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The distribution characteristics, biomass, and communities of phytoplankton in the western Pacific Ocean (WPO) were investigated using high-performance liquid chromatography (HPLC)-CHEMTAX analysis. The results revealed significant differences in the distribution of phytoplankton communities among different water masses in the WPO. Haptophytes were the dominant group, followed by Prochlorophytes, Cyanobacteria, Prasinophytes, and Diatoms. The distribution of phytoplankton communities was primarily determined by the level of nitrate, phosphate, and silicate, while temperature showed a negative correlation with major phytoplankton communities. In the 130°E section, the divergence caused by Halmahera Eddy (HE) and Mindanao Eddy (ME) provided the abundant nutrients, making them the primary environmental influence factor near the equator. This divergence brought relatively eutrophic deep seawater into the euphotic layer, resulting higher biomass of phytoplankton communities. In the 20°N section, the distribution of phytoplankton was mainly influenced by the invasion of Kuroshio Current and its offshore flow. Additionally, due to the low surface-to-volume ratios, microphytoplankton dominated the phytoplankton community in this section instead of nanophytoplankton or picophytoplankton. In summary, this study confirms previous findings on distribution characteristics of phytoplankton and provides new insights into the environmental and biological regulations of phytoplankton communities in the WPO.
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Introduction

The western Pacific Ocean (WPO) is known for its complex hydrological system and ecosystem, with significant impacts on global climate, ocean circulation, biodiversity, and the atmosphere (Turk-Kubo et al., 2018). Despite its vast area, the WPO is characterized as an oligotrophic sea with low biomass (Ma et al., 2021). Seawater stratification, seafloor topography, atmosphere cycle are among the several factors that can cause oligotrophic characteristics (Zhang et al., 2012). As a complex region, the WPO is affected by numerous ocean eddies and currents. Previous studies have observed massive wind-driven ocean circulation in the WPO (Collins et al., 2010; Yuan et al., 2011), particularly within the western boundary currents, such as Kuroshio Current (KC), Mindanao Current (MC), North Equatorial Current (NEC), North Equatorial Counter Current (NECC), as well as a series of eddies, including Halmahera Eddy (HE) and Mindanao Eddy (ME) (Hu et al., 2015). These eddies and currents can significantly influence nutrient transport, seawater stratification, and anomalous water properties in the WPO. Additionally, Mindanao Dome, a large-scale thermal upwelling dome in the WPO (Masumoto and Yamagata, 1991), provides a stable system for the western boundary current (Suzuki et al., 2005). Monsoons and warm pool can also seasonally influence the sea surface temperature (SST) in the WPO for mass transportation and temperature control (Jia et al., 2018), playing an essential role in the heat budget and global ocean circulation.

As a result of its diverse hydrological activities and vast area, the WPO has been recognized as a critical region for the global carbon cycle (Waga et al., 2022), marine primary production, biodiversity, and other ecological processes (Lin et al., 2011). Marine phytoplankton play critical roles in regulating the efficiency of the biological carbon pump, contributing nearly half of primary production and serving as biomarkers (Field et al., 1998), the WPO is an important carbon sink for marine carbon cycle (Mori et al., 2021), and understanding phytoplankton communities and their distribution is essential to study the ecosystem functions in the WPO (Liu et al., 2021a). Several studies have indicated that eddies and currents can transport nutrients from deep layers into the euphotic layer, resulting in increased primary production (Zhang et al., 2012; Hong et al., 2014). Moreover, cyclonic eddies and other oceanic dynamic phenomenon can enhance phytoplankton production rates by raising the thermocline and providing more nutrients (Behrens et al., 2018). These marine processes determine the distribution of phytoplankton communities, which can serve as indicators of the valuation in the marine environment (Zhang et al., 2012; Paul et al., 2021).

Although various methods can be used to identify and enumerate phytoplankton communities, such as microscopy and photosensitive probes (Liu et al., 2021b; Song et al., 2022), these methods may not accurately identify picophytoplankton, which is the primary phytoplankton community in the WPO (Hong et al., 2014). To observe phytoplankton more efficiently, identifying the diagnostic pigments within phytoplankton cells is valuable to determine the biomass and distribution of phytoplankton communities (Wright and Jeffrey, 2006; Higgins et al., 2011; An et al., 2018), and chemical taxonomy (CHEMTAX) is a program that allocates diagnostic pigments into taxa of interest (Mackey et al., 1996). CHEMTAX is more efficient and accurate in identifying phytoplankton communities at the class level and has been widely used in marine ecosystem research (Wright et al., 2010; Swan et al., 2016; Nomaki et al., 2021; Wang et al., 2021; Hyun et al., 2022).

