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The subarctic Pacific is one of the major high-nitrate, low-chlorophyll (HNLC) regions where marine productivity is greatly limited by the supply of iron (Fe) in the region. There is a distinct seasonal difference in the chlorophyll concentrations of the east and west sides of the subarctic Pacific because of the differences in their driving mechanisms. In the western subarctic Pacific, two chlorophyll concentration peaks occur: the peak in spring and early summer is dominated by diatoms, while the peak in late summer and autumn is dominated by small phytoplankton. In the eastern subarctic Pacific, a single chlorophyll concentration peak occurs in late summer, while small phytoplankton dominate throughout the year. In this study, two one-dimensional (1D) physical–biological models with Fe cycles were applied to Ocean Station K2 (Stn. K2) in the western subarctic Pacific and Ocean Station Papa (Stn. Papa) in the eastern subarctic Pacific. These models were used to study the role of Fe limitation in regulating the seasonal differences in phytoplankton populations by reproducing the seasonal variability in ocean properties in each region. The results were reasonably comparable with observational data, i.e., cruise and Biogeochemical-Argo data, showing that the difference in bioavailable Fe (BFe) between Stn. K2 and Stn. Papa played a dominant role in controlling the respective seasonal variabilities of diatom and small phytoplankton growth. At Stn. Papa, there was less BFe, and the Fe limitation of diatom growth was two times as strong as that at Stn. K2; however, the difference in the Fe limitation of small phytoplankton growth between these two regions was relatively small. At Stn. K2, the decrease in BFe during summer reduced the growth rate of diatoms, which led to a rapid reduction in diatom biomass. Simultaneously, the decrease in BFe had little impact on small phytoplankton growth, which helped maintain the relatively high small phytoplankton biomass until autumn. The experiments that stimulated a further increase in atmospheric Fe deposition also showed that the responses of phytoplankton primary production in the eastern subarctic Pacific were stronger than those in the western subarctic Pacific but contributed little to primary production, as the Fe limitation of phytoplankton growth was replaced by macronutrient limitation.
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INTRODUCTION

Marine phytoplankton have been found to be a key component in marine ecosystems and the global carbon cycle (Fasham, 2003). They contribute more than 45% of the global photosynthetic net primary production with only 1% of the photosynthetic biomass (Simon et al., 2009). Production is especially high at high latitudes; the phytoplankton dynamics in these kinds of regions make them the most productive, seasonally dynamic, and rapidly changing ecosystems across global oceans (Huston and Wolverton, 2009; Behrenfeld et al., 2017). In the majority of high-latitude seas, e.g., the subarctic Pacific Ocean, iron (Fe) is thought to be the primary limiting nutrient for biological production (Miller et al., 1991; Moore et al., 2004). Furthermore, variability in Fe bioavailability is also important for marine ecosystems because it affects the phytoplankton dynamics in these regions.

The subarctic Pacific Ocean has two major time-series stations that are associated with each of the gyres. Station Papa (Stn. Papa), which is associated with Biogeochemical-Argo (BGC-Argo) observations from 2008 to 2015 and more than 60 years of cruise observations, is located at 50°N and 145°W on the southeastern edge of the Alaska Gyre in the eastern subarctic Pacific (Freeland, 2007). On the other hand, observations at Station K2 (Stn. K2, 47°N, 160°E), which is at the center of the western subarctic gyre, have been carried out with a tethered mooring system and repetitive shipboard observations since 2001 (Honda and Watanabe, 2007). Previous observational studies have revealed the similarities between the seasonal cycles in the physical environments of these two stations, e.g., the mixed layer depth (MLD) is much shallower in the summer (<30 m) than in the winter (>100 m) (Harrison et al., 2004; Fujiki et al., 2014; Plant et al., 2016). Furthermore, the strong winter mixing at each station also entrains nitrate and silicate into the mixed layer, resulting in an increase in their concentrations in the winter. Both the western and the eastern subarctic Pacific are characterized as high-nitrate, low-chlorophyll (HNLC) regions. In these regions, the surface nitrate concentration always remains sufficient for phytoplankton growth, although its value decreases from winter to summer, as nitrate is consumed by these phytoplankton (Harrison et al., 1999). However, their chlorophyll concentrations show significant differences in seasonal variability. For example, phytoplankton bloom occurs two times per year at Stn. K2, with chlorophyll peaks (>1 mg m−3) in spring to early summer and early autumn; at Stn. Papa, the seasonal variability of chlorophyll is weak (0.2–0.6 mg m−3), but concentrations are slightly higher in late summer (Mochizuki et al., 2002; Pena and Varela, 2007; Matsumoto et al., 2014). The mechanisms underlying these marine ecosystems on the two sides of the subarctic Pacific have been actively investigated, and they have been found to be related to the differences in Fe bioavailability in explored in several studies (Banse and English, 1999; Harrison et al., 1999; Fujii et al., 2007; Nishioka et al., 2021).

Previous shipboard Fe-enrichment experiments in the western and eastern subarctic Pacific have shown that the addition of dissolved iron, which has a size < 0.2 or 0.45 μm (Gledhill and Buck, 2012), to in situ water significantly increased nutrient utilization and led to an enhancement in the concentration of chlorophyll (Martin and Fitzwater, 1988; Boyd et al., 1996; Tsuda et al., 2003; Marchetti et al., 2006a). This indicates that bioavailable Fe (BFe), which can be directly accessed by phytoplankton (Nishioka et al., 2021), limits phytoplankton growth, especially diatom growth, in these two regions, and that BFe limitation was also the cause of the HNLC conditions in the subarctic Pacific (Martin et al., 1991; Harrison et al., 2004; Marchetti et al., 2006b). In the eastern subarctic Pacific, the dissolved Fe concentration and the bioavailability of Fe are both lower than those in the western subarctic Pacific (Harrison et al., 2004; Nishioka et al., 2007; Kondo et al., 2021). The corresponding phytoplankton group in the eastern subarctic Pacific is also persistently dominated by small phytoplankton, as the growth of diatoms is limited by Fe (Boyd and Harrison, 1999; Yang et al., 2018). In contrast, the small phytoplankton at Stn. Papa, which is less affected by BFe limitation, have been considered to be top-down controlled by grazing by zooplankton, particularly by microzooplankton (Miller et al., 1991; Harrison, 2002). In the western subarctic Pacific, previous observations have consistently shown that diatoms are the dominant phytoplankton group during bloom periods in the spring and early summer (Obayashi et al., 2001; Imai et al., 2002). With the deficiency of BFe in the summer, the diatom biomass gradually decreased, but the small phytoplankton biomass increased and came to dominate the phytoplankton group during the bloom period in early autumn (Fujiki et al., 2009, 2014; Nishioka et al., 2011). Furthermore, a previous study has shown that the small phytoplankton bloom in autumn is also related to reductions in microzooplankton grazing pressure in small phytoplankton (Matsumoto et al., 2014). Therefore, the major difference between the western and eastern subarctic Pacific marine ecosystems, which is the occurrence of seasonal phytoplankton blooms, depends on the availability of Fe for different phytoplankton and is simultaneously influenced by zooplankton grazing. However, quantitatively evaluating the relative roles of BFe in the seasonal variability of phytoplankton growth in these two regions is challenging, as observational data on Fe are scarce and there are few time-series datasets available. Although some marine ecosystem models have been developed to investigate the role of Fe in these two subarctic Pacific ecosystems, the associated studies have usually focused on only one region (Denman and Pena, 1999; Pena, 2003; Shigemitsu et al., 2012) or have not incorporated the cycle of Fe into their models (Fujii et al., 2007).

