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Abstract
One of the most important breakthroughs in oceanography in the last 30 years was the discovery that iron (Fe) controls 
biological production as a micronutrient, and our understanding of Fe and nutrient biogeochemical dynamics in the ocean 
has significantly advanced. In this review, we looked back both previous and updated knowledge of the natural Fe supply 
processes and nutrient dynamics in the subarctic Pacific and its impact on biological production. Although atmospheric 
dust has been considered to be the most important source of Fe affecting biological production in the subarctic Pacific, other 
oceanic sources of Fe have been discovered. We propose a coherent explanation for the biological response in subarctic 
Pacific high nutrient low chlorophyll (HNLC) waters that incorporates knowledge of both the atmospheric Fe supplies and 
the oceanic Fe supplies. Finally, we extract future directions for Fe oceanographic research in the subarctic Pacific and sum-
marize the uncertain issues identified thus far.
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1 Introduction

1.1  Iron study in the subarctic Pacific

The subarctic Pacific (Fig. 1) is located at the end of the 
global ocean conveyor belt circulation. A correct under-
standing of the biogeochemical dynamics in the region is 
critical for clarifying the global carbon cycle. It has been 
well-known since the 1980s that there are significant differ-
ences in the seasonal cycles of the production processes of 
the lower trophic level between the subarctic Pacific and the 
subarctic Atlantic. Parsons and Lalli (1988) indicated that 
there are clear spring phytoplankton blooms in the subarctic 
Atlantic, and the seasonal cycle of primary productivity and 
phytoplankton growth in this area are limited by the depth 
of mixing (light availability) in spring and nitrate depletion 
in late summer. In contrast, it was believed that the sea-
sonal cycle of primary productivity in the subarctic Pacific 
is controlled by low temperature and macro- and microzoo-
plankton grazing in the spring and summer and possibly 
by an unidentified nutrient (Parsons and Lalli 1988). That 
is, in the subarctic Pacific, surface waters have much lower 
biomass at the lower trophic levels than would be expected 
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based on the macronutrient (i.e., nitrate and phosphate) con-
centrations, similar to the Southern Ocean and the eastern 
equatorial Pacific Ocean. Oceanographers call these areas 
“high nutrient low chlorophyll (HNLC) regions”. This unex-
pected result was one of the main issues in oceanography, 
and oceanographers debated why very large areas with 
high nutrients appeared in the ocean throughout the year. 
In the last three decades, studies to understand the reason 
for the formation of HNLC water in the global ocean have 
significantly progressed, and the key to this advancement 
was understanding “iron (Fe) as a micronutrient” (Martin 
et al. 1991).

Many scientific programs have studied Fe in the ocean 
and atmosphere since the 1980s (Fig. 2). The scientific 
improvements gained from these Fe studies were recently 
well-reviewed in Stoll (2020) and Coale et al. (2015), while 
Takeda (2011) reviewed the research from the subarctic 
Pacific. Here, we briefly explain “The progress in Fe stud-
ies in the ocean”. First, Hart (1934, 1942) reported the idea 
that phytoplankton growth is limited by Fe availability in 
the modern ocean. The Geochemical Ocean Sections Study 
(GEOSECS) project was conducted from 1976 to 1979, and 
we obtained the first comprehensive global dataset on the 
distribution of chemical parameters in the ocean (Craig and 
Turekian 1980; Moore 1984). However, oceanographers 
could not correctly measure key trace metals, including Fe, 
in seawater samples because of contamination problems 
(Moore 1984). Therefore, at that time, the importance of 
Fe as a limited micronutrient had not been well-described.

In the 1980s, John H. Martin, Director of the Moss 
Landing Marine Laboratory, and his group first determined 

dissolved Fe concentrations in oceanic seawater by using 
a rigorous clean sampling technique (Bruland et al. 1979) 
and reported that the dissolved Fe in the eastern subarctic 
Pacific had nutrient-like vertical profiles and that the sur-
face concentrations seemed to be low enough to limit phy-
toplankton growth (Gordon et al. 1982; Martin et al. 1989). 
Martin’s group conducted onboard bottle incubation experi-
ments, controlling for extremely low Fe concentrations using 
a clean technique, and these experimental results demon-
strated significant phytoplankton growth upon the addition 
of Fe to HNLC surface waters (e.g., Martin and Fitzwater 
1988; Martin et al. 1989, 1990). Then, he first argued in the 
part of his “Iron hypothesis” published in Paleoceanography 
(Martin 1990) that Fe is another nutrient that limits biologi-
cal production at the lower trophic level, and he claimed that 
surface phytoplankton growth in HNLC waters, i.e., in the 
Southern Ocean around Antarctica, the eastern equatorial 
Pacific and the subarctic Pacific, is limited by Fe availability.