In this study, phytoplankton pigment samples were collected from two sections of the WPO in 2016. Unlike previous studies in this area that rarely focus on the distribution of phytoplankton communities or their interaction with environmental factors, this study enables for the analysis of phytoplankton communities over a large spatial coverage. The phytoplankton pigments were analyzed by high-performance liquid chromatography (HPLC) (Mackey et al., 1998). Based on the results of CHEMTAX analysis, this study aims to: (i) investigate diagnostic pigments of phytoplankton to reveal the impacts of currents and eddies on phytoplankton communities; (ii) explore the controlling factors for the temporal and spatial distribution of phytoplankton communities; and (iii) indicate the influence of phytoplankton biochemical processes on the distribution of phytoplankton communities.





Materials and methods




Study area and sample collection

Oceanographic sampling was performed onboard R/V KEXUE in the WPO from 28 September to 25 October 2016 (Figure 1). A total of 6 stations in the 20°N section and 18 stations in the 130°E section were investigated during the cruise. At each station, seawater samples were collected by using 12 L Niskin bottles equipped with a Sea-bird CTD (SBE 19 Plus) rosette sampler at seven depths (5 m, 25 m, 50 m, 75 m, 100 m, 150 m, and 200 m). Physical parameters, such as depth, salinity, and temperature, were also recorded in situ at the same time using the CTD sensors. For nutrients analysis, 100 ml of seawater was collected without filtered and directly refrigerated at -20° until laboratory analysis. For diagnostic pigment samples, 4-6 L per each sample was collected and filtered using GF/F filter (0.7 µm pore-size, Whatman), and the membrane was immediately frozen in liquid nitrogen prior until analysis in the laboratory (Zhang et al., 2019b).




Figure 1 | Map of sampling area with major surface currents and eddy system in the western Pacific Ocean (NEC, North Equatorial Current; KC, Kuroshio Current; MC, Mindanao Current; NECC, North Equatorial Counter Current; ME, Mindanao Eddy; HE, Halmahera Eddy). Blue dots are sampling stations and background plots the averaged sea surface height anomaly during the study period in 2016. The locations of eddies were identified using the gridded daily sea surface height anomaly (SSHA) with a spatial resolution of 0.25° acquired from the archiving validation and interpretation of satellite oceanography (https://www.aviso.altimetry.fr/en/home.html).







Sample analysis




Nutrient analysis

Nutrients, including dissolved inorganic ammonium (NH4-N), nitrate (NO3-N), nitrite (NO2-N), phosphate (PO4-P), and silicate (SiO3-Si), were analyzed by Technicon Auto-Analyzer 3 (Bran + Luebbe, SEAL, Germany) based on continuous flow injection analysis (Grasshoff et al., 2009). The determination principles of nutrients were as follows: cadmium–copper reduction method for nitrate (detection limit: 0.015 µmol/L), azo dye formation method for nitrite (detection limit: 0.003 µmol/L), Berthelot reaction for ammonium (detection limit: 0.040 µmol/L), molybdenum blue method for phosphate (detection limit: 0.024 µmol/L) and silicate (detection limit: 0.030 µmol/L), respectively. In numerical terms, dissolved inorganic nitrogen (DIN) was the sum of ammonium, nitrite, and nitrate.





