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The Northwest Pacific Ocean (NWPO) is a significant sink for atmospheric CO2 but a paucity of large-scale phytoplankton surveys in the upper and lower euphotic zone results in uncertainties in estimates of the efficiency of the biological carbon pump there. Here, we report the spatial distribution of lipid biomarkers from diatoms (brassicasterol/epi-brassicasterol), dinoflagellates (dinosterol), and haptophytes (C37 alkenones) as proxies of phytoplankton biomass and community structure in suspended particles from the surface and deep chlorophyll maximum (DCM) layers across low- and mid-latitude regions of the NWPO. Our observations suggest that these lipid biomarkers can be used as indicators of the vertical distributions of phytoplankton biomass, which was comparable between the surface and DCM layers. Water masses with different nutrient concentrations strongly controlled the variations of lipid biomarkers, showing high biomass and the dominance of diatoms in the eutrophic Oyashio region, whereas low biomass and high proportions of dinoflagellates and haptophytes occurred in the oligotrophic Kuroshio region. Diatoms predominated in the DCM, likely enhancing carbon sequestration in the deep ocean and in sediments. Our results quantitatively demonstrate the horizontal and vertical variations of phytoplankton biomass and community structure, leading to an improved understanding of ecosystem function and biogeochemical cycles in this important region of the NWPO.
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Introduction

The Northwest Pacific Ocean (NWPO) is a key region of the global carbon cycle, where the highly effective biological carbon pump leads to intense biological drawdown of CO2 from surface waters (Takahashi et al., 2002; Honda, 2003; Chierici et al., 2006; Takahashi et al., 2009). The western boundary currents in the NWPO include the southward-flowing cold, low salinity and nutrient‐rich Oyashio current, and the northward-flowing warm, high salinity and nutrient‐deficient Kuroshio current, that converge in the Kuroshio-Oyashio mixed water region east of Japan (Figure 1; Kawai, 1972; Qiu, 2001; Yasuda, 2003). Moreover, a branch of the Kuroshio current intrudes into the East China Sea (ECS) and mixes with continental shelf water, forming the Tsushima Warm Current which enters the Japan Sea/East Sea (Lie and Cho, 1994; Qiu, 2001). These currents vary spatially and temporally and transport large quantities of heat and salt that impact the hydrography, climate, nutrient supply, and ecosystems of the NWPO (Sakurai, 2007; Hu et al., 2015; Schlundt et al., 2017).




Figure 1 | Oceanographic setting of the Northwest Pacific region and sampling locations in this and previous studies. Stations from this study are indicated by solid symbols (solid square: sampled only at surface; solid circle: sampled at both surface and DCM), and those from previous studies discussed are indicated by unfilled triangles [ are from Bi et al. (2018);  are from Lin et al. (2020)]. KC, Kuroshio Current; KE, Kuroshio Extension; TC, Tsushima Current; OC, Oyashio Current; OE, Oyashio Extension; OSMW, Okhotsk Sea Mode Water; EKC, East Kamchatka Current. The current map is adapted from Yang et al. (2018) and Qiu (2001).



Phytoplankton production and community structure in the NWPO have been extensively studied on regional scales, highlighting nutrient availability as the most important environmental driver in different water masses. For example, the generation and spatial extent of spring blooms in the Oyashio region are related to the transport and pathway of the nutrient-rich coastal Oyashio water and its modified waters (Okamoto et al., 2010; Kuroda et al., 2019). In the Kuroshio Extension (KE), dissolved inorganic nitrogen and phosphorus (DIN and DIP) are the major factors controlling phytoplankton community structure in the northern and southern sections of this area, respectively, resulting in a decrease in diatoms and an increase in dinoflagellates and cyanobacteria from the eutrophic Oyashio region to the oligotrophic KE (Wang et al., 2021). Similarly, nutrient composition (i.e., N:P ratios) in the shelf mixed water and Kuroshio water also strongly regulate the phytoplankton community structure of the ECS (Guo et al., 2014; Liu et al., 2016). On the basin scale, previous studies using remote sensing have shown regional, seasonal, and interannual evolution of chlorophyll a (Chl a) in the NWPO (Yoder and Kennelly, 2003; Messié and Radenac, 2006; Hou et al., 2014); however, relatively few studies have examined phytoplankton community structure, principally through DNA metabarcoding, pigments, and microscopy (Suzuki et al., 1997; Endo et al., 2018; Endo and Suzuki, 2019; Lin et al., 2020). The relative scarcity of direct observations over large parts of the NWPO hinders our understanding of the spatial distributions of phytoplankton biomass and community structure, and by extension, their impact on the region’s biogeochemistry and carbon cycling.