After that, oceanographers accelerated to debate “what 
controls phytoplankton production in the HNLC area” 
(Chisholm and Morel 1991). Some oceanographers claimed 
that “HNLC water is caused by natural overgrazing of algae 
by zooplankton” (Cullen 1991). To understand “the roles 
of Fe in regulating biological processes in the marine envi-
ronment”, it was necessary to clarify the response of the 
entire planktonic ecosystem community to Fe-enrichment. 
To tackle this issue, Watson et al. (1991) proposed the “in 
situ mesoscale experiment”, which artificially manipulated 
the Fe concentration in seawater to investigate the response 
of the whole phytoplankton ecosystem to in situ Fe addi-
tions to surface water. These experiments were called the 

Fig. 1  Map of the subarctic Pacific with general circulations and 
gyres. “WSG” indicates the western subarctic gyre, and “AG” indi-
cates the Alaskan Gyre. The currents and circulations are drawn by 
referencing Nagata et  al. (1992), Harrison et  al. (1999), Ohshima 

et al. (2002), Stabeno et al. (1999) and Hunt et al. (2010). Harrison 
et al. (1999) indicated that the Subarctic Boundary (Read and Laird 
1977) separates the subarctic Pacific region to the north
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“mesoscale iron fertilization experiment (IFE)”, and they 
have been performed more than 13 times in HNLC waters 
worldwide (Boyd et al. 2007; Martin et al. 2013). Most of 
these experiments demonstrated that Fe availability strongly 
influences phytoplankton growth and carbon and nutri-
ent biogeochemistry in all HNLC regions (de Baar et al. 
2005; Boyd et al. 2007). In the subarctic Pacific, three IFEs 
(SEEDS, SEEDSII, SERIES) have also been conducted 
(Figs. 1, 2), and the results from these experiments have 
clearly revealed that phytoplankton biomass is limited by 
Fe availability in both the western and eastern subarctic 
Pacific (Tsuda et al. 2003; Boyd et al. 2004). One of the 
IFEs also demonstrated the simultaneous occurrence of Fe 
limitation and grazing control on phytoplankton responses in 
the western subarctic Pacific (Tsuda et al. 2007). In modern 
oceanography, it has become common knowledge that Fe 
is an essential nutrient that plays an important role in the 
control of phytoplankton growth and oceanic biogeochem-
istry. Since this discovery, many oceanographers have been 
dedicated to investigating the biogeochemical cycles of Fe 
in the natural environment.

In the last three decades, backed by Martin’s Fe hypoth-
esis, marine geochemists have also made significant progress 
in the sampling and analytical techniques used to study the 
biogeochemistry of trace metals in the ocean (Boyd and 

Ellwood 2010; Anderson 2020). Our ability to study trace 
metals in seawater has been largely improved with contam-
ination-free sampling techniques (clean techniques) (e.g., 
Patterson 1965; Boyle and Edmond 1975; Bruland et al. 
1979; de Baar et al. 2008; Measures et al. 2008; Cutter and 
Bruland 2012) and increased sensitivity, accuracy and preci-
sion of analytical methods (e.g., Landing and Bruland 1987; 
Obata et al. 1993; Measures et al. 1995; Bowie et al. 1998; 
Wu and Boyle 2002; Bruland and Rue 2001; Sohrin et al. 
2008; Sohrin and Bruland 2011). These advances have made 
it possible to measure Fe concentrations in seawater over a 
broad range in the field (e.g., Bruland et al. 1994).