Diagnostic pigments analysis

Diagnostic pigments filters were extracted with 100% methanol for 1 h, then ultrasonic degassing for 30 s,(ice-bath), and finally preserved at -20° for 1 h. After preservation, all pigments extractions were filtered through 0.22 μm filters (Nylon) to remove impurities and mixed with 28 mmol/L of tetrabutylammonium acetate (TBAA). All the procedures were done under subdued light. Diagnostic pigments quantification was analyzed by the high-performance liquid chromatography system (Agilent Technologies 1260) with an Eclipse XDB C8 column (4.6×150 mm, 3.5 μm particle size) at a flow rate of 1 ml/min. The solvent included solvent A (methanol: 28 mmol/L TBAA (pH = 6.5), v/v = 70/30) and solvent B (100% methanol). Gradient elution procedure started with 80% solvent A and 20% solvent B, 30 min with 5% solvent A and 95% solvent B. The procedure ended at 50 min, and mobile phase ratio was 80% solvent A and 20% solvent B. The gradient eluting pigments were detected at 440 and 660 nm by the diode array detector. In our study, all the diagnostic pigments were identified and quantified using the pigment standards which were purchased from DHI Water and Environment, Hørsholm, Denmark. The following pigments were detected and quantified: Chlorophyll c3 (Chl c3), Chlorophyll c2 (Chl c2), Pheophorbide a (Phide a), Peridinin (Perid), 19’-but-fucoxanthin (But-fuco), Fucoxanthin (Fuco), Neoxanthin (Neo), Prasinoxanthin (Pras), Violaxanthin (Viola) 19’-hex-fucoxanthin (Hex-fuco), Diadinoxanthin (Diadino), Alloxanthin (Allo), Diatoxanthin (Diato), Zeaxanthin (Zea), Lutein (Lut), Chlorophyll b (Chl b), Divinyl Chlorophyll a (DV Chl a), Chlorophyll a (Chl a), Pheophytin a (Phytin a), α-carotene (α-car), and β-carotene (β-car).






Data analysis




Size-fractionated chlorophyll a calculation

Seven diagnostic pigments (Fuco, Perid, Allo, Hex-fuco, But-fuco, Zea, and Chl b) were used to calculated the contributions of microphytoplankton (fmicro), nanophytoplankton (fnano), and picophytoplankton (fpico) size-fractionated to total Chl a [Chl a] concentration (Uitz et al., 2006).







Where DP is the weighted sum of the concentrations of seven diagnostic pigments, was calculated using equation (4):



The size-fractionated Chl a concentrations were then calculated as follows:











CHEMTAX calculation

The phytoplankton community finds the most consistent phytoplankton community structure composition of the sample according to the factor analysis of CHEMTAX program and the steepest descent algorithm for the total Chlorophyll a (the sum of Chl a and DV Chl a in this study). According to the pigment composition of the WPO, the 14 initial diagnostic pigments ratio was applied to the WPO (Table 1) (Schlüter et al., 2011). The CHEMTAX results are mainly used to evaluate the dominant position of different phytoplankton communities. The CHEMTAX results of this project include 10 phytoplankton communities, namely, Chlorophytes, Chrysophytes, Cryptophytes, Cyanobacteria, Diatoms, Dinoflagellates, Euglenophytes, Haptophytes, Prasinophytes, and Prochlorophytes.


Table 1 | Preliminary pigment ratio of CHEMTAX analysis.



All contour maps were created using Ocean Data View (ODV) 5.6.2 (Schlitzer, 2002). Color scatter diagrams and linear regressions were processed by OriginPro 8.5.0. Redundancy analysis (RDA) and Person’s correlation coefficients were displayed to assess the corresponding relationship between the phytoplankton communities and the environmental parameters (e.g., temperature, salinity, and nutrients) and variances of phytoplankton communities in the different water masses, respectively.







Results




Hydrography and nutrients during the sampling period

According to the temperature-salinity diagram of water samples in survey area (Figure 2C), five water masses including ME (E130-10 to E130-14), HE (E130-17 to E130-19), NEC (E130-3 to E130-8), KC (N20-6 to N20-9), and SCS (N20-3 to N20-4) were identified. Due to high dispersion, other stations were classified as interval stations. Water temperature within upper the 200 m varied from 16° to 30° (Figure 2A), and salinity ranged from 33.5 to 35.5 (Figure 2B). The temperature exhibited relative stratification, with higher values above 100 m and lower values below 100 m. Similarly, the salinity stratification displayed in the upper layer was higher than that in the deeper layer.




Figure 2 | Diagram of temperature distribution (A), salinity distribution (B), and temperature-salinity (S-T) (C) during the sample period in the WPO.



In the 20°N section, a colder upwelling invaded the upper layer, causing the water temperature to be lower near N20-4 station. Additionally, the salinity was much lower than at other stations at surface layer of N20-4, with a low salinity upwelling invaded in the bottom. In the 130°E section, the water temperature mixed well on vertical gradients in 50-100 m, but salinity exhibited a different pattern. From station E130-2 to E130-6, salinity was considerably lower than at other stations in 50-100 m. Furthermore, from E130-6 to E130-11, the distribution of salinity and temperature varied in 100-200 m seawater, with low salinity and low temperature water entering the upper layer water. Notably, the salinity in the area between E130-2 and E130-6 was much lower than in other areas.