Because of the importance of Fe in regulating phytoplankton growth in the subarctic Pacific, the various sources of dissolved Fe have been actively studied. The dissolved Fe in the upper ocean comes mainly from atmospheric dust (Jickells et al., 2005), vertical diffusion (Nishioka et al., 2020), horizontal transport via recirculation and eddies (Johnson et al., 2005), and the remineralization of sinking particulates (Lamborg et al., 2008). Although the magnitudes of the contributions of various Fe sources the upper ocean of the subarctic Pacific are still debated (Tagliabue et al., 2014; Ito and Shi, 2016; Nishioka and Obata, 2017; Nishioka et al., 2020), there have been a series of observations and numerical models confirming that Fe addition by atmospheric dust plays an important role in controlling phytoplankton biomass and primary production (PP), especially in HNLC regions (Boyd et al., 1998; Bishop et al., 2002; Jickells et al., 2005; Nishioka et al., 2021). Additionally, the dissolved Fe supply from atmospheric dust transported to the western subarctic Pacific is much higher than that transported to the eastern subarctic Pacific (Nishioka et al., 2003), because the Gobi Desert, a major dust source, is closer to the western subarctic Pacific and prevailing winds favor the transport of dust from this region into the ocean (Boyd et al., 1998; Luo et al., 2008). These conditions result in the contributions of atmospheric deposition to the BFe in the upper ocean differing between the two regions (Krishnamurthy et al., 2010). Furthermore, previous studies have shown that an increase in human activities can cause more dissolved Fe from atmospheric dust to enter the ocean; this is particularly true for Fe from combustion sources, which has higher bioavailability in the upper ocean (Krishnamurthy et al., 2009; Mahowald et al., 2009). Additionally, an increase in external dissolved Fe deposition from atmospheric dust would drive different responses in the phytoplankton in the western and eastern subarctic Pacific. However, the influence of changes in dust sources on the marine ecosystem in the upper ocean of the subarctic Pacific has rarely been investigated in previous studies.

In this study, a one-dimensional physical-biological model that included the Fe cycle was applied to compare the influence of bioavailable Fe on the phytoplankton dynamics of Stn. K2 and Stn. Papa in the western and eastern subarctic Pacific, respectively. To evaluate the performance of this model in reproducing the physical and biogeochemical processes at Stn. K2 and Stn. Papa, the simulated results were validated with observational data from BGC-Argo and cruise observations. This study can help in understanding the role of Fe in the phytoplankton dynamics of the western and eastern subarctic Pacific and the responses of phytoplankton in projected future scenarios.



MODEL AND DATA


One-Dimensional Coupled Model

Two one-dimensional physical–biogeochemical (Ma et al., 2019) coupled models incorporating the Fe cycle (Xiu and Chai, 2021) were applied to the locations of Stn. K2 in the western subarctic Pacific and Stn. Papa in the eastern subarctic Pacific. Both sites selected for modeling are located in the deep basin of the North Pacific, far from the continental shelf, with bottom depths of >5,000 m at Stn. K2 and >4,000 m at Stn. Papa. The physical model was based on the Regional Ocean Modeling System (ROMS) and ignored lateral processes. Furthermore, the turbulent vertical mixing in this study was based on the non-local K profile parameterization (KPP; Large et al., 1994). In these regions, vertical diffusion has a stronger effect on phytoplankton dynamics than other factors, and it was simulated in a previous 1D model without advection or horizontal diffusion processes (Denman and Pena, 1999; Fujii et al., 2007; Sasai et al., 2016). Thus, the model used in this study included 300 layers in the vertical direction that extended to 5,000 m in depth at Stn. K2 and to 4,000 m at Stn. Papa, with a finer resolution near the surface.

The biogeochemical model used in this study was based on a newly developed carbon silicate nitrate ecosystem-Fe (CoSiNE-Fe) model (Xiu and Chai, 2021). It included two phytoplankton groups [picoplankton (S1, Chl1, S1Fe) and diatoms (S2, Chl2, S2Fe)], two zooplankton groups [microzooplankton (ZZ1, ZZ1Fe) and mesozooplankton (ZZ2, ZZ2Fe)], two size classes of particulate organic nitrogen [small (SPON, SPFe) and large (LPON, LPFe)], two size classes of biogenic silica [small (SbSi) and large (LbSi)], four inorganic nutrients [nitrate (NO3), ammonium (NH4), phosphate (PO4), and silicate (SiOH4)], dissolved oxygen (DO), two carbonate variables [dissolved inorganic carbon (DIC) and total alkalinity (TALK)], three size classes of dust particles [dust particles (PartDust, DustFe), large lithogenic particles (LithPartL, LithLFe), small lithogenic particles (LithPartS, LithSFe)], soluble Fe (FeSol), colloidal Fe (FeCol), strong and weak Fe ligands (FeLgS, FeLgW), and strong and weak ligands (LgS, LgW).

The Fe in particles can be transformed into colloidal Fe and soluble Fe through redissolution and photoreduction, respectively. Specifically, colloidal Fe is formed from soluble Fe and is removed from the dissolved pool through colloidal aggregation. Thus, in this study, bioavailable Fe included both soluble and ligand Fe, whereas colloidal Fe was assumed to not be directly accessible by phytoplankton (Jiang et al., 2013). Furthermore, the growth of small phytoplankton and diatoms depends on light, temperature, and nutrient availability. The losses of phytoplankton through biological processes occur because of mortality, aggregation, and zooplankton grazing. Consequently, the mortality and aggregation of phytoplankton and zooplankton form detritus, which is remineralized into the inorganic matter during sinking (Ma et al., 2019). In particular, microzooplankton graze on small phytoplankton, while mesozooplankton graze on diatoms, microzooplankton, and both large and small particulate organic nitrogen. With this, the seasonal vertical migration of mesozooplankton results in high biomass in the epipelagic layer during summer and in the mesopelagic layer during winter (Mackas and Tsuda, 1999). As a result, no diatoms or microzooplankton are grazed in winter, as mesozooplankton are absent from the upper ocean, and grazing initiates after spring (Kobari and Ikeda, 1999). These patterns were incorporated into the model. Additionally, some mesozooplankton overwintering without grazing was also included in the model, e.g., thresholds for mesozooplankton mortality mesozooplankton grazing on microzooplankton and diatoms were also applied. A similar effect of the seasonal vertical migration of mesozooplankton has also been considered in previous modeling studies (Kishi et al., 2001; Fujii et al., 2007). In this model, however, a photoacclimation assumption was included to improve the accuracy of chlorophyll simulation. Specifically, the ratio between chlorophyll and phytoplankton biomass varied (Fennel and Boss, 2003), and this ratio was parameterized following Ma et al. (2019). To simulate the marine ecosystems in both regions, the values of some parameters in the two models were made slightly different in order to reproduce the seasonal ecosystem variability. In particular, the species compositions of diatoms and small phytoplankton in the western and eastern subarctic Pacific differ (Timothy et al., 2013; Fujiki et al., 2014). The differences in the compositions of phytoplankton between the two regions also lead to variations in their adaptability to their environments, e.g., light and nutrients. As a result, the different photosynthesis parameters of phytoplankton, e.g., maximum growth rate of small phytoplankton, initial slope of P-I curve of small phytoplankton and diatom (Supplementary Table 1), used in the model were within a reasonable range. A similar approach has been applied in previous modeling studies to simulate marine ecosystems and compare phytoplankton dynamics between different regions (Fujii et al., 2005, 2007; Sasai et al., 2016).