Oceanographers called the decade of the 1990s the “Iron 
age in oceanography” (Coale et al. 1999), and oceanog-
raphers realized that determining the distribution of Fe in 
the global ocean, including the processes involved in bio-
geochemical cycles, was important for understanding the 
biological production of the ocean and its impact on the 
carbon cycle and climate (Coale et al. 1999). Oceanogra-
phers discussed “what controls dissolved Fe concentrations 
in the world ocean? (Johnson et al. 1997)”. To answer this 
question, a comprehensive dataset of Fe distributions in the 
global ocean is necessary. This became one motivation for 
conducting basin-scale transect observations to investigate 
the marine biogeochemical cycles of trace metals and their 

Fig. 2  Timeline of Fe-related studies, SEAREX project (Duce 1989), 
GEOSECS (Craig and Turekian 1980), Fe hypothesis (Martin 1990), 
GEOTRCES (Anderson 2020), OPES (Takeda et  al. 1999), SEEDS 

(Tsuda et  al. 2003), SERIES (Boyd et  al. 2004), SEEDSII (Tsuda 
et al. 2007), W-PASS (Uematsu et al. 2014), Amur-Okhotsk project 
(Shiraiwa et al. 2012), and OMIX project (this study)
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isotopes. In 2006, an international GEOTRACES program 
(GEOTRACES Planning Group 2006) was launched and 
is ongoing worldwide by marine geochemists (Anderson 
2020) (Fig. 2). The Japanese-GEOTRACES program has 
conducted three extensive transect observations of trace met-
als, including dissolved Fe, in the Pacific Ocean, and two of 
these have been conducted across the subarctic Pacific from 
west to east (Nishioka and Obata 2017; Kim et al. 2017; 
Zheng et al. 2017; Zheng and Sohrin 2019; Nishioka et al. 
2020). These studies clearly revealed the distribution of dis-
solved Fe in the subarctic Pacific, and the results improved 
our knowledge of the biogeochemical cycle of Fe and its 
roles in phytoplankton ecosystems in that area.

1.2  Physical water structure and phytoplankton 
production in the subarctic Pacific

At the wind-driven circulation depth, the subarctic Pacific 
consists of the western subarctic gyre (WSG) and the Alas-
kan gyre (AG) (Nagata et al. 1992; Harrison et al. 1999) 
(Fig. 1). The WSG is formed by the East Kamchatka Cur-
rent (EKC), the Oyashio Current and the Subarctic Current 
(Nagata et al. 1992). The Oyashio Current and the EKC, 
which are western boundary current, are strongly influ-
enced by origin water that is discharged from the Bering 
Sea and the Sea of Okhotsk (Nagata et al. 1992), and this 
discharged water has cold, fresh, nutrient-rich characteris-
tics. The Kuroshio, as the western boundary current of the 
subtropical North Pacific, transports warm, saline, nutrient-
poor water into the midlatitudes of the North Pacific. On the 
other hand, the AG is a large cyclonic upwelling gyre that is 
formed by the eastward Subarctic Current and the westward 
Alaskan Stream (AS), which recirculate near 170°W into 
the Subarctic Current (Bograd et al. 1999) (Fig. 1). To the 
east, the gyre is bounded by the Alaska Current (AC) along 
the continental slope of Alaska (Favorite et al. 1976; Bograd 
et al. 1999). These two gyres are connected by the eastward 
Subarctic Current and westward AS (Fig. 1).

Comparisons of biogeochemical properties between the 
two subarctic gyres have been made in previous studies and 
have been reviewed by Harrison et al. (1999, 2004). They 
compared the biology and biogeochemistry between two 
gyres and indicated that despite their general similarities, 
such as Fe deficiency, there were clear differences between 
the two gyres, especially in the lower trophic level. In the 
WSG, seasonal amplitudes in biogeochemical parameters, 
e.g., nutrient concentrations, and pCO2, were greater than 
those in the AG (Shiomoto et al. 1998; Shiomoto and Asami 
1999; Harrison et al. 1999, 2004), even though both gyres 
had HNLC characteristics. Time series studies in both gyres 
(Whitney and Freeland 1999; Tsurushima et al. 2002) and 
basin-scale data-mapping analyses (Whitney 2011; Yasu-
naka et  al. 2014, 2020) have demonstrated that higher 

nutrient concentrations accumulate in the surface water of 
the WSG than in the AG in winter. Yasunaka et al. (2014) 
and Yasunaka et al. (2020) indicated that higher seasonal 
drawdowns of nitrate, phosphate, silicate and dissolved inor-
ganic carbon concentrations occurred in the Oyashio and 
Oyashio–Kuroshio transition zones than in the AG. Moreo-
ver, the effect of biological drawdown on the seasonal ampli-
tude of pCO2 in the surface water was higher in the WSG 
than in the AG (Takahashi et al. 2002; Chierici et al. 2006). 
A higher photochemical quantum yield (Fv/Fm), which 
responds to the Fe supply (Suzuki et al. 2002; Fujiki et al. 
2014), and higher chlorophyll a concentrations (1–2 mg/m3) 
(e.g., Shiomoto et al. 1998; Imai et al. 2002) were observed 
in the WSG waters than in the AG waters.

