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Throughout the western tropical Pacific Ocean, eddies and currents play an important role in biogeochemical cycling. Many studies have investigated the effects of hydrography on vertical patterns of picophytoplankton and heterotrophic bacterial abundance in mesoscale eddies. There is a lack of field observations to determine what impact dynamic hydrological systems of eddies have on prokaryotic community activity (growth and mortality rates). An objective of this study was to examine how anticyclonic eddies influence picoplankton abundance and activity (growth and mortality rates). To meet this purpose, heterotrophic bacterial and picophytoplankton growth and mortality rates were examined by modified dilution experiments conducted at the surface, deep chlorophyll maximum (DCM), and 200 m depth outside (OE) and inside of warm eddies core (EC) in the west Pacific Ocean. A high heterotrophic bacterial grazing rate was found in the EC region in the present study. Furthermore, the picophytoplankton grazing rate in EC was frequently greater than the grazing rate in OE. Furthermore, the higher grazing rates in the EC region cause a lower proportion of viral lysis to account for heterotrophic bacteria and picophytoplankton mortality. The results of our experiments suggest that downwelling in EC might increase picophytoplankton growth and grazing rates, increasing the carbon sink in the warm eddy and potentially increasing ocean carbon storage.
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1 Introduction

In marine ecosystems, picophytoplankton populations contribute a substantial amount of biomass and production, particularly in oligotrophic waters where they contribute up to 90% of total photosynthetic biomass and carbon production (Campbell et al., 1994). Picophytoplankton is primarily composed of Prochlorococcus spp. (PRO) (Chisholm et al., 1988) and Synechococcus spp. (SYNE), which play important roles in microbial ecology (Azam et al., 1983). PRO can be found in oligotrophic oceans from the surface to 150 m (Kettler et al., 2008), and it requires a certain temperature range (Johnson et al., 2006). The SYNE however, is more commonly found in surface mesotrophic regions with a larger geographical distribution (Flombaum et al., 2013). As well as picoplankton, heterotrophic bacteria (HB) are considered decomposers and nutrient recyclers in marine food webs by assimilating dissolved organic matter (Kujawinski, 2011).

It is well known that mesoscale eddies are physical oceanographic phenomena resulting from the turbulence or circulation of water masses, which vary in location (tens to hundreds of kilometers) and time (days to months). It has been observed frequently that mesoscale eddies occur in the Pacific (Chelton et al., 2011; Chang et al., 2017). Many studies have examined the biogeochemical effects of cold and warm eddies over the past few decades, especially how they affect marine phytoplankton biomass (Perruche et al., 2011; Clayton et al., 2013; Polovina et al., 2015). Generally, primary production increases in cyclonic cold eddies and decreases in anticyclonic warm eddies (Xiu and Chai, 2011; He et al., 2019). As a result of the anticyclonic warm eddies, the environment conditions (especially nutrient availability) have been adverse for phytoplankton. This is primarily due to downwelling, leading to a high mortality rate, thereby forcing photosynthesized carbon to fuel the dissolved pool (Lasternas et al., 2013). However, anticyclonic eddies cause complex biological responses. In some studies, warm eddies have been found to benefit phytoplankton abundance (Li et al., 2010; Wang et al., 2018). Furthermore, a limited amount of information is available about how HB respond to eddy-induced upwelling or downwelling. It has been reported that HB are abundant inside cold-core eddies (Thyssen et al., 2005). Bode et al. (2001), also found that higher HB production rates inside cold-core eddies near the Canary Islands than in surrounding waters. Marine HB, however, are not well understood to be affected by warm eddy. Warm eddies exhibit low HB abundance; it is observed at the edges that the abundance increases (Christaki et al., 2011; Wang et al., 2018).