Lipid biomarkers are source-specific, chemically stable, sensitive to environmental changes, and they have been widely utilized as proxies for phytoplankton productivity and community structure changes in both paleoenvironments and the modern ocean (Schubert et al., 1998; Zhao et al., 2006; Hernandez et al., 2008; Tolosa et al., 2008). In the NWPO, previous studies have focused on shelf-marginal sea and marginal sea-open ocean interactions by measuring lipid biomarkers in suspended particles (Li et al., 2014; Dong et al., 2015; Wu et al., 2016; Bi et al., 2018; Ko et al., 2018). These studies have shown that lipid biomarkers can be used to reconstruct Holocene phytoplankton productivity and community structure changes in the ECS and the Yellow Sea (Wu et al., 2016). They have also demonstrated the control of water masses on the spatiotemporal variations of phytoplankton in the Northeastern ECS and the Western Tsushima Strait (Bi et al., 2018; Figure 1). In the Southeast Pacific, the distribution of lipid biomarkers in suspended particles at different depths demonstrated that vertical distribution patterns differed between lipid biomarkers and Chl a, resulting in the biomarker/Chl a ratio decreasing with depth (Tolosa et al., 2008). However, over a large area of the NWPO there is insufficient data from direct field observations to characterize horizontal and vertical distributions of phytoplankton biomass and community that Chl a alone cannot reveal (Cullen, 1982).

In this study, we report lipid biomarker concentrations in suspended particulate samples collected from surface water and at the depth of the deep chlorophyll maximum (DCM) from more than 28 stations in the NWPO during summer. The concentrations of brassicasterol/epi-brassicasterol, dinosterol, and C37 alkenones are used as proxies for the biomass of diatoms, dinoflagellates, and haptophytes, respectively, with their sum (ΣPB) representing the total phytoplankton biomass (Schubert et al., 1998; Wu et al., 2016; Bi et al., 2018). While abundant in number, cyanobacteria were excluded from our study due to their lower biomass as compared to that of eukaryotic phytoplankton we are quantifying (Wang et al., 2021). We also measured temperature, salinity, Chl a and major nutrients (DIN [nitrite and nitrate], DIP, and silicate [Si]) to elucidate the mechanisms controlling phytoplankton biomass and community structure in the study area. Our aims are to determine (i) the horizontal and vertical variations of phytoplankton biomass and community structure as discerned from lipid biomarkers, and (ii) the influences of different oceanographic characteristics on distribution patterns of phytoplankton over a large region in the NWPO and the implications for the marine carbon cycle.



Materials and Methods


Study Area and Sample Information

The study area covers latitudes between 21–51°N and longitudes between 122–165°E in the NWPO, spanning the Kuroshio and KE (hereafter Kuroshio) and Oyashio and Oyashio Extension (hereafter Oyashio) regions (Figure 1; Qiu, 2001). The Kuroshio flows northward from the Luzon Island, along the east coast of Taiwan and the shelf break of the East China, to east of Japan (Nitani, 1972) and was defined in this study by temperatures higher than 14°C at 200-m depth (Kawai, 1972). The Tsushima Warm Current, as a branch of the Kuroshio, mixes with lower salinity continental shelf water and flows northward through the Tsushima Strait into the Japan Sea/East Sea (Uda, 1934; Nitani, 1972; Lie and Cho, 1994). The Oyashio Current, originating from the East Kamchatka Current and mixing with Okhotsk Sea Mode water, flows southwestward over the continental slope to the Hokkaido coast and then returns northeastward (Qiu, 2001). The cold, low-salinity Oyashio water is defined here as having a salinity below 33.7 PSU at 100-m depth (Kawai, 1972). The region between the KE and Oyashio Extension, where waters of the Oyashio, the Kuroshio, and Tsugaru Currents meet and mix is characterized by steep temperature and salinity gradients (Kawai, 1972; Talley et al., 1995).

Samples were collected during four summer cruises (16 July to 4 August 2011, 19–28 July 2017, 8–18 July 2019, and 20 July to 9 August 2019; Supplementary Figure S1). A total of 34 stations were sampled at the surface layer (depth: 0–5 m; water volume: 77–715 L), and 28 of those were also sampled at the depth of the DCM (depth: 22–136 m; water volume: 30–120 L; Figure 1). The nutrient sampling depths were close to those of the particulate samples.



Sample Analysis

Suspended particles for lipid biomarker analyses were obtained by filtration on pre-combusted glass microfiber filters (Whatman GF/F filters) that were subsequently stored at –20°C. The quantification of lipid biomarkers followed published methods (Wang et al., 2019). Briefly, freeze-dried samples were extracted with a solvent mixture (dichloromethane/MeOH 3:1, v/v) after adding a C19 n-alkanol standard, and then saponified with 6% KOH in MeOH. The polar fraction was isolated using silica gel column chromatography and eluting with dichloromethane/methanol (95:5, v/v), followed by derivatization with N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA). Sterols and C37 alkenones were analyzed with an Agilent 7890N gas chromatograph (GC) equipped with a flame ionization detector (FID), using an HP-1 capillary column (50 m × 0.32 mm × 0.17 μm). Quantification of lipid biomarkers was conducted by GC-FID comparing peak areas with that of the C19 n-alkanol internal standard with a precision of 10%.