In addition, a massive spring phytoplankton bloom was 
observed every year in the Oyashio waters at the southwest-
ern edge of the WSG, and the massive bloom had signifi-
cantly higher chlorophyll a concentrations (over 5 mg/m3) 
than those in the WSG waters (Saito et al. 2002; Yoshie et al. 
2010; Okamoto et al. 2010; Sugie et al. 2010; Hattori-Saito 
et al. 2010; Shiozaki et al. 2014; Isada et al. 2010, 2019; 
Kuroda et al. 2019).

The increase in the phytoplankton biomass was mainly 
caused by diatoms (Mochizuki et al. 2002; Fujiki et al. 
2014), and this increase led to an effective biological pump 
for the extensive transport of organic carbon to the deep 
ocean (Buesseler et al. 2007; Honda 2003; Kawakami et al. 
2015). Therefore, the WSG is an important region in the 
global carbon cycle (Longhurst et al. 1995; Honda 2003; 
Schlitzer 2004; Buesseler et al. 2007; Boyd et al. 2008).

Similar to the Oyashio region, massive spring phyto-
plankton blooms were also observed around coastal bound-
ary currents, the AS and AC at the edge of the AG (Whitney 
et al. 2005; Henson 2007). In contrast to the WSG, blooms 
in the AS and AC are basically confined to the nearshore 
area because the boundary current passes the eastern side of 
the subarctic cyclonic gyre along the west coast of Canada 
and Alaska.

The differences in the Fe supply between the WSG and 
AG are needed to explain the eastward decrease in the sea-
sonal amplitude of biogeochemical parameters in the sub-
arctic Pacific. The high primary productivity of the western 
subarctic region should be fueled by supplies of Fe into 
the euphotic zone. Wealthy fisheries (Sakurai 2007) in the 
subarctic region should be sustained by the higher primary 
productivity, which is caused by the Fe supply.

1.3  The OMIX project and biogeochemical study 
in the project

In July 2015, the Ocean Mixing Processes (OMIX, PI: I. 
Yasuda) project was launched and conducted as a Japanese 
oceanographic scientific program and continued until March 
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2020. The aim of the project was to develop an efficient sys-
tem to observe ocean diapycnal mixing with biogeochemical 
parameters, which can quantify the maintenance mechanism 
of deep water circulation and biogeochemical cycles in the 
North Pacific. Diapycnal mixing is a fundamental physical 
process that regulates ocean vertical circulation of water, 
nutrients, carbon and heat. One of the goals of the program 
was to understand “why the western North Pacific has one 
of the largest seasonal amplitudes of biogeochemical param-
eters, such as the biological  CO2 drawdown (Takahashi et al. 
2002, 2009), among the world oceans”. To achieve this goal, 
we addressed “the natural Fe supply processes and nutrient 
dynamics in the subarctic Pacific”. Our understanding of 
Fe and nutrient biogeochemical dynamics in the subarctic 
Pacific significantly advanced in this decade, which included 
the OMIX project era. In addition, the OMIX project pro-
moted collaborative research with global international 
research programs, such as GEOTRACES (https:// www. 
geotr aces. org) and SOLAS (https:// www. solas- int. org).

The following points (1) and (2) were the remaining major 
issues related to our understanding of Fe supply processes 
and nutrient dynamics relevant to biological production in 
the subarctic Pacific when we started the OMIX project.