Recent studies have examined the grazing rate of microzooplankton in mesoscale eddies, while few comparison studies have been conducted between different eddies (Landry et al., 2008; Chen et al., 2009). Moreover, to date, investigations into the prokaryotic mortality in in anticyclonic warm eddies are limited. Froneman and Perissinotto (1996) described a warm eddy assemblage composed of heterotrophic nanoflagellates, dinoflagellates, and ciliates. Their results showed that phytoplankton growth and microzooplankton grazing rates were higher at the edges of the warm eddy, resulting in more primary production being removed by the microzooplankton. In recent studies, a significant temperature increase was found to increase the grazing pressure in the anticyclonic eddy (An et al., 2024). A warmer, oxygen-rich environment in the center of anticyclonic eddies provides a metabolic advantage to predators and facilitates their search for suitable prey (Braun et al., 2019). According to another study, microzooplankton and nanoflagellates are driven toward anticyclonic eddies by the convergence effect. Consequently, this causes an increase in microzooplankton and nanoflagellate abundance in surface waters, which increases grazing rates in HB and picophytoplankton in warm eddy cores (Wang et al., 2022). Similarly, Boras et al. (2010) found higher grazing activity at anticyclonic eddies, possibly because of higher nanoflagellate abundance. Moreover, mortality pressure caused by viruses (top-down control) should not be negligible in the eddy study. So far, we have not thoroughly studied viral dynamics and how they affect HB and picophytoplankton in warm eddy cores as another mortality factor.

The purpose of the current study was to examine how anticyclonic eddies influence picoplankton abundance and activity (growth and mortality rates). To meet this purpose, HB and picophytoplankton growth and mortality rates were examined by modified dilution experiments conducted at the surface, deep chlorophyll maximum (DCM), and 200 m depth inside and outside warm eddies in the west Pacific Ocean. As hypothesized here, warm eddies affect HB and picophytoplankton growth, as well as their mortality.




2 Materials and methods



2.1 Study site and samplings

Field investigations were conducted aboard the R/V Thompson between May 29 and June 10, 2023, in the west Pacific Ocean (Figure 1). During the cruise, the sea surface height was monitored every day by a satellite altimeter (Figure 1). Sea level anomaly (SLA) was calculated from satellite altimeter data by AVISO (Archiving Validation and Interpretation of Satellite Oceanographic Data) to define warm eddy trajectory, http://www.aviso.oceanobs.com/). In this study, we sampled physical, chemical, and microbial parameters at two sites: eddy core (T3: EC) and out-of-eddy (T1: OE). Additionally, for the incubation experiments at OE and EC, surface depths of 2.5 m, 130-140 m DCM, and 200 m depth were collected. On the cruise, Teflon-coated Go-Flo bottles were used to collect seawater samples. The SBE 9/11plus CTD (Sea-Bird Scientific) was used to obtain temperature and salinity vertical profiles. For the detection of Chl a in water samples, a 25 mm GF/F filter and an in vitro fluorometer (Turner Design 10-AU-005) were used (Gong et al., 2000). Nutrient samples were collected then stored in -20°C freezer onboard for spectrophotometry analysis at land-based laboratory. Nitrite concentrations were determined by the classic Griess assay. Nitrate concentrations were determined by a new method using vanadium reduction with the Griess assay (Pai et al., 2021). Phosphate and silicate concentrations were measured by the phosphomolybdenum blue or silicomolybdenum blue/yellow methods, respectively (Pai et al., 1990). The detection limits of nitrite, nitrate, phosphate, and silicate were 0.002, 0.01, 0.002, and 0.01 μM, respectively. Low level concentration samples collected in the mixed layer waters were determined by 5 cm wide cell. The accuracy of the analysis was validated by using certified reference material (Kanso, Japan), with the deviations of phosphate, silicate, and nitrate from the certified value mostly ranging from 0.2 to 1.4, 0.1-2.0, and 0.2-3.0%, respectively.




Figure 1 | This map shows the sampling stations plotted against the averaged sea surface height anomaly (m) for the study period of 2023. The arrows represent sea surface currents.