The major inorganic nutrients exhibited significant spatio-temporal variation (Figure 3). The distribution of major dissolved inorganic nitrogen, phosphate, and silicate in the study area showed distinctive spatio-temporal variation. The nutrients were predominantly concentrated in the 130° section between E130-11 and E130-15 (ME mass), with a secondary high-value area observed between E130-2 and E130-4 (KC mass). However, it is noteworthy that a slightly high concentration of nutrients was observed near the N20-3 station in the 20°N section (SCS mass). The nutrient concentration was extremely low in 0-100 m depth range and remained oligotrophic even in 100-150 m depth range. Specifically, the concentrations of NO3-N, NO2-N, NH4-N, PO4-P, and SiO3-Si basically ranged from 0.02-16.17 μmol/L, 0.01-0.29 μmol/L, 0.01-0.63 μmol/L, 0-1.41 μmol/L, and 0.44-14.04 μmol/L, respectively. Notably, the concentrations of major nutrients, such as NO3-N, PO4-P, and SiO3-Si, were significantly lower in the KC mass than in other masses. Moreover, major nutrients tended to accumulate in the ME mass and the junction area of the ME and HE mass, where the concentration of NO3-N, PO4-P, and SiO3-Si was remarkably higher than in other areas.




Figure 3 | Inorganic Nutrients [NO3-N (A), NH4-N (B), NO2-N (C), PO4-P (D), SiO3-Si (E)] distribution during the sample period in the WPO.







Distribution of diagnostic pigments and phytoplankton communities

According to the results of HPLC-CHEMTAX, the spatio-temporal variation of each phytoplankton and its diagnostic pigments exhibited similarity, with pigments primarily concentrated in the SCS mass and the junction of ME and HE mass, and distributed in 25-100 m range (Figure 4). Notably, Chl a (0-1.172 μg/L) and DV-Chl a (0-0.230 μg/L) were the most abundant and contributed them most of biomass of total pigments, while the abundance of Chl b (0-0.229 μg/L) was also higher than other pigments. This made Prochlorophytes (0-0.173 μg/L) one of the dominant phytoplankton in the WPO. Hex-Fuco (0-0.154 μg/L), Fuco (0-0.192 μg/L), and Pras (0-0.024 μg/L) were associated with Haptophytes (0-0.576 μg/L), Diatoms (0-0.252 μg/L), and Prasinophytes (0-0.130 μg/L), respectively, and were also dominant phytoplankton in the shallow layer of the WPO, primarily distributed in the 50-100 m layer.




Figure 4 | Phytoplankton communities and their marker pigment distributions during the sample period in the WPO. Haptophytes (A-1), Hex-Fuco (A-2), Diatoms (B-1), Fuco (B-2), Prochlorophytes (C-1), Chl b (C-2), Prasinophytes (D-1), Pras (D-2), Cryptophytes (E-1), Allo (E-2), Cyanbacteria (F-1), Zea (F-2), Euglenopytes (G-1), Diadino (G-2), Chrysophytes (H-1), But-Fuco (H-2), Chlorophytes (I-1), Lut (I-2), Dinoflagellates (J-1), Perid (J-2).



In the 130°E section, Haptophytes and Prasinophytes only found in the 0-10°N area, while Prochlorophytes were distributed throughout the 50-100 m layer. The high concentration area of Diatoms (0-0.252 μg/L) only appeared in 100 m of equatorial region, and another high concentration region was observed in the 20°N section, located in 50 m of the SCS mass. Allo (0-0.007 μg/L), Zea (0-0.102 μg/L), Diadino (0-0.017 μg/L), But-fuco (0-0.095 μg/L), Lut (0-0.004 μg/L), and Perid (0-0.014 μg/L) represented the concentration of Cryptophytes (0-0.097 μg/L), Cyanobacteria (0-0.068 μg/L), Chrysophytes (0-0.040 μg/L), Dinoflagellates (0-0.015 μg/L), Euglenophytes (0-0.021 μg/L), and Chlorophytes (0-0.033 μg/L), respectively (Figure 5). These were found to be lower than the aforementioned phytoplankton, with distinctive differences in distribution. Cyanobacteria was the dominant community in the surface of the WPO and gathered prominently in the junction of the HE and ME mass, while Euglenophytes were the second major community in the surface. The concentration of Chlorophytes was the lowest, and their distribution was dispersed with almost no continuous distribution. Other pigments, namely α-Car (0-0.039 μg/L) and β-Car (0-0.051 μg/L), exhibited distinct distribution in the study area. Specifically, α-Car was primarily distributed in the shallow layer, particularly in 0-100 m layer, while β-Car was more prevalent in the 100-200 m layer. Interestingly, the variation of these two carotene pigments displayed opposite variations, with α-Car being concentrated in the 100-200 m layer and β-Car in 0-100 m.