1. What are the Fe sources by which seasonal biogeochemi-
cal variability is controlled in the subarctic Pacific?

  Atmospheric dust, which had been well-studied prior 
to interior oceanic Fe (e.g., SEAREX project (Duce 
1989), Fig. 2), was once thought to be the major source 
of Fe in many oceanic regions (e.g., Duce and Tindale 
1991; Jickells et al. 2005). In addition to atmospheric 
dust deposition, recent trace metal measurements have 
highlighted the importance of other sources of external 
Fe, such as river discharge, shelf sediment load, hydro-
thermal input and sea ice melting (e.g., Johnson et al. 
1999; Elrod et al. 2004; Boyd and Ellwood 2010; Con-
way and Seth 2014; Tagliabue et al. 2014, 2017; Resing 
et al. 2015; Lam et al. 2006, 2012; Nishioka et al. 2007; 
Lam and Bishop 2008; Lam et al. 2012; Lannuzel et al. 
2007; Kanna et al. 2014). In the North Pacific, the sedi-
mentary Fe supplied from continental shelves, which 
is transported by intermediate water circulations, has 
been highlighted in recent studies (e.g., Lam et al. 2006; 
Nishioka et al. 2007). Knowledge of the Fe supply pro-
cesses in the subarctic Pacific was partly compiled and 
reviewed in Takeda (2011); however, the progress over 
the last 10 years related to our understanding of the Fe 
supply processes that control biological production in 
nutrient-rich waters has been remarkable.

2. Why are there high-nutrient waters at the surface of the 
subarctic Pacific?

  In the subarctic Pacific, as described above, high-
nutrient surface water exists, and nutrients also accu-

mulate in old deep water (Broecker et al. 1982; Matsu-
moto 2007; Matsumoto and Kay 2004). In previous 14C 
observations in the North Pacific, the oldest water was 
clearly observed at depths of approximately 2000–2500 
m, and the deep water returned southward below the 
intermediate water (Broecker et al. 1982; Kawabe and 
Fujio 2010). These facts indicate that high-nutrient deep 
water does not directly affect the surface layer in the 
subarctic Pacific. Previous studies implied that the path 
of nutrient return to the surface existed in the north-
west corner of the Pacific around the Kuril Island chain 
(Sarmiento and Gruber, 2006; Nishioka et al. 2013). 
However, the processes by which high-nutrient waters 
are maintained in the subarctic Pacific surface are not 
understood due to a lack of knowledge of the whole and 
detailed mechanisms by which nutrients return to the 
surface layer.

In this review, we look back on both previous and updated 
knowledge, including new findings from the OMIX project, 
and describe reasonable explanations of the natural Fe sup-
ply processes and macronutrient dynamics in the subarctic 
Pacific. Then, we discuss the natural Fe supply impact on 
biological production.

2  Fe sources and transport in the subarctic 
Pacific

2.1  Definition of Fe terminology in seawater in this 
review

As described in the Sect 1, the development of trace metal 
clean techniques and sensitive analytical methods has led 
to increasing Fe data in seawater over the past three dec-
ades. Bruland and Rue (2001) reviewed detailed steps for 
the determination of Fe and the operational definition of 
Fe in seawater. In most recent measurements of Fe in sea-
water, the use of conventional filtration to define the tradi-
tional categories of “dissolved” (< 0.2 μm) and “particulate” 
(> 0.2 μm) fractions was employed for the first physical sep-
aration step performed prior to any further chemical analy-
ses. The unfiltered sample and filtrate are acidified (pH ~ 2) 
by adding ultraclean acid before analysis, and then samples 
are determined by various analytical methods (e.g., Land-
ing and Bruland 1987; Obata et al. 1993; Measures et al. 
1995; Bowie et al. 1998; Wu and Boyle 2002; Bruland and 
Rue 2001; Sohrin et al. 2008; Sohrin and Bruland 2011). In 
this review, we use the terms “dissolved Fe”, “total dissolv-
able Fe”, “labile particulate Fe” and “bioavailable Fe”. The 
definition of “dissolved Fe” in this review is leachable and 
detectable Fe in the “dissolved” fraction (in filtrate < 0.2 μm) 
at pH ~ 2 (Fig. 3). The definition of “total dissolvable Fe” 