2.2 Modified dilution experiment

The growth, nanoflagellate grazing, and viral lysis rates of HB and picophytoplankton were estimated using a modified dilution experiments according to Evans et al. (2003). First, we filtered the subsample water through a 10 µm mesh filter to remove large microzooplankton. Following that, we passed it through Nuclepore 47-mm filters (type PC, pore size 0.2 µm) to collect the standard diluent. With 0.2 µm pore size filtered seawater, a 4-point dilution series was prepared with 25, 50, 75, and 100% serial dilutions of 10 µm-filtered seawater. To dilution viruses, we used a Minimate TFF Capsule (Pall) to filter 200 mL of grazer-free seawater (pore size 0.2 µm) with a molecular weight cut-off of 30 kDa. Then, used 30 kDa filtered seawater instead of 0.2 µm filtered water altered total mortality (viral mortality and grazing). Triplicates of 50-mL polycarbonate incubation tubes was immediately performed on the deck for 24 hours at in situ temperature. As a simulation of the light intensity at the sampling depth, neutral-density plastic sheets (Lee Filters, Hampshire, UK) were used to cover seawater from the surface and DCM was incubated under natural light conditions. During the experiment, seawater from 200 m depth was incubated in the dark in a thermo-controlled incubator. At the end (T24) and at the beginning (T0) of the incubation period, water was collected from each tube to determine the abundance of HB and picophytoplankton. For each dilution (0.2 µm and 30 kDa), the net growth rate (k) of HB and picophytoplankton was calculated as ln(Nt24/N0)/t. Nt24 and N0 represent the final and initial abundances of HB and picophytoplankton, respectively, while t represents the 24 hour duration of the experiment. In this study, we calculated the growth, grazing, and viral-induced mortality coefficients for HB and picophytoplankton by Evans et al. (2003). In the model 1 (Figure 2), if virus-free seawater is used as a diluent (30 kDa dilution series), the net growth rate of HB and picophytoplankton (k1) should be calculated as the difference between instantaneous growth rate and mortality due to lysis and grazing which is a function of D (the level of dilution). Equation 1 can be rewritten as:




Figure 2 | Model for idealized dilution plots and analysis when filtered water containing viruses (standard protocol used to determine grazing rates) and viral-free water are used to dilute whole water in the incubations that make up each dilution series.





The intercept of a 30 kDa dilution series regression was used to calculate the HB and picophytoplankton growth rates (µ). By the slope of 30 kDa dilution series, we determined grazing and viral-induced mortality coefficients (mv + mg). When only bacterial abundance is diluted with 0.2 µm diluents, lytic pressure (mv) is constant, whereas grazing pressure (mg) is reduced. Equation 2 can be rewritten as:



By calculating the slope of the dilution series of 0.2 µm-filtered seawater, the nanoflagellate grazing coefficient (mg) was determined. A virus-induced mortality of HB and picophytoplankton occurs when the slopes of the two regressions differ, which equals mv = [(mv + mg) − mg]. As a result of Model 1 regression analysis applied to the dilution experiments, we were able to determine both the specific growth (μ) and mortality coefficient (mg, mv) in each of the parallel dilution series (Figure 2).

In the model 2, we observed positive relationships between dilution factor and net growth rate in 30 kDa dilution series indicating the assumptions of the dilution method were not met (Figure 2). In this situation, total mortality (mg+mv) analyses did not estimate from this equation, as they represent unrealistic estimates. Moreover, in the 0.2 μm dilution series, there is a negative and significant linear relation between net growth rate and dilution factor, that can be applied to directly determine the grazing pressure (mg) on HB and picophytoplankton. Therefore, the intercept of a 0.2 μm dilution series regression was used to calculate the HB and picophytoplankton growth rates (μ).




2.3 Flow cytometric analysis

We collected 2 ml seawater samples from each treatment, preserved them in 0.5% paraformaldehyde (final concentration), flash-frozen, and stored them in liquid nitrogen for enumerating nanoflagellates, picophytoplankton and HB. Samples were frozen at −80°C until analysis in the laboratory a CytoFLEX S flow cytometer (Beckman Coulter, Indianapolis) equipped with a 488 nm air-cooled argon-ion laser, a standard 525 nm filter, and an SYBR signal trigger. To minimize interference from high particle density, viral samples were diluted 1:10 in TE buffer (pH 8.0, EM grade) prior to staining. SYBR Green I (final concentration 1:50,000 commercial stock) was stained onto the diluted samples and incubated in the dark for 10 minutes at 80°C. Following the staining process, samples were cooled to 25°C in an ice bath and analyzed by FCM according to Brussaard (2004). To detect and eliminate buffer noise, blank controls of TE buffer stained with SYBR Green I were used. According to Hammes and Egli (2010), HB samples were stained with SYBR Green I (final concentration 1:10,000) for 15 minutes in the dark, then processed by FCM. Based on flow cytometric analysis, on the basis of their red fluorescence from chlorophyll (>650 nm) and orange fluorescence from phycoerythrin (578 nm) and light scatter signals (SSC), picophytoplankton from the area were separated into three groups (SYNE, PRO, and picoeukaryotes (PEUK)) according to Calvo-Díaz and Morán (2006). Furthermore, in this study, heterotrophic and pigmented nanoflagellates enumeration was also performed using flow cytometer according to Rose et al. (2004).