The National Centers for Environmental Prediction (NCEP) reanalysis I data from 2001 to 2014 at Stn. K2 and Stn. Papa were extracted to produce six hourly forcings (Kalnay et al., 1996). The parameterizations of the selected air-sea fluxes were adopted from Ma et al. (2019). In addition, the forcing data file included the atmospheric deposition data (soluble Fe deposition and lithogenic particle deposition) from Chien et al. (2016), with both dust and non-dust sources. Because of the lack of real-time data, climatological seasonal deposition fluxes, which do not include episodic dust events, were used in the model in this study. The model was then initialized with the fields of the World Ocean Atlas 2018 (WOA18) (Garcia et al., 2018). The initial conditions for Fe variables, obtained from an updated version of the global Fe dataset (Tagliabue et al., 2012), were interpolated from the observed dissolved Fe profiles around Stn. K2 and Stn. Papa. The MLD was calculated as the depth at which the density was equal to the density at 10 m plus 0.03 kg m−3 (de Boyer Montégut, 2004). The averaged regulating factors (nutrients, temperature, and light), limiting nutrients (nitrogenous nutrients, phosphate, and bioavailable Fe), and the growth rates of the small phytoplankton and diatoms were individually calculated by vertical integration and then weighted and normalized to the corresponding phytoplankton biomass. The equation used is as follows:
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where [image: image] is the rate averaged within the water column, rate is the rate of biological activity of phytoplankton, S is the phytoplankton biomass, i is the layer of the model, and n is the total number of layers of the model. The method of vertical integration followed Fujii et al. (2005, 2007).

To evaluate the effect of an increase in dissolved Fe in atmospheric deposition, three cases were simulated to compare with the control run at Stn. K2 and Stn. Papa, respectively. These cases were forced with two (DFe Dep *2), three (DFe Dep *3), and four times (DFe Dep *4) with as much dissolved Fe in atmospheric deposition as in the control run between 2009 and 2013.



Cruise and Float Data

Shipboard observations were conducted during each season to facilitate the estimation of the seasonal variability at Stn. K2 between 2005 and 2013 (Matsumoto et al., 2014). Water samples were collected with a conductivity-temperature-depth (CTD) profiler system, with the surface samples being collected with a plastic bucket. The nutrient and chlorophyll concentrations of the samples were then measured. Since the cruise observations were conducted in different months during 2005–2013, the data for each month were combined to obtain a full seasonal cycle. The modeled results, which were averaged from 2005 to 2013, were compared with the observational data from cruises. A similar procedure was then applied to verify the accuracy of the models in a previous modeling study that was performed at Stn. K2 (Sasai et al., 2016).

Six BGC-Argo profiling floats [Autonomous Profiling Explorer (APEX) BioGeoChem, Teledyne Marine/Webb Research, North Falmouth, MA, United States] (BGC-Argo) were assembled at the University of Washington and deployed at Stn. Papa between August 2008 and June 2013 (Plant et al., 2016). In addition to temperature and salinity sensors, all the floats were equipped with in situ ultraviolet spectrophotometer (ISUS) optical nitrate sensors. Two floats (6400 and 7601) were equipped with WetLabs (WET Labs, Corvallis, Oregon, United States) FLBB optical chlorophyll fluorescence sensors, which measured chlorophyll concentrations (Haskell et al., 2020). To evaluate the performance of the model, the modeled sea surface temperature (SST), MLD, and surface nitrate (SNO3) were compared with the six BGC-Argo observations from 2008 to 2014, and the modeled chlorophyll concentrations were compared with the two BGC-Argo observations from 2010 to 2013. The BGC-Argo observations were then applied when the floats were located <300 km from Stn. Papa to ensure that they were in a nearly identical biogeochemical environment (Pena and Varela, 2007). The sampling resolution was subsequently increased as the floats ascended from the parking depth, i.e., 1,000 m, to the shallowest sampling depth, i.e., 7 m, to capture greater variability in the surface waters. Specifically, the parameters were measured at 50-m intervals below 400 m, at 10-m intervals between 400 and 100 m, and at 5-m intervals above 100 m (Plant et al., 2016).

The observed dissolved Fe data from Tagliabue et al. (2012), Schallenberg et al. (2015), and Nishioka et al. (2020) were collected to validate the model. The dissolved Fe data in Tagliabue et al. (2012) were the GEOTRACES historical trace elements and their isotopes (TEI) data, and the observed dissolved Fe data is operationally defined as the Fe fraction that passes through a 0.2-μm and 0.4-μm filter. The data in Schallenberg et al. (2015) were operationally defined as the Fe fraction that passes through a 0.2-μm filter. Similarly, either a 0.22-μm Millipak filter (Millipore, Burlington, MA, United States) or a 0.2-μm Acropak capsule filter (PALL Corporation, Port Washington, New York, United States); was connected to a Niskin-X spigot (General Oceanics, Miami, Florida, United States) to measure the dissolved Fe (Nishioka et al., 2020).




RESULTS


Comparison of Simulated Results With Observations

The simulated results at Stn. K2 (western subarctic Pacific region) and Stn. Papa (eastern subarctic Pacific region) were compared with corresponding observations (Figure 1). Specifically, the daily averaged data were applied over 9 years (2005–2013) at Stn. K2, while a time series of over 7 years, i.e., 2008–2014, was used at Stn. Papa. As a result, the simulated time series of SST and MLD clearly reproduced the seasonal cycles observed at both stations. At Stn. K2, the modeled SST decreased by approximately 2°C as the MLD deepened to a maximum depth of approximately 135 m in the winter, while the summer SST peak reached 12°C in September. The summer MLD reached its minimum of 15 m from June to August. Similarly, at Stn. Papa, the SST peaked (~14°C) in September and the MLD reached its minimum (~10 m) from June to August in the summer. In the winter, the modeled MLD reached its maximum (~120 m), associated with the minimum SST, but the winter SST was 3°C higher than that at Stn. K2. After 2013, the modeled SST was lower than the observations in the winter because a large, anomalously warm water patch (the “Blob”) appeared in the eastern Pacific because of horizontal advection, which was not considered in the 1D model (Bond et al., 2015). Since the “Blob” was a temporary event in winter after 2013–2016 (Yang et al., 2018), it had little influence on the normal seasonal cycles of marine ecosystems; thus, the model results from 2009 to 2013 were used in this study.


[image: Figure 1]
FIGURE 1. Comparison of sea surface temperature (SST; °C), mixed layer depth (MLD; m), and surface nitrate (SNO3) between the model results (blue curve) and (A–C) cruise measurements during 2005–2013 (red hollow circle) at Station K2 (Stn. K2) and (D–F) Argo measurements during 2008–2014 (hollow circle) at Station Papa (Stn. Papa). The float numbers (and colors) (in D–F) are as follows: 5143 (black), 6400 (purple), 6972 (red), 7601 (green), 6881 (yellow), and 7641 (gray).