https://www.geotraces.org
https://www.geotraces.org
https://www.solas-int.org
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in this review is leachable and detectable Fe in unfiltered 
seawater at pH ~ 2, which includes “dissolved Fe” and 
“labile particulate Fe” (Fig. 3). The “labile particulate Fe” 
is leachable Fe in the “particulate” fraction (> 0.2 μm) at 
pH ~ 2 (Fig. 3). Some studies conducted additional ultra-
filtration to determine the “soluble Fe” and “colloidal Fe” 
fraction by using smaller pore size filter (0.02 μm, 0.03 μm, 
200 kDa, 1000 kDa, e.g., Kuma et al. 1996; Nishioka et al. 
2001; Wu and Boyle, 2001; Fitzsimmons and Boyle 2014; 
Fitzsimmons et al. 2015) before acidifying the sample, and 
the size-fractionated Fe in the “dissolved” fraction revealed 
that there are significant portions of “colloidal Fe” [0.02 
(0.03) μm–0.2 μm, or 200 (1000) kDa–0.2 μm], which can 
be separated from “soluble Fe” [< 0.02 (0.03) μm, or < 200 
(1000) kDa]. We used this definition of “colloidal Fe” in 
this review (Fig. 3). We also use the term “bioavailable Fe” 
for Fe that can be taken up by phytoplankton in seawater in 
this review.

2.2  Fe distribution in the North Pacific

Data on Fe from the North Pacific collected during the last 
decade, which were mostly collected in the summer sea-
son, clearly show significant progress in our knowledge of 
Fe sources and distribution. Anderson (2020) reviewed and 
highlighted the findings of the first decade of the interna-
tional GEOTRACES program, indicating that “an unex-
pected finding is the widespread plumes of elevated dis-
solved Fe concentrations spreading seaward from continental 
slopes in the marginal seas in the North Pacific”.

In the last decade, the Japanese-GEOTRACES program 
conducted extensive transect observations of the dissolved 
Fe in the Pacific Ocean, and two of those (conducted from 
August–October in 2012 and June–August 2017 by the 
R/V Hakuho Maru, KH-12-4 and KH-17-3 cruises) were 
conducted across the subarctic Pacific, which covers the 
full west–east section of the subarctic Pacific along 47°N 
(GEOTRCES line ID: GP02). The results of the basin-scale 
zonal high-resolution transect profile of trace metals along 
47°N have been reported in several published papers (Kim 
et al. 2017; Nishioka and Obata 2017; Zheng and Sohrin 

2019; Nishioka et al. 2020) and provide a comprehensive 
picture of the dissolved Fe distribution (Nishioka and 
Obata 2017; Zheng and Sohrin 2019; Nishioka et al. 2020) 
(Fig. 4a). The observations showed very low dissolved Fe 
concentrations ranging from 0.05 to 0.12 nM in surface 
water (Fig. 4b), with a significant amount of macronutri-
ents, through the transect. These studies confirmed that the 
surface waters in both gyres were typical HNLC waters, as 
indicated by previous studies in the AG (Martin and Gor-
don 1988; Martin et al. 1989). Prior to the GEOTRACES 
observations, Lam et al. (2006) first reported that the eastern 
side of the subarctic Pacific has a continental shelf source of 
dissolved Fe along the AS, and water with high concentra-
tions of dissolved Fe was observed along the eastern edge 
and northern edge of the AG by several studies (Cullen et al. 
2009; Wu et al. 2009; Zheng and Sohrin 2019; Nishioka and 
Obata 2017; Nishioka et al. 2020). This water with high 
concentrations of dissolved Fe in the AC and the AS was 
confined to the nearshore area on the west coast of Canada 
and Alaska (Fig. 4c) because boundary currents (the AC 
and AS) pass along the coast. Several previous studies also 
indicated that at the western edge of the AG, the Fe-rich 
waters were transported by the AS, which detached from the 
Alaskan margin toward center of the AG at approximately 
165°–170°W (Martin et al.1989; Lam et al. 2006; Takata 
et al. 2006; Lippiatt et al. 2010; Nishioka and Obata 2017; 
Zheng and Sohrin 2019; Nishioka et al. 2020).