Salinity, temperature and Chl a fluorescence were measured in situ with a CTD instrument (SBE-911plus, Sea Bird Electronics Inc., USA). At 27 of the 34 stations, Chl a was also extracted using 90% acetone (four stations) and N, N-dimethylformamide (DMF) (23 stations), respectively, and the concentration of Chl a was measured using a fluorometer (Lorenzen, 1967; Suzuki and Ishimaru, 1990; Welschmeyer, 1994). A high correlation between CTD-based fluorescence and solvent-extracted Chl a indicated that the difference between the two methods was not significant at the suspended particle sampling depths (Supplementary Figure S2A). CTD-based fluorescence was therefore used in this study to determine Chl a spatial distributions, and for the correlation analyses between Chl a and lipid biomarkers.

For nutrients (nitrate, nitrite, phosphate and silicate), samples collected during the cruise of 20 July to 9 August 2019 were filtered through cellulose acetate membranes (pore size: 0.45 μm) and samples collected during other cruises were unfiltered. Nutrient concentrations were measured with a SWAAT auto-analyzer (BLTEC Japan) for samples from the cruise during 16 July to 4 August 2011, an AACS-IV auto-analyzer (BLTEC Japan) for the 19–28 July 2017 cruise, a QuAAtro39 auto-analyzer (BLTEC Japan) for the 8–18 July 2019 cruise, and a San++ continuous flow analyzer (Skalar, Netherlands) for the 20 July to 9 August 2019 cruise. Standard colorimetric analysis protocols were applied for the four auto-analyzers, i.e., nitrate + nitrite by a Cu-Cd reduction and an azo dye formation method, nitrite by an azo dye formation method, phosphate by a molybdenum blue method, and silicate by a molybdenum blue method. Data were calibrated against certified reference materials for nutrients (National Center of Ocean Standards and Metrology for the cruise of 20 July to 9 August 2019, and KANSO TECHNOS for other cruises) to minimize the difference in measuring precision between the four auto-analyzers.

The vertical stratification index (VSI) was estimated to quantify the degree of vertical stratification of the water column (Mena et al., 2019; Chen et al., 2021): VSI = Σ [σ0(m+1) – σ0(m)], where “σ0” is the potential density anomaly, and m is the depth in meters ranging from 5 to 200 m. A larger VSI indicates stronger stratification. In our study, the VSI ranged from 1.3 to 5.1, with higher values in the Tsushima region and lower ones in the Oyashio and mixed water regions (Supplementary Figure S2B).



Data Analysis

Spearman’s rank correlation analyses were applied to test the relationship between ΣPB and Chl a, between lipid biomarker concentrations (and their proportions) and environmental parameters (temperature, salinity and nutrients), and between VSI and environmental parameters. Wilcoxon signed-rank tests were used to evaluate the differences in lipid biomarker concentrations (and their proportions) between the surface and DCM layers. All statistical analyses were conducted using IBM SPSS Statistics 26, with a significance level set at p < 0.05.




Results


Hydrological Data and Nutrients

A DCM layer occurred at all stations and varied widely in depth (22 to 136 m), showing an overall shoaling from south to north (Supplementary Figures S3N–Q). Owing to this wide depth range of the DCM, we show our data graphically at the surface and DCM layers rather than at depth layers in the main text (Figures 2–4) but provide those data in depth space in the Supplementary Material (Supplementary Figures S3 and S6).




Figure 2 | Distributions of temperature, salinity and nutrients in Northwest Pacific Ocean surface and DCM waters during summer:  (A) temperature (°C), (B) salinity (PSU), (C) dissolved inorganic nitrogen (DIN; μmol L−1), (D) dissolved inorganic phosphorus (DIP; μmol L−1), and (E) dissolved silicate (Si; μmol L−1). Note the difference in color scales.



The temperature ranged from 8.8 to 30.4°C in surface waters, and 4.4 to 25.2°C in DCM waters (Figure 2A and Supplementary Table S1). The salinity ranged from 31.8 to 35.0 PSU in surface waters and 32.9 to 34.9 PSU in DCM waters (Figure 2B). The density revealed well stratified water columns (Supplementary Figures S3J–M). Temperature and salinity decreased from south to north at both surface and DCM layers, showing significant spatial differences associated with the different water masses (Figures 2A, B). Four distinct regions were identified according to the distributions of salinity and temperature (Figure 1 and Supplementary Figure S3). In the Oyashio region, water masses were constrained by salinity < 33.7 PSU and temperature < 7°C at 100-m depth, while in the Kuroshio region water masses were constrained by salinity > 34.7 PSU and temperature > 14°C at 200-m depth (Supplementary Figures S3B–I). In the mixed water region, temperature and salinity were markedly lower than those in the Kuroshio region and higher than those in the Oyashio region. Temperature in the Tsushima region was similar to that of the KE, but the salinity was clearly lower in the former region. The depth of the DCM varied between the four areas, ranging from 25 to 60 m (35 m on average) in the Oyashio region, 22 to 70 m (40 m on average) in the mixed water region, 36 to 72 m (56 m on average) in the Tsushima region, and 75 to 136 m (105 m on average) in the Kuroshio region (Supplementary Figures S3N–Q).