Figure 5 | Concentrations (left) and Proportions (right) of phytoplankton community during the sample period in the WPO.



Haptophytes and Prochlorophytes were the primary contributors to the total biomass across all masses, with Cyanobacteria being the third most abundant phytoplankton biomass. However, in the SCS mass, Diatoms and Prochlorophytes accounted for almost the same proportion, and the abundance of Diatoms and Prasinophytes was higher than in other masses. Cryptophytes, Euglenophytes, Chrysophytes, Chlorophytes, and Dinoflagellates comprised less than 5% of the total phytoplankton biomass.





Size-fractionated phytoplankton

According to previous study, the concentrations and proportions of microphytoplankton, nanophytoplankton and picophytoplankton were calculated (Figure 6) (Uitz et al., 2006). The phytoplankton communities in the study area were dominated by nanophytoplankton (0-0.32 μg/L) and picophytoplankton (0-0.51 μg/L), with nanophytoplankton distributed in the 100-200 m layer and picophytoplankton contributing the most primary production in the 0-100 m layer. The contribution of microphytoplankton (0-0.52 μg/L) was negligible in most areas, except for the SCS and HE mass, where microphytoplankton concentration in the 25-100 m layer was slightly higher than in other regions. It is evident that, except in the SCS mass, nanophytoplankton and picophytoplankton accounted for 36.1-42.1% and 49.1-53.0%, respectively, while microphytoplankton only occupied 7.7-14.8%. In contrast, the proportion of microphytoplankton in the SCS mass rose to 22.3%, which was clearly different from in other masses.




Figure 6 | Size-fractionated concentrations [Micro-Chl a (A-1), Nano-Chl a (B-1), Pico-Chl a (C-1)] and proportion [fmicro (A-2), fnano (B-2), fpico (C-2)] of phytoplankton during the sample period in the WPO.








Discussion




Impacts of currents and eddies in the WPO

Marine dynamics can have a significant impact the phytoplankton community composition and spatio-temporal variability. Conversely, the distribution characteristics of phytoplankton can reflect spatio-temporal variability in the marine ecosystem. The diagnostic pigments of phytoplankton can clarify their community compositions and regulate their response to environmental factors. Estuarine-coastal waters are generally nutrient-rich, with DIN, phosphate, silicate of 10.4 μmol/L, 0.38 μmol/L, and 14.7 μmol/L (Carstensen et al., 2015), respectively, which were higher than those in the 75m-100m layer of our survey area. Our study results indicate that the WPO is a classical oligotrophic ocean that may be affected by complex hydrological and chemical conditions. The distribution of phytoplankton was found to be limited in several zones, which was obviously related to nutrient concentration. This lack of nutrients in the euphotic zone directly restricted the biomass and distribution of phytoplankton.

According to previous studies, the survey area was influenced by a north equatorial current system (Lukas et al., 1997; Xie et al., 2009). During the sampling period, hydrological conditions were similar to those in spring, with light intensity and temperature were suitable for phytoplankton. A relative high upwelling of nutrients in study area was observed, which was consistent with high phytoplankton biomass. Notably, the concentration of phytoplankton was particularly high in the junction area between HE and ME mass, specifically between E130-12 and E130-19 station, which differed from other stations (Figure 7). The advection flow and upwelling caused by HE and ME were likely responsible for this phenomenon, as they enabled the phytoplankton in the upper layer of water to uptake more nutrient and have more time for photosynthesis. The interaction of HE and ME led to the formation of baroclinic field that brought cold hypohaline intermediate layer water with relatively high nutrients into surface layer (Messié and Radenac, 2006). As there was an upwelling water mass phenomenon in the junction area between HE and ME mass caused by the divergence interaction, it extracted deeper seawater with high nutrient concentrations into the surface layer.




Figure 7 | Currents and eddies impacts on phytoplankton communities during the sample period in the WPO. (Light blue arrows represent NEC, purple arrows represent NECC, yellow arrows represent KC, and black arrows represent MC. Red cycle represents ME and green cycle represents HE).