The biogeochemical components of the two ecosystems were also reproduced well by the model simulation (Figures 1C,F, 2, 3). Nutrient-rich water in the lower layer was supplied to the surface by enhanced mixing in the winter, leading to the highest simulated SNO3 in winter and early spring at Stn. K2 and Stn. Papa; these simulated results agreed well with the observations. The maximum SNO3 at Stn. K2 was 5 mmol/m3 higher than that at Stn. Papa. On the other hand, in the late summer and autumn, the SNO3 in the two regions decreased up to <10 mmol/m3. Although the simulated summer SNO3 in 2012 at Stn. Papa was higher than the observed value, it had little influence on the ability of the model to reproduce the seasonal variations in chlorophyll concentrations (Figure 2D), as the nitrate concentration never reached the limiting levels, e.g., the concentration was near zero, for phytoplankton growth (Westberry et al., 2016). The peak that simulated chlorophyll concentration was also similar to the observations, i.e., the model reproduced the two phytoplankton blooms in late spring to summer and in late summer to autumn at Stn. K2, and it reproduced the chlorophyll concentration peaks in late summer to autumn at Stn. Papa (Figure 2). The higher peak concentration of chlorophyll at Stn. K2 than at Stn. Papa was also in good agreement with the observations, although the observed surface chlorophyll concentrations in the two regions were both lower than the model results. Because few dissolved Fe data were available for Stn. K2 and Stn. Papa, the vertical distributions of dissolved Fe were compared at depths of 0–1,000 m in the summer (Figure 3). Furthermore, the modeled vertical distribution of dissolved Fe was within a reasonable range of the measurements in these two regions except that the concentrations in the upper 100 m were both higher than the observations. However, the discrepancies between the simulated dissolved Fe and chlorophyll concentrations and the observations in the upper ocean were probably due to the lack of a process in the model by which phytoplankton increased Fe absorption to improve their photosynthesis rates under low irradiance conditions (Sunda and Huntsman, 1997), with this omission possibly resulting in a slightly overestimated dissolved Fe concentration and a lower phytoplankton growth rate (Figure 2). In addition, the lateral advection and mesoscale eddies may have transported high concentrations of dissolved Fe from marginal seas to the study regions through intermediate water. These processes were not represented in the 1D model, which caused the relatively lower simulated subsurface dissolved Fe concentration than what was observed (Johnson et al., 2005; Nishioka et al., 2007). To reproduce the peak of the observed depth-integrated (0–150 m) PP in these two regions, the surface chlorophyll concentration was set to simulate relatively high values. For example, the simulated peak of PP was 990 mg C/m2/day (590 mg C/m2/day) in 2009 at Stn. K2 (Stn. Papa) (Figure 12), which agreed well with the observation of ~900 mg C/m2/day (400–850 mg C/m2/day) (Harrison, 2002; Matsumoto et al., 2014). In addition, the modeled C:Chl in winter (22 mg C/mg Chl) and summer (73 mg C/mg Chl) agreed well with the observations at Stn. Papa (~20 mg C/mg Chl in winter; ~80 mg C/mg Chl in summer) from Westberry et al. (2016). A detailed discussion of the accuracy of the model is also provided in the subsequent sections.


[image: Figure 2]
FIGURE 2. Seasonal cycle of chlorophyll concentrations (mg/m3) from (A,B) observation data and (C,D) the models for Stns. K2 and Papa. (A) Shows the observed values from every cruise observation from 2005 to 2013 at Stn. K2 and (B) shows the observed values from floats 6400 and 7601 during 2010–2013. The black dashed lines represent the MLD.
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FIGURE 3. Comparison of the modeled distributions of the dissolved iron (DFe) concentration in the summer at (A) Stn. K2 and (B) Stn. Papa, with observations from Tagliabue et al. (2012), Schallenberg et al. (2015), and Nishioka et al. (2020). The blue solid line is the model result, and the solid circles are the observations.




Factors Affecting Phytoplankton Growth in the Western and Eastern Subarctic Pacific

The simulated seasonal cycle of bioavailable Fe, which was obtained by averaging the 5-year (2009–2013) model results, was compared with the small phytoplankton and diatom biomasses at Stn. K2 and Stn. Papa, respectively (Figure 4). The surface BFe at Stn. K2 and Stn. Papa both clearly increased with the deepening of the MLD before June, as the two phytoplankton biomasses remained almost stable at their minimum values. After mixed layer shoaling in May, the surface small phytoplankton and diatom biomasses began to increase in both regions, indicating the impacts of the MLD on the initialization of rapid growth in phytoplankton. Subsequently, at Stn. K2, the small phytoplankton reached their first peak (0.32 mmol N/m3) in mid-June, while the diatoms reached their maximum (1.46 mmol N/m3) later, at the end of June. When the surface BFe began to decrease in early July, the diatom biomass also decreased rapidly, but the small phytoplankton biomass gradually increased and reached its second peak (1.35 mmol N/m3) in mid-August. The high value of small phytoplankton biomass could last until the end of September, as the BFe decreased to a minimum of 0.19 nM. On the other hand, at Stn. Papa, where the surface BFe maximum was ~0.2 nM lower than at Stn. K2, the surface diatom biomass remained low (~0.1 mmol N/m3), although a slight increase occurred in summer. However, the peak of small phytoplankton biomass could reach up to 1.19 mmol N/m3 by the end of August; this value was close to the small phytoplankton biomass at Stn. K2. The magnitude of the modeled small phytoplankton biomass was consistent with that in a previous study, showing that the peak phytoplankton biomass in the eastern subarctic Pacific is similar to those in other subarctic regions, although the chlorophyll concentration does not reach the magnitude of seasonal phytoplankton blooms in other subarctic regions (Westberry et al., 2016). Therefore, the change in BFe plays a more important role in influencing diatom biomass than in influencing small phytoplankton biomass.


[image: Figure 4]
FIGURE 4. Modeled seasonal cycle of vertical profiles at (A–C) Stn. K2 and (D–F) Stn. Papa. (A,D) Bioavailable Fe (B,E), small phytoplankton biomass, and (C,F) diatom biomass. The black dashed lines represent the MLD.


Since the effect of bioavailable iron on phytoplankton dynamics was expressed in the model mainly as a limit on phytoplankton growth, the seasonal growth rates of small phytoplankton and diatoms in these two regions were provided (Figure 5). The growth rate of phytoplankton in this study was defined as the ratio of phytoplankton growth, which represents PP, to phytoplankton biomass. In winter, the surface growth rates of both types of phytoplankton reached their minimums, while the difference in the growth rates between the surface and the bottom of the mixed layer was much higher than that in summer. From winter to summer, the surface growth rates of phytoplankton began to increase, but the growth rates of diatoms were higher (lower) than those of small phytoplankton at Stn. K2 (Stn. Papa). This result suggests that the responses the phytoplankton growth in these two regions have to changes in the environment, e.g., light, differ between winter and summer. At the very least, this is because of the difference in the surface BFe between the western and eastern subarctic Pacific (Figures 4A,D).


[image: Figure 5]
FIGURE 5. Modeled seasonal cycle of the growth rates of phytoplankton at (A,B) Stn. K2 and (C,D) Stn. Papa. (B,D) Small phytoplankton and, (A,C) diatoms. The black dashed lines represent the MLD.