The concentrations of DIN, DIP and Si were low in all surface water samples, ranging from 0 to 15.42 μmol L−1, 0 to 1.48 μmol L−1, and 0.1 to 25.7 μmol L−1, respectively (Figures 2C–E and Supplementary Table S1). Nutrient concentrations in DCM waters were higher than in surface waters, ranging from 0 to 19.93 μmol L−1 for DIN, 0 to 1.85 μmol L−1 for DIP, and 0.6 to 31.4 μmol L−1 for Si, respectively. Nutrient concentrations displayed similar spatial patterns between the surface and DCM layers, showing higher values in the Oyashio region.



Lipid Biomarker and Chl a Concentrations

Brassicasterol/epi-brassicasterol concentrations ranged from 8.3 to 218 ng L−1 in surface waters and 19 to 194 ng L−1 in DCM waters over the entire study area, being highest in the Oyashio region (Figure 3A and Supplementary Table S1). The concentration of dinosterol ranged from 1.0 to 41 ng L−1 in surface waters and 0.9 to 26 ng L−1 in DCM waters, differing in its spatial distribution relative to brassicasterol/epi-brassicasterol in both surface and DCM waters, and highest in the Tsushima region (Figure 3B). The concentrations of C37 alkenones ranged from 0 to 52 ng L−1 in surface waters and 0 to 20 ng L−1 in DCM waters, with high values in the mixed water region (Figure 3C). Overall, brassicasterol/epi-brassicasterol concentrations were similar in surface and DCM waters, while dinosterol and C37 alkenone concentrations tended to be higher in surface waters than in DCM waters. ΣPB concentrations were similar between surface (9.3–226 ng L−1) and DCM (20–209 ng L−1) waters, resembling the spatial pattern of brassicasterol/epi-brassicasterol (Figures 3A, D). Unlike ΣPB, Chl a in DCM waters (0.09–1.97 μg L−1) was five times higher than in surface waters (0.01–0.71 μg L−1; Figure 3E).




Figure 3 | Distributions of lipid biomarkers and chlorophyll a in surface and DCM waters of the Northwest Pacific Ocean in summer: (A) brassicasterol/epi-brassicasterol (ng L−1ng L−1), (B) dinosterol (ng L−1), (C) C37 alkenones (ng L−1), (D) the sum of brassicasterol/epi-brassicasterol, dinosterol, and C37 alkenones (ΣPB; ng L−1), and (E) chlorophyll a (μg L−1). Note the difference in color scales.





Lipid Biomarker Proportion (% of ΣPB)

The ratios of brassicasterol/epi-brassicasterol to ΣPB (B/ΣPB) ranged from 35% to 97% in surface waters and 73% to 97% in DCM waters, with high-values in the Oyashio region (> 90%; Figures 4A, 5 and Supplementary Table S1). In contrast, the ratios of dinosterol to ΣPB (D/ΣPB) were relatively high outside the Oyashio region in both surface (1–29%) and DCM (1–20%) waters, especially in the Tsushima region (Figures 4B, 5). The ratios of C37 alkenones to ΣPB (A/ΣPB) ranged from 0 to 64% in surface waters and 0 to 19% in DCM waters, with high values in the mixed water region (Figures 4C, 5). B/ΣPB tended to be higher in DCM relative to surface waters, while D/ΣPB and A/ΣPB tended to be higher in surface waters relative to DCM waters (Figure 5).




Figure 4 | Distributions of individual lipid biomarker proportions (% of the sum of the three lipid biomarkers [ΣPB]) in surface and DCM waters of the Northwest Pacific Ocean in summer: (A) (brassicasterol/epi-brassicasterol)/ ΣPB, (B) dinosterol/ΣPB, and (C) C37 alkenones/ΣPB. Note the difference in color scales.






Figure 5 | Mean values (± SD) of individual lipid biomarker proportions (%), ΣPB concentrations (the sum of the three lipid biomarkers; ng L−1) and chlorophyll a concentrations (μg L−1) in surface and DCM waters of the four regions and the whole study area (WR). OR, Oyashio Region; MWR, Mixed Water Region; TR, Tsushima Region; KR, Kuroshio Region.





Correlation Analyses and Wilcoxon Signed-Rank Tests

ΣPB and Chl a had highly significant positive correlations in both surface (Spearman’s correlation coefficient r = 0.708; p < 0.001) and DCM (r = 0.611; p = 0.001) waters over the whole study area. These two parameters also correlated positively across the surface and DCM layers (r = 0.336; p = 0.009).

