed obvious regional and
seasonal differences. Table 1 and Table S2 in Supporting Information S1 reveal significant differences (p < 0.05)
in phytoplankton abundance, warm-water species number, and Shannon index across spatial scales in all seasons.
The species number, warm-water species number, and Shannon index were the highest in autumn, followed by
winter, summer, and spring. Warm-water species number significantly (p < 0.05) differed in Kuroshio region,
mixed region, and coastal region. Furthermore, species number and Shannon index values in the Kuroshio region
were significantly higher than that in the coastal and mixed regions.

3.5. Relationship Between Phytoplankton Community and Water Masses

RDA showed significantly (p < 0.01) higher scores for the first axis and for all canonical axes in all seasons,
indicating that the ordination results were reliable, and the selected environmental variables explained 74.4%,
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Figure 5. Seasonal variations in (a—d.) abundances (Mean + S.D. including phytoplankton) and (e.) dominances (relative abundances) of the main taxonomic groups in

all seasons in the ECS.

56.0%, 47.6% and 42.2% of the variation in phytoplankton community composition in winter, spring, summer and
autumn, respectively. Temperature accounted for the highest explanation percentages in winter (59.0%) and
spring (28.1%), while dissolved inorganic nitrogen (DIN) and turbidity explained the highest percentages in
summer (17.9%) and autumn (12.1%), respectively (Figure 7). In winter, the low-salinity species P. sulcata (No.
10 in Figure 7) exhibited a positive correlation with nutrients, while oceanic species C. pelagicus (No. 13 in
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Figure 6. Dominant species and abundance of phytoplankton in different regions in all seasons (* warm-water species).

Figure 7) and C. leptoporus (No. 19 in Figure 7) exhibited a positive correlation with depth, temperature and
salinity (Figure 7a). In spring, typical warm-water species P. delicatissima (No. 5 in Figure 7), Thalassionema
nitzschioides var. parva (No. 6 in Figure 7), and Chaetoceros pseudocurvisetus (No. 9 in Figure 7) showed a
positive correlation with depth and temperature (Figure 7b). In summer, low-salinity species P. sulcata exhibited
a positive correlation with nutrients and stratification index, and oceanic species C. pelagicus and Trichodesmium
spp (No. 16 in Figure 7) had a positive correlation with temperature and salinity (Figure 7c). In autumn, P. sulcata
had a positive correlation with nutrients, while Unidentified cryptophytes (No. 12 in Figure 7) showed a positive
correlation with salinity (Figure 7d).

In winter, the abundance of phytoplankton and diatoms were significantly (p < 0.05) positively correlated with
nutrients and negatively correlated with temperature and salinity. Conversely, chlorophyll a concentration dis-
played significant (p < 0.05) negative correlations with temperature and salinity. In spring and autumn, all biotic
factors were weakly correlated with environmental factors, except the chlorophyll a concentration in spring was
significantly (p < 0.05) positively correlated with temperature and salinity. During summer, the correlation
patterns between phytoplankton abundance, diatom abundance, and environmental factors resembled those in
winter, with the exception of Si/N ratio, which showed an opposite correlation compared to winter (Figure 8).

Figure 9 depicts the modeling results of GAMs with the least Akaike Information Criterion values and the greatest
adjusted R* and cumulative explained deviation. The spatial variation in phytoplankton abundance and
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Table 1

Average Values (Mean = SD) of Species Number, Warm-Water Species Number and Shannon Index in All Seasons

Winter (n = 45) Spring (n = 34) Summer (n = 40) Autumn (n = 46) Kuroshio (n =40) Mixed (n =91) Coastal (n = 36)

Species number
Warm-water species number

Shannon index

35.1 +10.7° 252 + 15.5° 28.4 + 12.4° 47.0 + 16.6° 84.6 + 26.9* 70.2 + 28.4° 59.7 + 12.9°
14.9 + 9.6° 9.6 + 8.1° 13.6 + 8.2° 30.9 + 15.5¢ 26.4 + 13.3% 149 + 13.3° 8.3 + 3.5°
2.7+ 0.5° 2.0+ 0.7* 2.3+ 0.6 2.9 +0.7° 3.1 £0.5° 23+ 0.6° 2.1+ 0.6°

Note. A different letter superscript on each line indicates a significant difference.

chlorophyll a concentration were largely explained by physical variables such as salinity, depth, and stratification
in all seasons except autumn. In autumn, the spatial variation in phytoplankton abundance (38.2%) and chloro-
phyll a concentration (31.9%) was mostly explained by turbidity. In the coastal region, the variation in phyto-
plankton abundance (69.4%) was largely explained by N/P ratio, whereas the variation in chlorophyll a
concentration (72.3%) was largely explained by Si/N ratio. In the mixed region, the variation in phytoplankton
abundance and chlorophyll a concentration were significantly (p < 0.05) explained by temperature, DSi, Si/N
ratio, and stratification. In the Kuroshio region, despite the explanation being low, the variation in phytoplankton
abundance (45.3%) was largely explained by the DIP and N/P ratio.