To further investigate the factors controlling phytoplankton growth in these two regions, the vertically integrated growth rate, regulating factors, and limiting nutrient factors of phytoplankton were compared (Figures 6, 7). The growth rate of phytoplankton was determined by multiplying the maximum growth rate by the product of three regulating factors, i.e., nutrients, temperature, and light. Thus, for each regulated limiting factor, a higher value indicated a weaker limitation on phytoplankton growth. The regulation of limiting nutrients was identified on the basis of the minimum levels of the limiting nutrient factors, i.e., nitrate, phosphate, and BFe for small phytoplankton and nitrate, phosphate, BFe, and silicate for diatoms. Furthermore, the vertical integration method incorporated the influence of changes in the mixed layer on phytoplankton growth (a detailed description of the method is provided in section Model and Data).


[image: Figure 6]
FIGURE 6. Modeled seasonal cycle of the vertically integrated (A,D) growth rate, (B,E) regulating factors, and (C,F) limiting nutrient factors for phytoplankton, weighted by the phytoplankton biomass at Stn. K2. (A–C) are for small phytoplankton; (D–F) are for diatoms.



[image: Figure 7]
FIGURE 7. Modeled seasonal cycle of the vertically integrated (A,D) growth rate, (B,E) regulating factors, and (C,F) limiting nutrient factors for phytoplankton, weighted by the phytoplankton biomass at Stn. Papa. (A–C) are for small phytoplankton; (D–F) are for diatoms.


The time series of the growth rates of diatoms and small phytoplankton at Station K2 were characterized by a prominent seasonal cycle, with the highest values in July, i.e., ~0.42 and 0.31 day−1, respectively (Figures 6A,D). In the winter, the growth rates of both phytoplankton were low, specifically at < 0.1 day−1 between November and April. After May, the growth rates and regulating light factors both increased more rapidly, as the MLD became shallower. This result suggests that light limitation is the main factor controlling diatom and small phytoplankton growth in the winter, as deep mixing leads to low light availability within the mixed layer. In this study, since there was little difference between diatom biomass and small phytoplankton biomass in the winter (Figures 4B,C), the higher growth rates of the diatoms in the spring than that of small phytoplankton led to the diatom biomass being higher than the small phytoplankton biomass in the spring at Stn. K2. Transient decreases in growth rate and light were also observed for both phytoplankton types in early June. During this period, the high concentrations of diatoms at the surface prevented light from reaching the deep ocean, leading to a decrease in photosynthetically active radiation across the subsurface ocean. Correspondingly, the subsurface growth rates of small phytoplankton and diatoms at Stn. K2 both showed significant decreases (Figures 5A,B). Consequently, the decreases in the growth rates of small phytoplankton had a greater inhibitory effect on small plankton growth than microzooplankton grazing (Supplementary Figure 1) and resulted in a decrease in small phytoplankton biomass in mid-June. Diatoms, which have higher growth rates during this period, were less influenced by this transient decrease. As a result, diatom growth was still greater than diatom loss (Supplementary Figure 1), leading to an increase in diatom biomass until the end of June. With the intensified limitations on both light and nutrients in July, the diatom growth rate decreased rapidly and the diatom bloom terminated. Since the Fe limitation of the two phytoplankton types was persistently stronger than the limitations of the other limited nutrients (Figures 6C,F), the Fe limitation dominated the nutrient limitation on phytoplankton growth. However, the decrease in the growth rates of small phytoplankton was much smaller than that in the growth rates of diatoms in July, although the limitations of light and Fe on small phytoplankton also became stronger. Furthermore, the relatively small change in small phytoplankton growth from summer to autumn helped increase the low phytoplankton biomass until September, which was associated with a decline in microzooplankton grazing that was caused by the decrease in microzooplankton biomass (Supplementary Figures 1, 2). This result suggests that the differential changes in the growth rates of diatoms and small phytoplankton during summer play important roles in driving phytoplankton blooms in the western subarctic Pacific.

To further investigate the factors controlling the growth rates of diatoms and small phytoplankton in the western subarctic Pacific, the rates of decline in the two phytoplankton growth rates and the regulating limiting factors were investigated. During the summer, the phytoplankton bloom switched from diatom-dominated in early July to small phytoplankton-dominated in mid-August (Table 1). The decline in the growth rate of diatoms (14%) was more than two times that in the growth rate of small phytoplankton (5.7%). The strength of the Fe limitation of diatoms also decreased by 17%, which was more prominent than the decrease in its limitation of small phytoplankton (11%). In comparison, the other two regulating limiting factors on diatoms and small phytoplankton weakened to relatively similar degrees (<2% difference). This suggests that the decrease in BFe during the summer limits the growth of diatoms more strongly than it limits the growth of small phytoplankton.


Table 1. Percent changes in the growth rates and the regulating factors of temperature, nutrients, and light from July to mid-August.
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Similarly, at Stn. Papa, where the BFe in the upper ocean was lower than that at Stn. K2, the stronger Fe limitation caused the peak growth rate of diatoms to be just 0.2 day−1, which was much lower than the peak growth rate of small phytoplankton (0.31 day−1) (Figures 7A,D). When the Fe limitation gradually strengthened from summer to autumn, however, the relatively small change in small phytoplankton growth, which was associated with a decline in microzooplankton grazing caused by the decrease in microzooplankton biomass (Supplementary Figure 2), helped increase the small phytoplankton biomass until September, similar to the pattern observed at Stn. K2 (Figure 4E). To further illustrate the difference in the effect of BFe on phytoplankton growth between these two regions, the model was applied to evaluate the influences of different factors. In particular, the growth rate of phytoplankton was compared under the Fe limitation only and under the light and temperature limitation only at Stn. K2 and Stn. Papa (Figure 8). In each case, the value of light limitation and temperature was set to 1 or the value of nutrient limitation was set to 1. During the period from May to July, the difference in the average growth rate of the diatoms limited only by light and temperature between these two regions was 0.11 day−1, which was much less than the difference in the average growth rate of the diatoms limited only by Fe (0.68 day−1) (Figures 8A,B). This result suggests that the difference in Fe limitation contributes 86% of the higher diatom growth rate at Stn. K2 compared with Stn. Papa. However, the peak growth rate of small phytoplankton reached 0.94 day−1 at Stn. K2 and 0.84 day−1 at Stn. Papa; this was an ~11% decrease between Stn. K2 and Stn. Papa, while the peak growth rates of diatoms decreased by 45% between the two stations (Figures 8B,D). This result suggests that the influence of the difference in BFe between these two regions on small phytoplankton growth was much weaker than its influence on diatom growth.


[image: Figure 8]
FIGURE 8. Modeled vertically integrated growth rate as limited by (A,C) light and temperature and (B,D) Fe for (A,B) diatoms and (C,D) small phytoplankton, weighted by the phytoplankton biomass. Note that the phytoplankton growth rate is limited only by (A,C) light and temperature, but Fe limitation is not considered; (B,D) are limited only by Fe, but temperature and light limitation are not considered.