Across the two water layers, the concentrations of ΣPB correlated positively with DIN and Si (p ≤ 0.042; Table 1), but negatively with temperature and salinity (p ≤ 0.024). The concentrations of brassicasterol/epi-brassicasterol and B/ΣPB correlated positively with nutrients (DIN, DIP and Si; p ≤ 0.044) and negatively with temperature (p ≤ 0.002), opposite to the correlations for dinosterol and D/ΣPB, which correlated negatively with nutrients (DIN and DIP; p < 0.001) and positively with temperature (p < 0.001). Non-significant correlations were found between the concentrations of C37 alkenones (and A/ΣPB) and nutrients. VSI had a positive correlation with temperature (p < 0.001) and negative correlations with nutrients (DIN, DIP and Si; p < 0.05) in both surface and DCM layers. Between the two water layers, the dinosterol concentrations and D/ΣPB were significantly higher in surface waters than in DCM waters (Wilcoxon signed rank test: p ≤ 0.006; n = 28), opposite to B/ΣPB, which was significantly higher in DCM waters than in surface waters (p ≤ 0.001; n = 28). Non-significant differences between surface and DCM waters were observed for the concentrations of ΣPB, brassicasterol/epi-brassicasterol, C37 alkenones, as well as A/ΣPB (p > 0.05; n = 28).


Table 1 | Spearman’s correlation coefficients between lipid biomarkers and temperature, salinity, and nutrients across the surface and DCM layers.






Discussion


Spatial Distribution Patterns of Lipid Biomarkers in the NWPO

Lipid biomarkers in the NWPO were characterized by distinct horizontal and vertical distribution patterns. Surface and DCM waters of the Oyashio region were characterized by high concentrations of ΣPB and high concentrations and relative proportions of brassicasterol/epi-brassicasterol, while the Tsushima and Kuroshio regions had the highest concentrations and relative proportions of dinosterol (Figures 3–5). The mixed water region was characterized by highest concentrations and relative proportions of C37 alkenones (Figures 3C, 4C, 5). Similarly, published enumerations of phytoplankton (cell size > 5 or 10 μm) and pigment analyses showed that the maximum phytoplankton abundance and biomass occurred in the Oyashio region where diatoms predominated, while the proportion of dinoflagellates increased significantly in the oligotrophic Kuroshio region (Suzuki et al., 1997; Lin et al., 2020; Wang et al., 2021; Figure 1). Coccolithophore blooms (revealed by high reflectance in satellite imagery) were observed between 35°N and 50°N (Takahashi et al., 1995), and electron microscopic studies verified coccolithophore abundances were high south of 41°N in the Western Pacific (Hattori et al., 2004), overlapping with our mixed water region (35–40°N) that had high proportions of C37 alkenones. In addition, we observed highly significant positive correlations and similar distributions between ΣPB and Chl a in both surface (r = 0.708; p < 0.001) and DCM (r = 0.611; p = 0.001) waters. However, the correlation was weaker between the two layers (r = 0.336; p = 0.009). The weaker correlation may be attributed to different vertical distributions between Chl a and lipid biomarkers.

Vertically, the distribution patterns of lipid biomarker concentrations were broadly comparable between the surface and DCM layers, e.g., non-significant differences for ΣPB between the two layers (Wilcoxon signed rank test: p > 0.05). However, we observed strong vertical variations in the concentrations of Chl a, with the mean value in DCM waters (mean value: 0.61 μg L−1) being five times higher than that in surface waters (mean value: 0.13 μg L−1; Figures 3E, 5 and Supplementary Table S1). Consequently, the ratio of ΣPB to Chl a was lower at the DCM than in the surface (Supplementary Figure S4). Similar finding was reported in the South Pacific Gyre, where the ratio of lipid biomarkers (the sum of C28△5,24(28) sterol, dinosterol and total alkenones) to Chl a decreased with depth (calculated based on the data in Tolosa et al. (2008)). It is well known that the depth of Deep Biomass Maximum (DBM) often differs from the depth of the DCM since the two are generated by different mechanisms: the DBM occurs where phytoplankton growth rate is balanced by losses (e.g., respiration and grazing) and the divergence in sinking velocity, and the DCM is primarily determined by photoacclimation (Steele, 1964; Cullen, 1982; Fennel and Boss, 2003; Cullen, 2015). Thus, phytoplankton carbon to Chl a ratios generally decrease with depth as phytoplankton become acclimated to low irradiance and nutrient-replete conditions. The occurrences, drivers and characteristics of the DCM and DBM have been shown to have strong latitudinal and reginal patterns in the global ocean, with three distribution patterns identified in the NWPO (Cornec et al., 2021). The Shallow Maxima Zone is characterized by low occurrence of shallow DCMs and DBMs with high Chl a. The Deep photoAcclimation Zone is characterized by the weakest and deepest DCMs with the highest yearly occurrence. And the Deep Biomass Zone is characterized by the highest proportion of DBM profiles (Cornec et al., 2021). In our study, the ratio of ΣPB to Chl a varied between different regions at both the surface and DCM layers (Supplementary Figure S4). In particular, we observed a substantially higher ΣPB to Chl a ratio in the DCM within the Oyashio region compared to other regions (Supplementary Figure S4). This result is consistent with the findings of Cornec et al. (2021) suggesting that high phytoplankton biomasses occur within the DCM (Shallow Maxima Zone: sporadic and event-driven DCM) in high-latitude regions of the NWPO.