2.4 Statistical analysis

For each dilution series (0.2 µm and 30 kDa), we conducted a linear regression analysis of apparent growth rates against the whole water fraction to estimate instantaneous growth and mortality. ANOVA was used to test the significance of deviations from linear regressions compared to triplicate bottle variability when assessing the appropriateness of linear regressions. F-tests were used to estimate viral mortality in these experiments based on the mortality slopes obtained between the 0.2 µm and 30 kDa dilution series. The statistical analysis was carried out using StatView software (SAS).





3 Results



3.1 Environmental dynamics

In this study, the temperature and salinity profile of OE and EC showed a well-mixed surface layer that reached ca 50 m depth (Figures 3A, B). Physical processes associated with the warm eddy affected the vertical distributions of temperature, salinity, and Chl a in this study (Figure 3). In the EC, water temperatures ranged from 21.6 to 29.9C and salinity varied between 34.63 and 34.97 psu in the upper 200 m depth (Figures 3A, B). Comparing vertical profiles of physical and chemical parameters at the 2 stations reveals that shallow waters (upper 200 m) of EC had higher temperatures and salinities (Figure 3; Table 1). Our results also illustrate differences in nutrient concentrations between warm eddy-influenced waters (EC) and OE. Higher concentrations of PO43− appeared in surface, and the DCM layer in the EC region (Table 1).




Figure 3 | Vertical profiles of temperature (A) salinity (B) and Chl a (C) in OE (□) and EC (▪), respectively.




Table 1 | Temperature, salinity, nutrients, chlorophyll α concentration, picophytoplankton (SYNE: Synechococcus spp., PEUK: picoeukaryotes, PRO: Prochlorococcus spp.), heterotrophic bacterial (HB), viral (VIR) and total nanoflagellate (NANO) abundance at each sampling stations and depth.






3.2 Prokaryotic abundance inside and outside the warm eddy

The vertical distribution of Chl a concentration at OE and EC showed that the depth of DCM was at 130 m and 140 m, respectively (Table 1; Figure 3C). A warm eddy inside surface water showed similar chlorophyll a concentration as outside, while phytoplankton biomass in the DCM and 200 m depth layer of EC were higher than that in OE (Table 1; Figure 2C). We observed a similar amount of phytoplankton biomass (Chl a) was observed between EC and OE surface stations, however, there was a significant difference in the phytoplankton community structure between them in surface water. In EC surface samples, PEUK abundance was very low (<100 cells mL-1), and SYNE was the most abundant picophytoplankton (32.3 ± 3.21 x 103 cells mL-1), with contributions of 63% (Table 1). Moreover, in OE surface samples, the picophytoplankton community was also dominated by SYNE (6.9 ± 0.86 x 103 cells mL-1), with increased a contribution of up to 90% (Table 1). At DCM layer, abundance of PRO and SYNE in the EC (3.8 ± 0.59 and 4.4 ± 0.45 × 103 cells ml-1, respectively) was significantly lower (p<0.05) than that of the OE (13.8 ± 0.69, and 19.7 ± 3.34 × 103 cells ml-1, respectively) (Table 1). Similarly, in OE region, the abundance of HB, nanoflagellate and viruses at DCM samples was higher than that in EC (Table 1). At the EC station, however, there were no significant vertical differences in the abundance of HB, nanoflagellates, and viruses (Table 1).