DISCUSSION


The Role of Fe in Phytoplankton Dynamics in the Western and Eastern Subarctic Pacific

The subarctic North Pacific is one of the three major high-nitrate, low-chlorophyll regions of the global ocean (Harrison et al., 2004). There is a major difference in marine systems between the western and eastern subarctic Pacific, i.e., the seasonality of phytoplankton blooms (Fujiki et al., 2009, 2014). In the western subarctic Pacific, two phytoplankton blooms have been observed from late spring to early summer and from late summer to autumn (Matsumoto et al., 2014). During the first bloom period, diatoms dominate the phytoplankton group, while small phytoplankton become the most abundant group during the second bloom period (Fujiki et al., 2014). In the eastern subarctic Pacific, there is only a single phytoplankton bloom from late summer to autumn, with small phytoplankton dominating the phytoplankton group; however, the chlorophyll concentration during this bloom does not reach the magnitude that the phytoplankton blooms in other high-latitude regions achieve (Westberry et al., 2016; Yang et al., 2018). Previous studies, by analyzing oceanographic data, have shown that the magnitude and durations of diatom blooms are controlled by Fe bioavailability (Fujiki et al., 2014; Shiozaki et al., 2014). The dissolved Fe concentration and the bioavailability of Fe are both higher in the western subarctic Pacific than in the eastern subarctic Pacific (Harrison et al., 2004; Nishioka et al., 2007; Kondo et al., 2021); these differences likely cause the observed differences in ecosystem dynamics, especially in diatom dynamics. Furthermore, to further investigate the role of Fe in the phytoplankton dynamics in these two regions, ecosystem models are required in order to realistically incorporate oceanic Fe cycling and Fe limitation on phytoplankton growth. Therefore, in this study, two 1D physical-biochemical coupled models with the Fe cycle, which included the conversion between different Fe species, were applied; one model was for Stn. K2, which is in the western subarctic Pacific, and the other was for Stn. Papa, which is in the eastern subarctic Pacific. The models successfully reproduced the physical and biogeochemical conditions observed by a cruise at Stn. K2 and by the BGC-Argo at Stn. Papa (Figures 1–3).

Since the vertical diffusivity in the upper ocean is sufficiently high to mix the water column well within the mixed layer, each individual phytoplankton cannot stay long enough at the surface where the light environment is suitable for growth (Kawamiya et al., 1995). As a result, when the MLD is deep enough, the growth of the mixed phytoplankton depends on the availability of light averaged within the mixed layer, which is much lower than that at the surface (Matsumoto et al., 2014). Thus, the seasonality of MLD reflects the variation in light availability to some extent. In the winter, the phytoplankton growth at the two stations was limited by low light availability caused by the deep MLD (Figures 6, 7); this finding was consistent with those of previous studies (Maldonado et al., 1999; Matsumoto et al., 2014). After mixed layer shoaling, the phytoplankton gradually acquired enough light, and Fe limitation began to control phytoplankton growth (Figures 6, 7). In contrast, a previous model without a Fe cycle used different parameter values to simulate the impact of Fe limitation on phytoplankton growth, and the model was applied to reproduce the ecological differences between the two mentioned regions (Fujii et al., 2007). The said study also indicated that the major ecological difference between the two was the weaker Fe limitation on phytoplankton growth in the western subarctic Pacific. The model in this study, which incorporated oceanic Fe cycling and Fe limitation withy phytoplankton growth, further validated the previous findings. Additionally, the results of this study showed that the growth rate of diatoms at Stn. K2 was nearly two times higher than that at Stn. Papa, with the differences in BFe between these two regions contributing ~86% of this difference (Figure 8). On the other hand, differences in BFe had less influence on the growth rate of small phytoplankton. As Fe was taken for phytoplankton growth, it gradually became deficient in the surface waters of the western Subarctic Pacific during the summer. Thus, by the end of summer, Fe became a major limiting factor for phytoplankton growth (Tsuda et al., 2003; Nishioka et al., 2011). The model results suggest that a decrease in BFe leads to stronger Fe limitation during the summer than earlier in the year, which subsequently induces a reduction in the growth rate of diatoms (Table 1). As a result, the diatom bloom terminates because of the decrease in BFe. On the other hand, the decrease in BFe during summer has little impact on small phytoplankton growth, and the corresponding high growth rate help maintain to increase of the small phytoplankton biomass until autumn. As a result, the lower BFe at Stn. Papa throughout the year limits diatom growth and prevents the occurrence of diatom blooms.

Since Fe limits phytoplankton growth in these two regions, particularly in the summer, a change in the Fe supply to the upper ocean, e.g., an increase in atmospheric dust, could affect biological production (Bishop et al., 2002; Hamme et al., 2010; Yoon et al., 2017). It is essential to understand Fe cycling processes and clarify the influences changes in Fe supply have on phytoplankton. Furthermore, the BFe in the mixed layer in the model is controlled by various processes (atmospheric dust deposition, BFe and inert Fe interconversion, phytoplankton uptake, and vertical diffusion). The seasonal variabilities of these processes within the mixed layer were compared in this study (Figure 9). In the winter, all the fluxes of the Fe processes were generally small in both regions. After MLD shoaling in the spring, atmospheric dust deposition and the conversion between BFe and inert Fe became the two largest sources of Fe in both regions. As a result, atmospheric dust deposition accounted for 60% of the total Fe at Stn. K2, but only contributed 23% at Stn. Papa. This result indicates that atmospheric dust deposition is more important in influencing the Fe cycle at Stn. K2 than at Stn. Papa. In line with this result, a previous study found that the flux of atmospherically deposited Fe in the western subarctic Pacific was much higher than that in the eastern subarctic Pacific (Mahowald et al., 2005). The conversion between BFe and inert Fe accounted for 33 and 69% of the total sources at Stn. K2 and at Stn. Papa, respectively. In the model, the conversion flux from inert Fe to BFe was related to photoreduction and the remineralization of plankton debris, which could increase BFe under higher phytoplankton-biomass conditions. As a result, the flux from inert Fe to BFe could increase under higher light and phytoplankton-biomass conditions (Lee and Fisher, 1993; Rijkenberg et al., 2005). The conversion flux from inert Fe to BFe is, therefore, highest during summer and replenishes the lost BFe that was absorbed by phytoplankton growth. After the MLD becomes deeper in late autumn, vertical diffusion becomes the largest source of Fe in the two regions, although all Fe fluxes decrease in size.


[image: Figure 9]
FIGURE 9. Modeled seasonal cycle of each source/sink term for bioavailable Fe averaged within the mixed layer due to phytoplankton uptake, vertical diffusion, dust, and the conversion between inert Fe and BFe at (A) Stn. K2 and (B) Stn. Papa.


Because the contributions of atmospheric deposition to BFe at Stn. K2 and Stn. Papa differ, a change in atmospheric Fe deposition would result in different phytoplankton responses in these two regions. In particular, a previous study showed that human activities would lead to more dissolved Fe and higher Fe bioavailability in the upper ocean (Krishnamurthy et al., 2009). However, the details of these dynamics remain largely unexplored. To further evaluate the influence of an increase in atmospheric Fe deposition on phytoplankton dynamics in the western and eastern subarctic Pacific, sensitivity experiments were carried out. Since the sources of dust for the western and eastern subarctic Pacific are considered to be the same (the Gobi Desert; Boyd et al., 1998), the increase in atmospheric Fe deposition due to human activities at Stn. K2 and Stn. Papa would presumably change with the same magnitude. The experiments were, therefore, forced with two (Exp 1), three (Exp 2), and four times (Exp 3) as much atmospherically deposited Fe as in the control runs at Stn. Papa and Stn. K2 after 2009. The vertical distributions of phytoplankton and zooplankton in the DFe Dep *2 experiment were examined from 2009 to 2011, which was when the atmospheric deposition of Fe increased (Figures 10, 11). In this study, the differences between the control run and the experimental case were analyzed by subtracting the daily output of the experimental case from that of the control run.