In summary, we observed overall comparable concentrations of total lipid biomarkers between the surface and DCM layers; and the vertical decrease of ΣPB to Chl a ratio is consistent with previous work on lipid biomarkers in other oceanic regions such as the South Pacific Gyre (Tolosa et al., 2008). Our results further support the use of lipid biomarkers as a proxy for the vertical distributions of phytoplankton biomass, and the biomarker/Chl a ratio change with depth has important implications for ecological and biogeochemical studies. For example, a low availability of dietary sterols has been observed to constrain zooplankton growth and reproduction (Martin-Creuzburg and Elert, 2009; Peltomaa et al., 2017), and thus dietary sterol deficiency may potentially reduce carbon transfer efficiency in food webs and subsequently lower the production of high trophic levels. Therefore, our results on sterols and alkenones will provide an important basis for investigations on food web dynamics and the biological carbon pump in the NWPO.



Controlling Mechanisms of Phytoplankton Biomass and Community Structure as Revealed by Lipid Biomarkers

As mentioned above, lipid biomarker results clearly reveal the spatial distribution of phytoplankton biomass and community structure in the NWPO in summer. Furthermore, significant correlations between lipid biomarkers and hydrological (and nutrient) parameters (Table 1) show that the concentrations and distributions of lipid biomarkers were strongly associated with the chemical and physical characteristics of different water masses, throughout the Kuroshio-Oyashio region (Supplementary Figure S5). Thus, our results provide the biomarker data and environmental parameters to evaluate the mechanisms controlling phytoplankton biomass and community structure in this oceanographically diverse region.


Phytoplankton Biomass

In the Oyashio region, blooms are an annual spring-time phenomenon, and primary production and phytoplankton abundance in summer are higher than other regions in the western subarctic Pacific Ocean (Saito et al., 2002; Liu et al., 2004; Hayakawa et al., 2008). Indeed, nutrient concentrations in the Oyashio region were the highest in the region, with the concentrations of DIN (5.78–19.93 μmol L−1; at the surface and DCM layers), DIP (0.86–1.85 μmol L−1) and Si (2.5–31.4 μmol L−1) well above the threshold for limiting phytoplankton growth (DIN = 1.0 μmol L−1, DIP = 0.1 μmol L−1, Si = 2 μmol L−1, respectively; Fisher et al., 1992). Thus, the high ΣPB in the Oyashio region in summer (Figures 3D, 5 and Supplementary Table S1) reflected sufficient nutrient supply for phytoplankton growth in this area. Within the Oyashio region, a notable phenomenon was observed at station TR16 (47°N and 160°E) near the Kuril island chain (Supplementary Figure S1), characterized by high surface concentrations of ΣPB (Figure 3D). A plausible explanation is an abundance of iron (as reviewed by Nishioka et al. (2021)). Dissolved Fe originating from the Sea of Okhotsk is transported into the NWPO through intermediate water (Nishioka et al., 2013). The ratio of dissolved Fe to DIN (nitrate plus nitrite) in the intermediate water decreases east of 155°E in the subarctic Pacific, and the Kuril island chain is a hot spot for nutrient being upwelled from intermediate to surface waters (Nishioka et al., 2020). High availability of both dissolved Fe and macronutrients may therefore be responsible for the high phytoplankton biomass (as ΣPB) west of the Oyashio region.

Conversely in the region directly influenced by the Kuroshio Current, nutrient concentrations are quite low throughout the year, resulting in low phytoplankton biomass (Guo, 1991; Longhurst, 2007). Similar results were observed in our study, with low DIN (0.01–1.98 μmol L−1; at the surface and DCM layers) and DIP (0–0.14 μmol L−1) concentrations, and the lowest ΣPB of the study area found in the Kuroshio region during summer (Figures 2C, D, 3D, 5) reflecting low productivity. ΣPB concentrations in the Tsushima region were about twice that in the Kuroshio region at the surface and DCM layers (Figures 3D, 5), but surface salinity was markedly low (≤ 34 PSU; Figure 2B). This is likely a result of the mixing of Kuroshio water with eutrophic shelf waters (containing nutrients from the Changjiang Dilute Water) enhancing nutrient availability and phytoplankton biomass in the Tsushima region in summer, consistent with previous findings from physical-biogeochemical models (Liu et al., 2010), pigments (Gong et al., 2003; Kim et al., 2009; Wang et al., 2014) and lipid biomarkers (Bi et al., 2018).