The gathering of phytoplankton in the SCS mass may be caused by the KC, but there was no eddy to interact with the KC. In this case, the offshore flow could scour materials from lands, and caused upwelling in the SCS mass area (Ranthodsang et al., 2020; Li et al., 2021). NH4-N in seawater is typically produced by the degradation of phytoplankton organisms. In junction of ME and HE mass, NH4-N was widely distributed from the surface to deeper seawater layer. However, in the SCS mass, NH4-N was only distributed in the surface layer, with lower concentrations of other nutrients than in the ME and HE mass. Nevertheless, the biomass of phytoplankton communities suggested that there must have been sufficient nutrients input to sustain this biomass. Another nutrients source was rivers runoff (Amaya et al., 2012). The rivers runoff and KC offshore flow would have been assimilated by phytoplankton before settlement happened, affording high biomass of phytoplankton communities.





Controlling factors of the temporal and spatial distribution of phytoplankton communities

The RDA ordination analysis of phytoplankton community dataset identifies temperature, salinity, NH4-N, NO3-N, NO2-N, PO4-P, SiO3-Si, DIN, N/P, and DIN/DSi as subset of environmental variables that explain significant and independent amounts of variation. Basically, the result reveals that NO3-N, PO4-P, SiO3-Si, DIN, DIN/DSi were primary nutrient variables in all masses. The RDA analysis indicates that NO3-N, PO4-P, SiO3-Si, DIN, DIN/DSi, and salinity were negatively correlated with temperature and NH4-N, whereas NO2-N and N/P were not strongly related to other environmental variables.

The RDA analysis of the phytoplankton community dataset in the SCS mass identified NO3-N, SiO3-Si, PO4-P, and salinity as strongly correlated variables, while negatively correlated to temperature and NH4-N. However, NO2-N was weakly correlated with other environmental variables. The correlation between environmental variables and phytoplankton communities in the SCS mass was weak, with only Cryptophytes and Chlorophytes showing a positive correlation with temperature (Figure 8A). In turn, temperature, NO3-N, PO4-P, and DIN were largely associated with phytoplankton communities. In the KC (Figure 8B) and the ME mass (Figure 8D), Haptophytes showed a strong positive correlation with NO3-N, PO4-P, and DIN, while being negatively correlated with temperature. Cryptophytes, Dinoflagellates and Euglenophytes were weakly correlated with other variables in the KC mass. Prasinophytes, Chlorophytes, and Chrysophytes were positively correlated with salinity and NO2-N. In the NEC mass (Figure 8C), Prochlorophytes and Cyanobacteria were positively correlated with these nutrients, but negatively correlated with temperature. On the other hand, Chlorophytes was positively correlated with NO3-N, PO4-P, and DIN. Notably, the axis 1 in ME mass accounted for 73.09% of the variance. Therefore, it can be concluded that Cyanobacteria, Euglenophytes, Dinoflagellates were positively correlated with temperature, but negatively correlated with NO3-N, PO4-P, and DIN, while Haptophytes, Chrysophytes, and Prasinophytes were strongly positively correlated with NO3-N, PO4-P, and DIN. In the HE mass (Figure 8E), Chrysophytes, Haptophytes, and Prasinophytes were strongly positively correlated with NO3-N, PO4-P, DIN, and salinity, while being negatively with temperature and NH4-N. In turn, the correlation of Cyanobacteria, Dinoflagellates, Euglenophytes and Prochlorophytes was opposite. Combined with the impacts of currents and eddies, it can be inferred that the main contributors of phytoplankton communities in the ME and HE mass were related to nutrients, while this correlation was weaker in the NEC and KC mass. In the SCS mass, the distribution of phytoplankton communities was weakly correlated to environmental factors.




Figure 8 | Redundancy analysis of phytoplankton communities and environmental parameters during the sample period in the WPO [SCS mass (A), KC mass (B), NEC mass (C), ME mass (D), HE mass (E)].