[image: Figure 10]
FIGURE 10. Modeled vertical distributions of differences in (A) diatoms (mmol N/m3), (B) small phytoplankton (mmol N/m3), (C) mesozooplankton (mmol N/m3), and (D) microzooplankton (mmol N/m3) between the control run and sensitivity experiment Exp 1, which was forced with two times the dissolved Fe dust deposition after 2009, at Stn. K2.
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FIGURE 11. Modeled vertical distributions of differences in (A) diatoms (mmol N/m3), (B) small phytoplankton (mmol N/m3), (C) mesozooplankton (mmol N/m3), and (D) microzooplankton (mmol N/m3) between the control run and sensitivity experiment Exp 1, which was forced with two times the dissolved Fe dust deposition after 2009, at Stn. Papa.


In late spring and early summer, i.e., June to July, with the increase in atmospheric iron deposition, the diatom biomass in the upper ocean increased at both Stn. Papa and Stn. K2 (Figures 10A, 11A); however, the change was smaller at Stn. Papa than at Stn. K2. At Stn. Papa, the small increase in diatom biomass contributed little to the increase in mesozooplankton biomass, which consequently led to less grazing pressure on microzooplankton. In July, the low phytoplankton biomass also began to increase. Considering the increased food availability and lower grazing pressure due to the low abundance of mesozooplankton, microzooplankton populations rapidly increased (Figure 11D), which, in turn, limited the growth of small phytoplankton. In comparison, at Stn. K2, there were fewer microzooplankton starting in July, which was when the number of small phytoplankton increases (Figure 10D), thus inducing less grazing on small phytoplankton. As a result, the increase in small phytoplankton was smaller at Stn. Papa than at Stn. K2, although the atmospherically deposited Fe increased by the same amount in both regions. Indeed, the surface small phytoplankton biomass in 2009 increased by the maximum values of 0.85 mmol N m−3 at Stn. K2 and 0.42 mmol N m−3 at Stn. Papa, i.e., by ~63 and 35%, respectively (Figures 10C, 11C). However, the effects of the change in BFe on small phytoplankton growth in both regions were weak (Figures 6A, 7A). In late summer and autumn, i.e., August to September, the increasingly abundant small phytoplankton were grazed by microzooplankton at both Stn. Papa and Stn. K2; however, the additional microzooplankton were instantaneously consumed by mesozooplankton (Figures 10C,D, 11C,D). As a result, the biomasses of both mesozooplankton and small phytoplankton increased significantly, but the biomass of microzooplankton changed slightly. Consistent with previous in situ Fe fertilization experiments, the increase in atmospheric Fe deposition induced a more pronounced increase in mesozooplankton populations than in microzooplankton populations (Tsuda et al., 2009). A previous study has also indicated that the decrease in microzooplankton biomass reduces microzooplankton grazing on small phytoplankton during autumn in the subarctic Pacific (Matsumoto et al., 2014). Thus, as the small phytoplankton biomass continues to increase from August to September (Figure 10C), a small increase in the biomass of microzooplankton induces persistent low grazing pressure on small phytoplankton. The low grazing pressure then contributes to an increase in small phytoplankton at both Stn. K2 and Stn. Papa. Therefore, when atmospheric Fe deposition increases, the responses of top-down control on small phytoplankton by microzooplankton grazing and bottom-up control on diatoms are in good agreement with a previous study on phytoplankton dynamics in the subarctic Pacific (Harrison et al., 2004).

The roles of increased atmospherically deposited Fe in affecting PP in the different experiments were also evaluated at the two stations that were studied (Figure 12). During winter, the increase in PP in both was is small because the strong light limitation overwhelmed the influence of increasing atmospherically deposited Fe on phytoplankton growth. This result agreed well with the results of previous winter Fe-enrichment experiments, which showed no enhancement of phytoplankton growth (Boyd et al., 1995). In the first year with an increase in atmospherically deposited Fe (2009), the maximum PP at Stn. K2 increased from 990 mg C/m2/day in the control run to 1,238 mg C/m2/day in Exp 1, 1,352 mg C/m2/day in Exp 2, and 1,440 mg C/m2/day in Exp 3, which were ~25, 37, and 45% increases, respectively. During this period, the maximum PP increased from 590 to 731 mg C/m2/day in Exp 1, 871 mg C/m2/day in Exp 2, and 916 mg C/m2/day in Exp 3, which were ~24, 48, and 55% increases at Stn. Papa. The results suggest that the response of PP at Stn. Papa would be stronger than that at Stn. K2 in a scenario where there would be a gradual increase in atmospherically deposited Fe. In addition, because PP is thought to be able to constrain the number of fish and, in turn, an increase in PP could expand fisheries (Nielsen and Richardson, 1996; Chassot et al., 2010), similar absolute increases in PP (both ~400 mg C/m2/day) may cause the increase in dust Fe inputs to have an approximate influence on fisheries in the western and eastern subarctic Pacific. A previous modeling study showed that the current soluble Fe deposition amount could be two to five times higher than the preindustrial soluble Fe deposition amount in the North Pacific (Luo et al., 2008). Thus, the response of PP in the eastern subarctic Pacific could be stronger than that in the western subarctic Pacific in the future, considering the increase in atmospheric Fe deposition due to human activities. With the atmospheric deposition of Fe increasing from Exp 1 to Exp 3, the increase in PP became less prominent in both regions (Figures 12A,C). Macronutrients, such as nitrate, became deficient in the surface waters, and they replaced Fe to become the limiting factor for phytoplankton growth by the end of the summer (Figures 12B,D).
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FIGURE 12. Modeled (A,C) primary production integrated over the upper 150 m (PP, mg C/m2/day) and (B,D) surface nitrate (SNO3, mmol/m3) in different experiments forced by two (Exp 1), three (Exp 2), and four times (Exp 3) as much atmospherically deposited Fe as in the control run at (A,B) Stn. K2 and (C,D) Stn. Papa after 2009.