The average N/P ratio of ECS in winter, spring, summer and autumn were 16.3, 28.3, 318.4, and 11.9, respec-
tively. Figure 10 shows that the growth of phytoplankton in the ECS during spring and summer was largely
limited by phosphorus, despite the high values of N/P ratio in summer, the limitation was alleviated compared to
spring. The growth of phytoplankton in autumn was limited by nitrogen, but the growth of the phytoplankton in
winter was not limited by nutrients.

4. Discussion
4.1. Phosphorus Stimulation of Phytoplankton Biomass and Abundance by Kuroshio Intrusion

Phosphate carried by Kuroshio intrusion alleviated the coastal phosphorus limitation in summer, and stimulated
the growth of phytoplankton in spring and autumn. As a western boundary current of the Pacific Ocean, the
Kuroshio obstructs the direct water exchange between the ECS and the Pacific Ocean. Nevertheless the Kuroshio
intrusion can transport nutrients, especially phosphate, from the open ocean into the ECS, resulting in a high
correlation between the seasonal changes in KSW and KSSW and the formation of algal blooms in the ECS (Yang
etal., 2018). Among the phytoplankton assemblages observed during the four cruises in 2011, a high biomass and
abundance of phytoplankton was distributed in the front between the CDW and NKBC in summer and autumn
(Figures S2c, S2d, S2g and S2h in Supporting Information S1), as well as in the coastal waters of Zhejiang
Province in spring where the KSSW upwelled, generally in accordance with relatively high salinity (Figures S2b
and S2f in Supporting Information S1). However, influenced by the low light intensity and low temperature, the
phytoplankton biomass and abundance in winter was the minimum. Previous studies focused on single season,
indicating that the KSSW intruded onto the ECS shelf with a large number of nutrients (Chen & Wang, 1999; Liu
et al., 2003), especially phosphate (Fang, 2004; Yang et al., 2013), and mitigated the nearshore phosphorus
limitation and causing algal blooms (Che et al., 2022; Jiang et al., 2015; Xu et al., 2020). The variation in
phytoplankton abundance was consistent with the seasonal fluctuation of KSSW intrusion in the ECS. With the
increasing KSSW from spring to summer, the area of high phytoplankton biomass and abundance moved
northward (Figures S2b, S2c, S2f and S2g in Supporting Information S1). Figure 10 shows most of the sampling
stations were limited by phosphorus in spring, although the average N/P ratio in summer was as high as 318.4 due
to the massive input of DIN from CDW, with the DIP supplemented by KSSW intrusion, the N/P ratio of certain
sampling stations was slightly decreased or equal to 16:1 under the DIP supplemented by KSSW intrusion.

Figure 7. Redundancy analysis ordination of dominant species with environmental variables (upper 30 m) in the ECS in four seasons. 1, Skeletonema spp.; 2,
Thalassiosira curviseriata; 3, Thalassiosira pacifica; 4, Nitzschia longissima; 5, Pseudo-nitzschia delicatissima; 6, Thalassionema nitzschioides var. parva; 7,
Thalassionema nitzschioides; 8, Thalassiosira subtilis; 9, Chaetoceros pseudocurvisetus; 10, Paralia sulcata; 11, Prorocentrum donghaiense; 12, Unidentified
cryptophytes; 13, Coccolithus pelagicus; 14, Prorocentrum minimum; 15, Heterocapsa circularisquama; 16, Trichodesmium spp.; 17, Scrippsiella trochoidea; 18,
Schroederella delicatula f. schrideri; 19, Calcidiscus leptoporus; 20, Pseudo-nitzschia pungens; 21, Thalassiosira decipiens; 22, Rhaphoneis amphiceros; Temp,
temperature; SI, stratification index; *p < 0.05, **p < 0.01.
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Figure 8. Spearman's rank correlation coefficients between phytoplankton, diatoms, dinoflagellates abundance and
chlorophyll a concentration and environmental variables (upper 30 m) in all seasons, Chla: chlorophyll a concentration.

Besides, due to the severe stratification in summer, and DIP carried by KSSW was transported from the deeper
water column, resulting in a large part of DIP remaining in the lower water. In autumn, along with the weakness of
stratification and the enhancement of northeast monsoon in autumn, the DIP in the lower water column upwelled
and fueled phytoplankton bloom, resulting in higher abundance of phytoplankton in autumn than in other seasons.