3.3 HB and picophytoplankton growth rates

In the present study, EC and OE samples were analyzed according to the modified dilution protocol, and results are shown in Figures 4–6. The descriptive statistics (slope, intercept, p values) for regression lines calculated for the HB, SYNE, and PRO as well as for 95% confidence intervals are summarized in Tables 2, 3. In 5 of the 6 analyses, the net growth rate of HB in the 30 kDa dilution series in EC and OE samples showed a significant negative linear relationship (Figure 4). As shown in Figures 4A–E, the y-intercept of the significant regression for HB in the 30 kDa dilution series was used to calculate the growth rate. However, in other case, we calculated the HB growth rate from model 2 (Figure 3F). In this study, we found that growth rates of HB in EC samples (1.34-2.10 d-1) was higher than that in OE (0.23-0.40 d-1), except at 200 m (Table 4; Figure 7A).




Figure 4 | Dilution plots of net bacterial growth rate (d−1) versus seawater fraction in parallel experiments in OE and EC. Cross and closed squares represent growth rates from the 0.2 μm (black line) and 30 kDa (red line) dilution series, respectively. (A) surface, (B) DCM layer (C) 200 m in OE, and (D) surface, (E) DCM layer (F) 200 m in EC, respectively. Dash line: 95% confidence intervals.




Table 2 | Summary of descriptive statistics for slope of regression analysis and 95% confidence intervals.




Table 3 | Summary of descriptive statistics for intercept of regression analysis and 95% confidence intervals.




Table 4 | The values of growth, grazing and viral lysis rates at the sampling stations and depths.






Figure 5 | Dilution plots of net Synechococcus spp. growth rate (d−1) versus seawater fraction in parallel experiments in OE and EC. Cross and closed squares represent growth rates from the 0.2 μm (black line) and 30 kDa (red line) dilution series, respectively. (A) surface, (B) DCM layer (C) 200 m in OE, and (D) surface, (E) DCM layer (F) 200 m in EC, respectively. Dash line: 95% confidence intervals.



There was a negative correlation between the 30 kDa dilution series and the dilution level for SYNE in 5 cases (Figures 5A–E). For these analyses, significantly higher growths of SYNE were detected in EC than that in OE region, except at 200 m (Table 4; Figure 7B). Nonetheless, the highest growth rate of PRO was measured at surface water and 200 m in OE and EC region, respectively (Table 4; Figure 6).




Figure 6 | Dilution plots of net Prochlorococcus spp. growth rate (d−1) versus seawater fraction in parallel experiments in OE and EC. Cross and closed squares represent growth rates from the 0.2 μm (black line) and 30 kDa (red line) dilution series, respectively. (A) surface, (B) DCM layer (C) 200 m in OE, and (D) surface, (E) DCM layer (F) 200 m in EC, respectively. Dash line: 95% confidence intervals.






Figure 7 | Compare the difference in growth rate (A), grazing rate (B), and (C) viral lysis between EC and OE region. Blue, orange, and red color represents bacterial, Synechococcus spp., and Prochlorococcus spp. values, respectively. Dashed lines represent 1:1 line.






3.4 HB and picophytoplankton mortality rates

In the OE region, a positive relationship between the net growth rate and the dilution factors in the 0.2 μm diluted series (Figures 4A–C). In this situation, grazing rate analyses did not estimate from these equations, as they represent unrealistic estimates. Further, for 3 cases in EC, a significant negative linear relationship between net growth rate and the dilution factors in the 0.2 μm diluted series, where grazing rates of HB ranged from 0.41 d-1 (200 m) to 0.89 d-1 (DCM) (Table 4; Figure 4). In the present study, we found that HB grazing rates in EC region were higher than that in OE (Figure 7B). On the other hand, the picophytoplankton grazing rate in EC was frequently greater than that in OE at each depth, except for SYNE grazing rate in OE surface water (Table 4; Figure 7B). The apparent growth rate of PRO in 30 kDa dilution series were positive for 4 of 6 estimates. Therefore, we were unable to estimate viral lysis for these 4 cases (Figure 6). In EC, viral lysis of bacteria was higher than in OE above the DCM (Table 4; Figure 7C).