Similarly, higher ΣPB concentrations at the surface and DCM layers in the mixed water region (Figures 3D, 5) indicated higher phytoplankton abundance and biomass than south of the KE, likely a result of the KE merging with the eutrophic Oyashio water from the north. This feature was also revealed by phytoplankton enumerations and Chl a (Wang et al., 2021). We found that nutrient concentrations strongly increased from the surface to the DCM layers in the mixed water region, with a more muted difference in most of the rest of the study area (Supplementary Table S1). A clear indication of nutrient upwelling at 35°N along the d section supports this conclusion (Supplementary Figure S6). The interaction between the KE and Oyashio can stimulate the formation of eddies and fronts (Yasuda, 2003; Itoh and Yasuda, 2010), potentially affecting biological production through vertical mixing of nutrients from the subsurface to the euphotic zone (Kimura et al., 2000; Uchiyama et al., 2017). Our results thus provide biomarker evidence that the interactions between Oyashio water and Kuroshio water accompanied by the upward transport of nutrients were the primary mechanism fueling higher phytoplankton biomass in the mixed water region.

It should be noted that we observed a negative effect of temperature on phytoplankton biomass (i.e., ΣPB; Table 1). Although temperature plays an important role in phytoplankton metabolic rates and subsequently photosynthesis and primary productivity (Davison, 1991; Gillooly et al., 2001; Yvon-Durocher et al., 2010), temperature may indirectly affect nutrient availability through physical mixing (Lewandowska et al., 2014). Indeed, we observed that VSI had a positive correlation with temperature (p < 0.001) and negative correlations with nutrients (DIN, DIP and Si; p < 0.05), implying that temperature-induced stratification hindered the vertical supply of nutrients to the surface. The cruises in our study were conducted in summer in mid- and low-latitude areas making temperature an unlikely direct factor controlling phytoplankton production; but in colder seasons, particularly in high-latitude regions where low temperatures might limit phytoplankton growth, there could be positive effects of increasing temperature on phytoplankton production (Feng et al., 2021).



Phytoplankton Community Structure

As a proxy for the diatom contribution to the community of primary eukaryotic phytoplankton groups in the NWPO (diatoms, dinoflagellates, haptophytes), the B/ΣPB ratio was positively correlated with nutrients and negatively correlated with temperature over the entire study area (Table 1). It was the highest in the productive and nutrient-rich Oyashio region (> 90%; Figure 4A), consistent with previous findings of high diatom abundances during summer based on cell counts (Lin et al., 2020). Diatoms are known to outcompete other phytoplankton groups in eutrophic settings with low temperature and high turbulence due to their high maximum carbon-specific nutrient uptake rates and abundant storage vacuoles (Margalef, 1978; Litchman and Klausmeier, 2008; Edwards et al., 2012; Bi et al., 2021).

Conversely, dinoflagellate abundances inferred from the dinosterol (D) to ΣPB ratio were negatively correlated with nutrients and positively correlated with temperature over the whole study area (Table 1). The highest D/ΣPB ratio (29%) occurred in surface waters of the Tsushima region, which were slightly higher than in the Kuroshio region (Figures 4B, 5). In the mixed water region, the D/ΣPB ratio was 4–9% lower than in the Kuroshio region at the surface and DCM layers (Figure 5). This is consistent with the observation that dinoflagellates tend to prevail in stratified waters where phosphorous concentrations are low (Margalef, 1978; Lin et al., 2016; Xiao et al., 2018), due to their vertical migration capabilities, and ability to utilize dissolved organic phosphorus and nitrogen (Stoecker, 1999; Huang et al., 2005; Lin et al., 2016). Indeed, P deficiency was more extreme in the Tsushima region in summer where DIP was below the detection limit at most stations due to mixing of Kuroshio water with shelf water (high N:P ratios up to 195 mol mol−1; Figure 2D and Supplementary Table S1; Wang et al., 2003). P deficiency was less extreme in the mixed water region where Kuroshio water mixes with Oyashio water and/or upward subsurface water with high P concentration (Figure 2D and Supplementary Figure S6H). As a result, the proportion of dinoflagellates, as revealed by D/ΣPB, was highest in the Tsushima region and relatively low in the mixed water region.

The proportion of C37 alkenones relative to the three phytoplankton lipids (A/ΣPB) indicates that haptophyte abundances were proportionally high in the Tsushima and mixed water regions (Figures 4C, 5), consistent with haptophytes being more adaptive to oligotrophic conditions compared to the diatoms (Baumann et al., 2005; Winder and Sommer, 2012). Non-significant correlations between A/ΣPB and nutrients (Table 1) are potentially attributed to the weaker competitiveness of haptophytes compared to flagellates in oligotrophic environments, as the mobility makes lower frequency of nutrient limitation on flagellates (Sommer, 1989). In addition, the mixed water region characterized by the occurrence of cold-core rings and fronts may also potentially explain the increase of haptophytes (Yasuda, 2003; Itoh and Yasuda, 2010). The most common haptophytes in this region are Emiliania huxleyi and Gephyrocapsa oceanica (Hattori et al., 2004; Hagino et al., 2005), which occur in abundance near other oceanic fronts such as those in the South Atlantic Ocean (Eynaud et al., 1999), the Northern Indian Ocean and the Red Sea (Kleijne et al., 1989), and the Benguela Current region south of Africa (Mitchell-Innes and Winter, 1987). The high proportion of haptophytes in the mixed water region in our study may therefore be attributed to mixing processes associated with nutrient mitigation, frontal systems where eutrophic Oyashio water mixes with Kuroshio water.