The community structure of phytoplankton and distribution of diatoms and dinoflagellates were influenced by the
phosphate carried by the Kuroshio. The profiles of temperature, salinity and DIP concentration along transect P in
summer indicated KSSW intrusion onto the ECS shelf (Figure 3). Phosphate transported by KSSW supported the
growth of diatoms and dinoflagellates, but they occupied different ecological niches due to their disparate nutrient
uptake strategies (Zhou et al., 2019). In summer, high diatom abundances were observed on the surface near the
shore, while high dinoflagellate abundances were observed in the subsurface water off the shore affected by
nutrient concentrations and light availability (Figures S3g and S3k in Supporting Information S1). Previous
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Figure 9. Contribution (cumulative explained deviation) of environmental variables (upper 30 m) to variation in
phytoplankton abundance and chlorophyll a concentration in all seasons and three regions (coastal, mixed and Kuroshio)
using generalized additive models. Arabic numerals on the right of pillars indicate adjusted R*. The asterisks above the pillars
indicate significance; *p < 0.05; **p < 0.01; ***p < 0.001.
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studies showed that diatom blooms mainly occurred in nearshore surface water with lower temperature, sufficient
light, and abundant nutrients, while dinoflagellate blooms usually occurred in warmer subsurface water (basically
>10 m) with relatively scarce nutrients and weak light (Irwin et al., 2012; Lim et al., 2019; Zhang et al., 2019;
Zhou et al., 2021). Table S2 in Supporting Information S1 showed the abundance of phytoplankton, diatom, and
dinoflagellate was significantly different among seasons and regions. These results indicate that the temporal and
spatial distribution of phytoplankton in the ECS was influenced by seasonal changes of circulation, especially the
Kuroshio. Figure S4 in Supporting Information S1 shows that there was a well coupling between the surface
phytoplankton abundance and the phosphate concentration on the surface and in the 30 m layer, and the GAMs
confirmed that DIP and N/P ratio were the main factors affecting phytoplankton abundance and biomass in the
coastal and Kuroshio regions (Figures 9¢ and 9j). These results suggest that the phytoplankton abundance and
biomass in the coastal and Kuroshio regions are stimulated by the DIP carried by KSSW.

4.2. Regulation of Phytoplankton Group Composition by Kuroshio Intrusion

According to the results of MDS and cluster analysis, the phytoplankton community of the ECS can be classified
as a low-salinity group (mostly diatoms), euryhaline groups, and oceanic high-temperature, high-salinity groups.
The representative species were P. sulcata, Skeletonema spp., and Trichodesmium spp., respectively. From the
perspective of phytoplankton community species composition, the number of diatom species dominated both the
total species number (66.6%) and the dominant species number (65%), because the KSSW intruded onto the ECS
shelf and mitigated the nearshore phosphorus limitation. Wu et al. (2016) showed that spatiotemporal patterns of
biomarkers reveal higher ratios of diatom/dinoflagellate and diatom/haptophyte in higher productivity areas (CE
in summer). Previous studies showed that diatoms have a higher growth rate due to a higher DIN assimilation rate
under high turbidity and nutrient concentrations (Goldman & McGillicuddy, 2003; Smayda, 1997). Irwin
et al. (2006) found that large phytoplankton cells such as diatoms dominate in eutrophic conditions. Liu
et al. (2016) showed that dinoflagellates tend to grow in a lower N/P ratio environment rather than diatoms.
Diatoms and dinoflagellates were dominant in the coastal and mixed regions, while cyanobacteria and small-
celled phytoplankton were dominant in the oligotrophic Kuroshio region (Figure 5).

Affected by the KSW intrusion, the haptophytes including Emiliania huxleyi/Gephyrocapsa oceanica and C.
pelagicus were the absolutely dominant species in the Kuroshio region in winter, accounting for 47.6% of the
relative abundance. In spring, algal blooms occurred in KSSW upwelling areas, and the phytoplankton ecological
types are mainly nearshore low-salinity species and eurytherm euryhaline species (Figure 6), among which P.
sulcata (35.5%) and Thalassiosira curviseriata (18.1%, No. 2 in Figure 7) occupied a high proportion. In summer,
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the CDW carried low salinity water with sufficient nutrients, especially DIN and DSi, into the ECS, and the
upwelling of KSSW provided abundant phosphate, which was conducive to the growth of large-celled diatoms
and low-salinity phytoplankton species. The intrusion of KSSW in summer was an important mechanism for
phosphate replenishment in the CE and Zhejiang Province coastal waters (Tseng et al., 2014; Wang et al., 2016; L.
Xu et al., 2018; Yang et al., 2013) and affected the phytoplankton community composition in the ECS during
summer (Jiang, Chen, Zhai, et al., 2019; Noman et al., 2019; Xu et al., 2020; Q. Xu et al., 2019, Y. Xu et al., 2019).
In autumn, diatoms (particularly P. pungens) bloomed in the mixed region between the coastal low-salinity waters
and Kuroshio affected waters where DIP limitation was reduced (Figure 10). Moreover, the distribution of the
high-salinity groups in winter and autumn was consistent with the range of the KSW intruding the ECS, whereas
the KSSW intruded the ECS from bottom in spring and summer, resulting in the few distribution of high-
temperature and high-salinity groups (Figure S5 in Supporting Information S1). RDA results show that the
phytoplankton low-salinity species were regulated by coastal currents with rich nutrients and warm-water species
were regulated by Kuroshio with high temperature and high salinity (Figure 7). Our studies demonstrated that the
Kuroshio carried abundant phosphates and high-temperature, high-salinity water mass intruded into the ECS,
which profoundly affected the phytoplankton community composition in the ECS and caused significant spatial
differences.