4 Discussion

Because of the unique physical processes within mesoscale eddies, their chemical properties and biological composition are distinct from those in their surroundings. There is considerable evidence that mesoscale eddies have distinct effects on ecosystems depending on their origin, age, stage, and type (warm and cold eddies) (Benitez-Nelson et al., 2007). An anticyclonic warm eddy can affect a number of marine environmental parameters, such as temperature, salinity, and nutrients, thus indicating its presence. The presence of warm eddies permits transport of surface water to the deep ocean, increasing temperature and decreasing salinity and nutrient concentrations in deeper waters (Fong et al., 2008; Kim et al., 2012). Currently, there is no understanding of the physical-biological coupling mechanism that occurs in warm-core eddies. In contrast to cold eddy, the ecological impact of warm eddy was much more complex. In the present study, we found significant differences in microbial effects between the inside and outside of the warm eddy.



4.1 Vertical variations of microbial communities

In an eddy, structural elements such as mixing depths, surface-to-mixed layer interactions, variations in nutrient concentrations, and changes in the light field all affect biological processes (Guo et al., 2017). Based on this study, the EC surface samples had the highest picophytoplankton abundance (SYNE and PRO) and was significantly higher than the OE surface samples (Table 1). However, warm eddy inside surface water showed similar chlorophyll a concentration as outside in our study (Table 1). There is a possibility that other phytoplankton communities can contribute to phytoplankton biomass in OE surface water, and phytoplankton composition changes inside and outside eddies due to physical turbulence or sinking of the nutricline due to warm eddies (Barlow et al., 2017). There was a previous suggestion that the different mixing of water mass caused by the warm eddy and the redistribution of nutrients inside and outside led to a different composition of phytoplankton communities (Yun et al., 2020). As reported by Yun et al. (2020) as well, the phytoplankton composition of the warm eddy and outer area differed significantly, with relatively lower contributions by large phytoplankton, such as diatoms and dinoflagellates within the warm eddy. Further, under all environmental factors, temperature exhibited the greatest variability in phytoplankton community (Dasilva et al., 2014). Sun et al. (2022) suggested that this difference was caused by high temperatures and oligotrophic environments within warm eddy zones.

A distinct distribution of picophytoplankton in the typical layers was observed when we analyzed picophytoplankton distribution in different layers. At the DCM layer, OE samples contains a higher abundance of SYNE and PRO than those at EC (Table 1). There was, however, more phytoplankton biomass (0.496 mg m-3) and higher PEUK abundance in EC than that in OE region (Table 1). Previous study suggested that different phytoplankton communities can adjust to different environmental changes in varying ways (Ewart et al., 2008). In oligotrophic mesoscale eddies in Hawaii and the Sargasso Sea, an observation has been made showing that communities in the upper mixed layer mainly contained PRO and SYNE, while communities in DCM contained haptophytes and pelagophytes (Ewart et al., 2008; Rii et al., 2008). The significant vertical gradients in temperature and nutrients appeared to have an influence on the distribution of phytoplankton groups (Table 1). In this study, we found that a higher concentration of nutrient level in the DCM layer of EC than in the OE layer. This may have supported the rapid growth of phytoplankton in this region and the dominance of community structure in this region (Table 1). According to another explanation, some PEUK, such as haptophytes, are able to adapt to suboptimal irradiance and nutrients due to their mixotrophic metabolism (Liu et al., 2009).

At 200 m, the concentration of nitrate reached 1.57 μM and 0.96 μM in EC and OE, respectively, which can support the growth requirements of picophytoplankton (Agawin et al., 2000). Nevertheless, the PAR at 200 m in both stations was less than 0.05% of the surface light (data not shown). There was insufficient light irradiance at 200 m for phytoplankton to grow. The high picophytoplankton abundance at 200 m depth at the EC is likely the result of mesoscale physical processes since both nutrients and light were similar vertically at the OE and EC stations. A previous study also found that phytoplankton was also enhanced at 200 m EC stations because of the downward sinking of phytoplankton from the upper waters (Zhang et al., 2023). Our incubation experiments, however, found that the lower growth rates of SYNE were measured at 200 m (Table 2). Additionally, there are still to be considered the influences of warm eddy on the activity of picophytoplankton communities in EC besides the physical function of downwelling.