Based on the RDA of variant trend and phytoplankton biomass, it can be concluded that hydrological factors had little impact on limiting the distribution and biomass of phytoplankton in the KC and NEC mass, where nutrients only played a minor role. In the HE and HE mass, however, hydrological factors, particularly PO4-P and NO3-N, significantly determined the biomass and distribution of phytoplankton communities. Combined with the currents and eddies conditions during the sample period, it appears that the primary influence factor causing the invasion of rich-nutrient upwelling into the euphotic layer is located at the junction between HE and ME mass, as demonstrated by the divergence. The redundancy analysis shows a significant trend that the primary phytoplankton communities in the SCS mass were still related to nutrients. Additionally, the biomass of phytoplankton communities was even higher than KC mass and similar to NEC mass, indicating that hydrological factors, especially nutrient conditions, can support high phytoplankton biomass in the SCS mass. Moreover, the biomass of microphytoplankton in the SCS mass was considerably higher than in other masses, with Diatoms and Prasinophytes having a higher proportion.

Based on the correlation analysis of phytoplankton communities and environmental parameters (Figure 9), a high relationship was observed between the abundance of Haptophytes and Prochlorophytes in the ME and HE mass, as previously mentioned. However, the abundance of Haptophytes and Prochlorophytes in the SCS mass differs significantly from that in other masses, possibly due to offshore flow caused by KC (Holbrook et al., 2021), which could provide nutrients to support the reproduction of phytoplankton communities. Furthermore, the intrusion current from South China Sea may be another source to provide nutrients.




Figure 9 | Variance analysis of phytoplankton biomass in the different water masses. [Haptophytes (A), Diatoms (B), Prochlorophytes (C), Prasinophytes (D), Cryptophytes (E), Cyanbacteria (F), Euglenopytes (G), Chrysophytes (H), Chlorophytes (I), Dinoflagellates (J)].







Influences of biochemical processes of phytoplankton

The correlation analysis between phytoplankton communities and sized-fractionated phytoplankton provides additional evidence to support the above-mentioned assumptions (Figure 6). The KC and SCS mass are evidently influenced by hydrological environment conditions of The Kuroshio, which is a part of the western boundary current (Nishibe et al., 2017). The spatial distribution of the phytoplankton communities is affected by the intrusion of the southern water into the north (Yamamoto and Nishizawa, 1986), which transported eutrophic deep water mass into surface as a warm filament. This indicates that picophytoplankton and nanophytoplankton were major contributors to the total phytoplankton biomass. Combining the distribution of phytoplankton communities, the dominant populations were Haptophytes, Diatoms, and Prochlorophytes (Figure 9). Considering the biomass of phytoplankton, it is hard to ignore the diversity of phytoplankton communities in each mass. The biomass of Prasinophytes, Euglenophytes, and Cryptophytes in the SCS mass differs significantly from in other masses, with the abundance of other communities being much lower than these three species.

Previous studies have shown that the nutrient structure significantly affects the phytoplankton community structure (Justić et al., 1995), with N/P and DIN/DSi ratios being the major limiting factors (Brauer et al., 2012). Nitrogen limitation is common in open ocean, but the average N/P ratios in SCS (16.43/1) and KC mass (17.22/1) were very close to the Redfield ratio (16/1), indicating weaker nitrogen limitation in the SCS and KC mass than in the other masses. The N/P ratios at the 0-100 m layer showed obvious difference, especially in HE, ME, and KC mass. On the other hand, DIN/DSi ratios in NEC, KC, and ME mass had a distinctive distribution at the depth shallower than 100 m. Furthermore, low DIN/DSi ratios in different masses apparently caused the blooming of Diatoms (Sarthou et al., 2005). Nano-Diatoms and Pico-Diatoms, with higher surface-to-volume ratios, have more efficient exploitation of low nutrient concentrations, allowing them to stay in subsurface layer. Because of the divergence and the cell characteristics of phytoplankton, the rates of nutrient absorption by phytoplankton with various size are different (Lukas, 2001; Zhang et al., 2019a). The size of microphytoplankton is relatively large, so its biomass is relatively high in high nutrient water. Nanophytoplankton and picophytoplankton have a relatively smaller size, but their surface-to-volume are higher than microphytoplankton (Leruste et al., 2019). Therefore, in low nutrient water, the biomass of nanophytoplankton and picophytoplankton is relatively high. However, even with the occurrence of divergence phenomenon, the total concentration of nutrient in the WPO still is low (Anjusha et al., 2018), with the biomass of microphytoplankton with relatively low nutrient absorption rate was correspondingly low (Behrenfeld et al., 2015). Meanwhile, micro-Diatoms have relatively low surface-to-volume ratios and require nutrient-rich conditions for growth, causing them sink to deeper layer for nutrient absorption and rise to upper euphotic zone for photosynthesis (Armbrust, 2009). However, even though micro-Diatoms can sink and rise, the nutrients concentration in the sub-intermediate layer water is still not rich enough. This caused the biomass of phytoplankton in the SCS mass was higher than in other area but still lower than picophytoplankton and nanophytoplankton. In the meantime, even though the absorption rate of picophytoplankton is higher than other two phytoplankton species, its biomass is still limited by the size of cell. While with relatively high absorption rates and more monomer biomass, nanophytoplankton became the major contributor to the total phytoplankton biomass (Noman et al., 2019). Furthermore, other eddies can also affect the distribution of phytoplankton (Dickey et al., 1998). Cold-core eddies upwell the nutrients to the euphotic zone through eddy-driven upwelling and enhance Chl a production, while warm-core eddies suppress the availability of nutrients in the euphotic zone and reduce Chl a production by pushing the nutracline downwards via eddy-driven downwelling (Vidya and Kurian, 2018).