4.3. Enhancement of Phytoplankton Diversity by Kuroshio Intrusion

The phosphates carried by Kuroshio intrusion will not only affect the abundance distribution and group
composition of phytoplankton, but also decrease phytoplankton diversity (species number, warm-water species
number, and Shannon index) in the coastal region and increase phytoplankton diversity in the Kuroshio region
across all seasons (Table 1 and Figure S1 in Supporting Information S1). KSSW transferred abundant phosphate
to the ECS coastal region that mitigated the nearshore phosphorus limit, promoted the blooms of low-salinity
diatoms, and occupied the ecological niches of other groups, leading to a low phytoplankton diversity in the
coastal region. Previous studies have found that HABs reduced phytoplankton community diversity (Amorim &
Moura, 2021; Chai et al., 2020). Furthermore, temperature was another main driver affecting phytoplankton
species diversity (Benedetti et al., 2021; Ibarbalz et al., 2019; Righetti et al., 2019). High temperatures promoted
phytoplankton species diversity by enhancing speciation, increasing metabolic rates and so on (Beaugrand
et al., 2013; Tittensor et al., 2010). Therefore, the high temperature water carried by the KSW was conducive to
increasing the phytoplankton species diversity in the Kuroshio region. Table 1 shows that the intrusion of KSW
resulted in significantly higher species number and Shannon diversity index of phytoplankton in winter and
autumn compared to spring and summer. Besides, the species number and Shannon diversity index in the Kur-
oshio region were significantly higher than those in the coastal and mixed regions.

The Kuroshio intrusion also carried a large number of warm-water species, which had an important impact on
phytoplankton diversity over the ECS. Table 1 and Table S2 in Supporting Information S1 show that the warm-
water species number in the Kuroshio region were significantly higher than that in the coastal and mixed regions
across all seasons. Jiang et al. (2015) showed that the tropical/subtropical warm-water and high-salinity species
carried by Kuroshio influenced the phytoplankton community composition and species diversity of the CE.
Trichodesmium spp. was the indicator species of Kuroshio intrusion (Jiang et al., 2018, 2023), and phytoplankton
mainly consisted of high-temperature and high-salinity species and warm-water species (Wang et al., 2020). The
circulation changes of Kuroshio, TWC and CDW and the fluctuation of water masses had important effects on the
composition and distribution of phytoplankton communities in the CE and the adjacent ECS shelf (Jiang
etal., 2014, 2015, 2019). Therefore, we demonstrated that the Kuroshio, as a ““seed bank” of phytoplankton warm-
water species, carried a large number of tropical/subtropical species and heat to the ECS and enhanced the
phytoplankton diversity in the ECS.

5. Conclusions

Four cruises were conducted in the ECS across four seasons of 2011 to explore the potential influence of Kuroshio
intrusion on the phytoplankton community. The phytoplankton species mainly consisted of diatoms and di-
noflagellates, and high biomass of phytoplankton was observed in the coastal region where the KSSW intruded
and upwelled. The phytoplankton biomass, community composition, and diversity significantly differed from
temporally to spatially, and were tightly coupled with the changes in KSW and KSSW. The phosphate carried by
the Kuroshio intrusion promoted the growth of phytoplankton and affected the distribution of phytoplankton
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biomass and community composition. Moreover, the warm-water species and heat transported by the Kuroshio
enhanced the phytoplankton diversity in the ECS. Nevertheless, it is worth noting that the survey stations across
the four seasons in this study were not uniformly distributed. This variability may impact the comparison of
survey results across different temporal and spatial scales. Additionally, the microscopic examination cannot
identify pico-phytoplankton, further studies need to be performed on phytoplankton community composition
using molecular sequencing.
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