Our current understanding is that phytoplankton are the main source of dissolved organic carbon (DOC) for HB dynamics (such as production), linking phytoplankton with HB dynamics in the ocean. In the present study, we found that relative maxima in the vertical distribution of HB near the chlorophyll maximum in OE. It is possible that HB in the subsurface maximum depth efficiently utilize organic material from phytoplankton and produce noticeable increases in their population. Despite this, there was no clear vertical pattern in HB abundance in the EC region (Table 1). In general, temperature and DOC were the most influential factors in determining the distributions of HB communities. However, in our study, neither temperature nor chlorophyll concentration were associated with HB abundance in EC. A further interesting finding of our study was that the anticyclonic warm eddy enhanced the grazing rate of microzooplankton and nanoflagellates on HB (Table 2). It is also plausible that grazers such as microzooplankton and nanoflagellates remove a large percentage of the total daily HB production in this region, explaining the absence of clear vertical variation in HB abundance in the EC region.




4.2 Growth rates of HB and picophytoplankton

A modified dilution approach (Evans et al., 2003) was developed to determine virus-induced mortality of specific phytoplankton. It is based on the original dilution method developed by Landry and Hassett (1982), which has been extensively used to estimate phytoplankton growth and microzooplankton consumption (Worden and Binder, 2003; Zheng et al., 2015). One of the assumptions of the dilution approach is that the prey growth rate is independent of dilution (Landry and Hassett, 1982). The modified dilution method, however, is subject to some potential methodological constraints. As a result of this study, we noticed a significant decline in HB and picophytoplanktonic growth rates in the 30 kDa dilution series compared to the 0.2 μm dilution series (Figures 3F, 4F, 5A, B, E, F). As reported by Ayukai (1996), limiting nutrients in their study reduced SYNE growth in most diluted treatments and differed from the effects postulated by Landry and Hassett (1982). Similarly, Kimmance et al. (2007) found that dilution in virus-free water reduced the growth rate of picophytoplankton, including SYNE and PEUK. Furthermore, Landry and Hassett (1982) proposed nutrient amendments for nutrient-limited waters to ensure phytoplankton growth rates are independent of the dilution effect. As added nutrients can affect food quality, this may affect estimates of grazing-induced mortality (Worden and Binder, 2003). As another mechanism, increased viral burst size and production might also influence viral mortality estimates with nutrient addition (Gons et al., 2006). For these reasons, although in situ nutrients were low (NO3<0.1 μmolL−1) in surface waters, nutrients were not added to the bottles during the experiments in this study.

According to the present study, growth rates of HB in EC samples were higher than those in OE samples at surface and DCM layers (Table 4; Figure 7A). A variety of bottom-up factors, including DOC quality and temperature, affect HB communities and growth (Kirchman et al., 2000; Tsai et al., 2005). The warm eddy was found to stimulate HB production at its center (EC) compared to its edges, with elevated Chl a concentration, which indicated that phytoplankton biomass was a significant determinant of HB production variability (Ewart et al., 2008). One of the mechanisms was that as high temperatures in the EC region caused microbial communities to be more active and diverse, different phylogenetic types were favored by temperature (Sun et al., 2020). Another explanation may be that the protistan grazing on prokaryotes (an important mechanism for nutrient regeneration in the ocean) is high due to the accumulation of microorganisms within warm eddies. Prokaryotes may be affected more by this increased supply of inorganic nutrients than eukaryotes, since aquatic HB are better competitors for phosphorus at low concentrations of inorganic nutrients (Thingstad et al., 1998). Moreover, this study shows that warm eddy downwelling changes environmental parameters, with higher phosphorus values in the EC region (Table 1).




4.3 Mortality rates of HB and picophytoplankton

The majority of studies have focused on bottom-up influences such as variation in nutrients, light, and temperature led by mesoscale eddies that affect phytoplankton communities (Gaube et al., 2014; Kang et al., 2022). It should not be considered negligible that nanoflagellates and microzooplankton are grazing pressure. Few comparison analyses have been conducted between different eddies to determine how nanoflagellates or microzooplankton graze in mesoscale eddies (Landry et al., 2008; Chen et al., 2009). Due to ciliate abundance in the open ocean, this study uses a size fractionation of 10 μm for grazers only. Additionally, trophic cascades might have occurred due to dilution grazing experiments, and nanoflagellates may have caused an overestimation of mortality in HB and picophytoplankton. There is the possibility that if nanoflagellates of size >10 μm are absent, smaller nanoflagellates (2-5 μm) may develop which, in turn, might consume HB and picophytoplanktonic directly. As preferred grazing was not assessed during the dilution experiments, it is not known whether it occurred.