In summary, this study confirms previous findings on distribution characteristics of phytoplankton communities and provides new information regarding the environmental and biological regulations of phytoplankton communities in the WPO. The study finds that Haptophytes, Prochlorophytes and Cyanobacteria were the primary contributors to total biomass. The nutrients, especially NO3-N and PO4-P, were identified as the major controlling variables for the biomass and distribution of primary phytoplankton communities. Furthermore, the study finds a negative correlation between temperature and primary phytoplankton communities. In the 130°E section, the interaction of HE and ME mass caused the divergence during the sample period in the WPO, which brought relatively eutrophic deep seawater into the euphotic layer. This explains why there was a high biomass of phytoplankton communities gathering in the junction area of HE and ME mass. The study also finds that picophytoplankton and nanophytoplankton were the main size-fractionated phytoplankton in this section. In the 20°N section, the study identifies KC invasion and KC offshore as primary factors causing a relatively high biomass of phytoplankton. Additionally, the study also finds that micro-Diatoms had a higher proportion in this section due to their relatively low surface-to-volume ratios, ability to sink to deeper layer for nutrient absorption and rise to upper euphotic layer for photosynthesis.
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Input ratio matrix

Chlorophytes 0 0 0 0.015 0 0.063 0 0 0 0.050  0.100 0.300 0 1

Chrysophytes 0 2.267 0.200 0 0 0 0.008 0.045 0 0 0 0 0 1
Cryptophytes 0 0 0 0 0 0 0 0 0.130 0 0 0 0 1
Cyanobacteria 0 0 0 0 0 0 0 0 0 1.497 0 0 0 1
Diatoms 0 ‘ 0 0.805 0 0 0 0 0.200 0 0 0 0 0 1
Dinoflagellates 0.800 0 0 0 0 0 0 0.050 0 0 0 0 . 0 1
Euglenophytes 0 0 0 0.015 0 0 0 0310 0 0 0 ‘ 0.380 0 1
Haptophytes 0 0.020 0.050 0 0 0 1.350 0.030 0 0 0 0 0 1
Prasinophytes 0 0 0 0.100 = 0.300 0.100 0 0 0 0.034  0.005 | 0.800 0 1
Prochlorophytes 0 0 0 0 0 0 0 0 0 0.124 0 1.522 1 1

Output ratio matrix

Chlorophytes 0 0 0 0.015 0 0.013 0 0 0 0.050 | 0.114 0.414 0 1

Chrysophytes 0 2.267 0.200 0 0 0 0.008 0.045 0 0 0 0 0 1
Cryptophytes 0 0 0 0 0 0 0 0 013 0 0 0 0 1
Cyanobacteria 0 0 0 0 0 0 0 0 0 1.497 0 0 0 1
Diatoms 0 0 0.805 0 0 0 0 0.089 0 0 0 0 0 1
Dinoflagellates 0.800 0 0 0 0 0 0 0.050 0 0 0 0 0 1
Euglenophytes 0 0 0 0.015 0 0 0 0.310 0 0 0 0.071 0 1
Haptophytes 0 0.0133 0.012 0 0 0 0.274 0.011 0 0 0 0 0 1
Prasinophytes 0 0 0 0.100 = 0.084 0.022 0 0 0 0.034  0.005 1.845 0 1

Prochlorophytes 0 0 0 0 0 0 0 0 0 0.097 0 0.183 1.353 1
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