Our lipid biomarker results suggest that the phytoplankton community structure remained broadly similar between the surface and DCM layers in the Oyashio region, while clear differences occurred in the other three regions where higher B/ΣPB at the DCM layers and higher D/ΣPB and A/ΣPB at the surface layers occurred (Figure 5). It is hypothesized that ample nutrients in the euphotic zone promoted phytoplankton growth in the eutrophic Oyashio region where productivity was likely to be limited by light, and the DCM was shallow (Supplementary Figure S3Q). Similar results have been found in the ECS, where the summer phytoplankton community varied little with depth (B/ΣPB: 81% at the surface layers and 83% at the DCM layers; Wang et al., 2019). In the oligotrophic Kuroshio, Tsushima and mixed water regions, strong vertical stratification (Supplementary Figure S2B) and consequent nutrient limitation in surface waters was accompanied by a deep DCM layer (Supplementary Figures S3J–Q) where diatoms were abundant owing to more efficient response to increased nutrient concentrations (Revelante and Gilmartin, 1995). Since diatoms are among the largest phytoplankton their prevalence in the DCM is likely to increase the efficiency of the biological pump, leading to greater sequestration of carbon in the mesopelagic ocean and in sediments, even in the oligotrophic Kuroshio region (Gomi et al., 2010; Tripathy et al., 2015; Tréguer et al., 2018). Further work in combination with in situ light availability (i.e., photosynthetically active radiation (PAR)) would help to better constrain the mechanisms of phytoplankton variations in surface and DCM layers.

In summary, our results show that spatial distribution patterns and correlations with hydrographic conditions and nutrients were clearly different between brassicasterol/epi-brassicasterol, dinosterol and C37 alkenones, implying niche differentiations between diatoms, dinoflagellates, and haptophytes in the NWPO. The characteristics of dominant phytoplankton groups have important effects on sinking rates and carbon fluxes to the mesopelagic ocean. A phytoplankton community dominated by dinoflagellates is more likely to be decomposed in the water column, while a diatom-dominated community is more efficient at transferring carbon into the ocean interior and to sediments (Passow, 1991; Guo et al., 2016). Our lipid biomarker analysis provides strong support for the predominance of diatoms and high phytoplankton biomass in the Oyashio region that contribute to among the highest biological utilization rates of surface water CO2 and strongest carbon sinks in the world’s oceans (Takahashi et al., 2002; Isada et al., 2009; Fassbender et al., 2017).





Conclusions

This study illustrates for the first time the spatial distributions of lipid biomarkers and their likely controlling mechanisms in a large area of the NWPO in summer. Overall, the concentrations of total lipid biomarkers were comparable between the surface and DCM layers. Importantly, the ΣPB to Chl a ratio at the surface layers was higher than the DCM layers, which is consistent with previous findings and indicates that lipid biomarkers can be applied as a proxy for the vertical distribution patterns of phytoplankton biomass in the NWPO.

Water masses with different nutrient concentrations strongly controlled the variations of lipid biomarkers in our study area. In the eutrophic Oyashio region, sufficient nutrients led to high biomass and the dominance of diatoms, indicating a biological hot spot of this area for global carbon cycling. In contract, phytoplankton biomass was very low in the oligotrophic Kuroshio region, where the proportions of haptophytes and dinoflagellates markedly increased. The interplay between the Kuroshio and eutrophic Oyashio water enhanced nutrient availability and consequently stimulated high biomass and the proportion of haptophytes. Dinoflagellates tended to prevail in Tsushima region, owing to the increased N:P ratios accompanied by the mixing of Kuroshio with shelf water. Furthermore, sufficient nutrients and low light determined similar phytoplankton communities between the surface and the shallow DCM layers in the Oyashio region, while nutrient deficiency with a deep DCM caused clearly different phytoplankton communities between the two layers outside the Oyashio region, i.e., higher diatom proportions at the DCM layers but higher dinoflagellate and haptophyte proportions at the surface. It highlights the utility of vertical profiles of lipid biomarkers in ecological and biogeochemical studies, especially in hot spots of carbon cycling such as the NWPO. Our study further highlights the potential of lipid biomarker profiles (sterols and alkenones) to elucidate ecosystem functioning and carbon sequestration in the NWPO and elsewhere since these analyses are less cumbersome and potentially more quantitative than cell counts, flow cytometry, and other phytoplankton enumeration techniques. If continued global warming shifts the Pacific polar front northward, it would likely result in decreased phytoplankton productivity and a diminished carbon sink in the Oyahsio region.
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