Field observations based on a modified dilution experiment revealed significant differences between the EC and OE regions in terms of grazing rates of HB and picophytoplankton (Table 4; Figures 7A, B), and showed the higher grazing rates in EC. A previous study reported that a significant temperature increase was found to increase the grazing pressure in the anticyclonic eddy (An et al., 2024). Furthermore, a warmer, oxygen-rich environment in the center of anticyclonic eddies provides a metabolic advantage to predators and facilitates their search for suitable prey (Braun et al., 2019). According to another study, microzooplankton and nanoflagellates are driven toward anticyclonic eddies by the convergence effect. Consequently, this causes an increase in microzooplankton and nanoflagellate abundance in surface waters, which increases grazing rates in HB and picophytoplankton in warm eddy cores (Wang et al., 2022). Similarly, Boras et al. (2010) found higher grazing activity at anticyclonic eddies, possibly because of higher nanoflagellate abundance. These abiotic and biotic factors which were simultaneously driven by warm eddies affect HB and picophytoplankton communities through top-down controls.

It has been found that varying physico-chemical conditions at varying depths affect the abundance and growth of HB and picophytoplankton as well as their mortality loss (Chang et al., 2024). In our study, grazing and virus lysis were significantly different for HB and picophytoplankton mortality within and outside the warm eddy (Figure 8). A lower proportion of viral lysis is responsible for HB and picophytoplankton mortality in the EC region, due to higher grazing rates. To the best of our knowledge, no study has compared the relative importance of grazing and virus lysis for HB and picophytoplankton mortality in warm eddies. It is still unknown how viruses contribute to HB mortality in that region. Viral lysis has been shown to have greater significance when protozoan grazing is limited by environmental constraints (Danovaro et al., 2008). According to Weinbauer and Höfle (1998), lytic infection leads to HB mortality in anaerobic hypolimnion layers of Lake Plußsee (Germany), where protists are scarce due to low oxygen levels. The extent to which viral lysis and grazing contributed to HB mortality changed with depth, according to Weinbauer and Höfle (1998). Furthermore, viruses and grazers interact complexly with picoplankton, possibly resulting in antagonistic or synergistic effects (Sime-Ngando and Pradeep Ram, 2005). It has been shown that nanoflagellates can reduce viral abundance and infectivity by consuming viruses directly or grazing specifically on viral-infected cells (Bettarel et al., 2005).




Figure 8 | Vertical variations in the ratio of viral lysis to total mortality in OE and EC (Red color). Blue, and orange bars represent bacterial, and Synechococcus spp. values, respectively. nd is non-detectable value.



In terms of vertical variations, we found that viral lysis is almost 100% of the HB and SYNE mortality at the surface, DCM and 200 m layer in OE (Figure 8). In comparing the experiments conducted in Kuroshio water, 70% of the mortality loss was related to nanoflagellate grazing in the DCM layer, while the majority of mortality loss was attributed to viral lysis in the mesopelagic zone (300-500 m) (Chang et al., 2024). As a result of the shallow depth of3the DCM layer (75 m depth), higher water temperature (24.5 to 28.6°C), and higher nitrate concentration (0.6 μM) in Chang et al. (2024) study, different environmental factors must be considered.

In summary, this study shed light on the vertically fine distribution of picophytoplankton influenced by warm eddies and provided new insights into the biological response to warm eddies in tropical Pacific Ocean for the first time. We suggest that nanoflagellates within warm eddies transfer more picoplankton production to higher trophic levels, while viruses return more picoplankton production to DOM pools outside warm eddies. In addition, the downwelling in EC may increase picophytoplankton growth and grazing rates, increasing the carbon sink in the warm eddy and potentially increasing deep ocean carbon storage.
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