Assessing the Uncertainties in the Model

In this study, two one-dimensional physical-biological ocean models were used to simulate the marine ecosystems in the western and eastern subarctic Pacific. In these models, there were no horizontal advection or mesoscale processes, such as eddies, which are often important for transporting nutrients from the continental margin into the open ocean of the subarctic Pacific; e.g., previous studies have found that high concentrations of dissolved Fe in marginal seas, such as in the intermediate water of the Okhotsk Sea, would be transported long distances through the intermediate water layer to the open ocean of the western subarctic Pacific (Johnson et al., 2005; Lam et al., 2006; Nishioka et al., 2007, 2011; Yamashita et al., 2020; Misumi et al., 2021). However, Stn. K2 and Stn. Papa are both located far from the coast, where horizontal advection-induced coastal inputs, i.e., those from major rivers and coastal upwellings, have little influence on local biogeochemical processes. Therefore, a 1D model was appropriate for this study (Kawamiya et al., 1995; Denman and Pena, 1999; Sasai et al., 2016). Furthermore, mesoscale eddies in the subarctic Pacific are generally episodic and do not exhibit a prominent seasonal pattern, especially in the deep basin (Yasuda et al., 2000; Cummins and Lagerloef, 2004; Jackson et al., 2006). In addition, 1D models can better represent the mixed layer because they allow the vertical resolution to be increased; in contrast, 3D models are limited to coarse resolutions because of limitations on computational resources (Gan et al., 2006; Geng et al., 2019). However, without considering these 3D physical processes, the nutrient flux may be underestimated because of the effects of horizontal advection and mesoscale processes; e.g., the dissolved Fe concentration observed in the subsurface is higher than the modeled dissolved Fe concentration at the same depth (Figure 3). In this study, the seasonal variability in the vertical distribution of the chlorophyll concentration in the model was highly consistent with the observations, although the simulated chlorophyll concentration in the surface layer during winter and in the subsurface was slightly lower than the observation (Figure 2). This was, in part, because the phytoplankton increased the absorption of Fe to improve their photosynthetic capacity under low-irradiance conditions (Sunda and Huntsman, 1997). Because most of the Fe in the phytoplankton is involved in photosynthesis (Raven, 1988, 1990), a decrease in irradiance means an increase in the cellular Fe requirement of phytoplankton. This extracellular Fe allows synthesis of the photosynthetic units needed for low-light adaptation, which could also increase the growth rates of phytoplankton under low irradiance (Falkowski et al., 1981; Raven, 1990). However, this process was not incorporated into the model, resulting in slightly overestimated dissolved Fe concentrations and a lower chlorophyll concentration during winter in the subsurface (Figures 2, 3). In addition, few parameters were set to different values in the two models. Although the parameter differences between the two models would have led to a difference in the light limitations on phytoplankton between the two stations, the difference in Fe limitation dominated the difference in phytoplankton growth between the two stations (Figure 8). Therefore, using different parameters in the two models has little influence on the comparison of the roles of Fe in phytoplankton dynamics between the western and eastern subarctic Pacific.

Due to the influence of overwintering microzooplankton biomass on the small phytoplankton biomass in spring (Landry et al., 1993; Denman and Pena, 1999), sensitivity analyses of the grazing threshold for phytoplankton and microzooplankton were conducted (Supplementary Figure 3). These analyses found that the depth-integrated (0–150 m) chlorophyll concentration (IChl) with a higher grazing threshold for the small phytoplankton and diatoms was higher than that with a lower grazing threshold throughout the year, especially in the winter. In addition, the impact of the changes in the threshold for small phytoplankton on IChl exceeded that of the changes in the threshold for diatoms, which was consistent with the observation of the small phytoplankton dominating the community at Stn. Papa. Considering the model without the process where phytoplankton absorb more Fe to improve their photosynthetic capacity under low-irradiance conditions, the value of simulated IChl in winter, which is lower than the observed, would be within a reasonable range. When the grazing threshold value for microzooplankton becomes lower, however, the simulated IChl peak increases and the peak time of IChl is advanced. This result suggests that, when the overwintering microzooplankton biomass becomes higher, the grazing pressure of small phytoplankton becomes stronger, which further controls the small phytoplankton biomass in the spring.

Climatological seasonal deposition forcings that do not include episodic dust events were performed to drive the model, although the other forcings in the model were real-time data from the NCEP reanalysis I dataset from 2001 to 2014. Thus, the model could not reproduce the conditions in marine ecosystems during special atmospheric deposition events, e.g., the observed anomalous phytoplankton bloom due to volcanic ash fuels in 2008 (Hamme et al., 2010) and the anomalous increase in dissolved Fe in the depth range of 400–1,000 m due to the Siberian Forest fires at Stn. Papa (Schallenberg et al., 2017). In the latter case, the observations showed no enhancement of dissolved Fe concentrations or chlorophyll concentrations in response to the suspected deposition of aerosol (Schallenberg et al., 2017). Therefore, the model reproducing the seasonal patterns of chlorophyll concentration at Stn. Papa in 2012 is credible (Figure 2B). In the sensitivity experiments, the increased atmospheric deposition of Fe after 2009 was used to drive the model. When the additional Fe inputs in the model were increased, the dissolved Fe concentrations were projected to accumulate in the upper ocean. Therefore, the sensitivity experiments clearly showed that the dynamics of phytoplankton and zooplankton changed during the first year of increasing atmospheric Fe deposition, which was in 2009. Additionally, comparing the control run with the sensitivity experiments can help to evaluate the responses phytoplankton in both regions have to increases in atmospheric Fe deposition.




CONCLUSION

One major difference between the marine ecosystems of the western and eastern subarctic Pacific is the seasonal pattern of chlorophyll distribution. The underlying mechanism causing this difference is thought to be associated with Fe limitation. Thus, two 1D physical–biological models with Fe cycles were applied to evaluate the role of Fe in the phytoplankton dynamics of both regions and to investigate the phytoplankton responses to changes in atmospheric Fe deposition in the future. The model results showed that the lower level of BFe in the eastern subarctic Pacific resulted in a Fe limitation on diatom growth that was two times as strong as that in the western subarctic Pacific. The weaker Fe limitation in the western subarctic Pacific subsequently caused the diatom growth rate to be 86% higher than that in the eastern subarctic Pacific, with diatom blooms occurring in spring and early summer. However, the different concentrations of BFe had relatively weak effects on small phytoplankton, leading to similar growth rates for the small phytoplankton in both regions. Especially in the western subarctic Pacific, the Fe limitation became stronger during the summer, when BFe decreases, resulting in a decrease in the growth rate of diatoms. This leads to a rapid reduction in diatom biomass during summer and terminates the diatom bloom. In contrast, the observed decrease in BFe had little impact on small phytoplankton growth, which helped to maintain high levels of small phytoplankton biomass until autumn. Furthermore, the model sensitivity experiments suggested that the increase in atmospheric Fe deposition results in a significant increase in the biomasses of both diatoms and phytoplankton. In particular, the diatom population is bottom-up controlled, with additional BFe input leading to an increase in diatom growth. In contrast, the small phytoplankton population is mainly top-down controlled, with the decrease in microzooplankton grazing on small phytoplankton leading to an increase in small phytoplankton biomass. When the atmospheric deposition of Fe increases by the same rate in both regions, the increase in diatom biomass in the western subarctic Pacific, where the diatom biomass was higher than that in the eastern subarctic Pacific, leads to a more significant enhancement in the mesozooplankton biomass in spring and early summer. As a result, there is a higher grazing pressure on microzooplankton in the western subarctic Pacific during this period, leading to a smaller increase in microzooplankton biomass. Because of the lower grazing pressure on small phytoplankton from microzooplankton, the low phytoplankton biomass in the western subarctic Pacific increases more compared with that in the eastern subarctic Pacific in late summer. The increase in atmospheric Fe deposition also has a stronger influence on PP in the eastern subarctic Pacific than in the western subarctic Pacific; ~55 and 45% increases in PP occur, respectively, when the atmospheric Fe deposition increases by four times. However, the further elevation in the atmospheric deposition of Fe contributed less to the PP in both regions because the nutrient limitation on phytoplankton would change from a Fe limitation to a macronutrient limitation, such as a nitrate limitation. Therefore, this study contributes to a quantitative understanding of the role of Fe in the phytoplankton dynamics of the western and eastern subarctic Pacific and investigates the responses of marine ecosystems in the subarctic Pacific in future projected scenarios.
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