On the other hand, on the western edge of the WSG, the 
dissolved Fe concentration was well-studied in the Oyashio 
water and reported by Nakayama et al. (2010) and Nishioka 
et al. (2011). Both studies indicated that surface dissolved 
Fe concentrations were controlled by the Coastal Oyashio 
water (COW) distribution. The COW had a higher dis-
solved Fe concentration (up to ~ 3 nM) than other Oyashio 
waters, which had moderate dissolved Fe concentrations 
(0.3–0.5 nM). Nishioka et al. (2011) also reported the results 
of multiyear (2003–2008) time series observations along the 
A line, which crosses the Oyashio flow (Fig. 1), and indi-
cated that there was an annual cycle in the concentration of 
surface dissolved Fe in the Oyashio water, which is similar 
to the annual cycle of macronutrients controlled by mixing 
and phytoplankton utilization (Fig. 5a–c). Nishioka et al. 
(2007) measured vertical profile of dissolved Fe in open 
oceanic water in the WSG (44°N, 155°E, station KNOT in 
Fig. 1) in winter season (16 March 2003). They reported 
higher dissolved Fe concentration (~ 0.3 nM) in the winter 
surface mixed layer than that of other season (Fig. 6). How-
ever, there is still a lack of knowledge in terms of our under-
standing of the seasonal Fe variation in open oceanic water, 
such as in the WSG. Time series Fe observations obtained 
from the open oceanic water of the WSG are still needed.

In the WSG, the most prominent feature of the dis-
solved Fe distribution is the existence of water masses with 

Fig. 3  Definition of the terminology for measured Fe in this review
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high-dissolved Fe concentration (~ 1.8 nM) in the intermedi-
ate layer, as seen along both the meridional and latitudinal 
dissolved Fe sections reported by Nishioka et al. (2013), 
Nishioka and Obata (2017), Zheng and Sohrin (2019) and 
Nishioka et al. (2020) (Fig. 4c, d). From these observation 
data, it was clear that water masses with high-dissolved Fe 
concentrations existed from the bottom of the surface mixed 
layer to the intermediate layer across the WSG over 2000 km 
(Fig. 4c, d). Judging from the horizontal dissolved Fe dis-
tributions at the isopycnal surface, the Fe-rich intermediate 
water likely reflected the location of the Fe source region, 
the direction of the intermediate water circulation, the strong 
western boundary current, and the long-distance lateral Fe 
transport within the North Pacific (Fig. 7a, b) (we discuss the 
“long-distance lateral Fe transport” in Sect. 2.3.3).

Zheng and Sohrin (2019) determined the importance of 
lithogenic particulate Fe for understanding the distribution 
and budget of Fe in the North Pacific Ocean. Based on their 
measurements of Fe, Al and Mn, they demonstrated that 
waters near the continental shelf and slope had high labile 
particulate Fe concentrations. They inferred that boundary 

scavenging occurred for labile particulate Fe within 500 km 
off the Aleutian shelf. They also reported that the dissolved 
Fe was enhanced in a depth range of 400–2000 m at the 
center of the WSG. They also suggested, with their Mn 
data, that continental shelf and slope sediments produced 
the observed unique distribution of the dissolved Fe, and 
they claimed that the maxima in the intermediate water were 
a general feature of dissolved Fe because the feature was 
also observed at the eastern edge of the AG along the west 
coast of Canada.

Zheng et al. (2017) also observed continental margins 
and hydrothermal sources of Fe around the Juan de Fuca 
Ridge on the eastern side of the Pacific near the west coast 
of Canada. The influence of Fe from the continental margin 
appeared from the surface to a depth of ~ 2000 m. Iron from 
a high-temperature hydrothermal plume was observed at a 
depth of 2300 m off the west coast of Vancouver Island.

In the GEOTRACES program, other trace metals 
have been measured, and these results helped advance 
our understanding of the Fe biogeochemical cycle in the 
subarctic Pacific. Kim et al. (2017) measured dissolved 

a b

c d

Fig. 4  a Constructed diagrams showing the 3D distribution of dis-
solved Fe. The diagrams are cited and modified from Nishioka et al. 
2020, Proc Natl Acad Sci, www. pnas. org/ cgi/ doi/ 10. 1073/ pnas. 
20006 58117, under a CC BY license. Ocean Data View (R. Schlitzer, 
Ocean Data View, https:// odv. awi. de/) was used to produce plots for 
the vertical section profiles of dissolved Fe in these figures. b Hori-
zontal distribution of surface dissolved Fe. This figure is cited and 
modified from Nishioka et al. 2020, Proc Natl Acad Sci, www. pnas. 

org/ cgi/ doi/ 10. 1073/ pnas. 20006 58117, under a CC BY 4.0 license. 
c Vertical section profile of dissolved Fe along the GP02 line in the 
map of b. d same as c but along Okh-155 in the map of b. The sec-
tion profiles are cited and modified from Nishioka et al. 2013, Glob 
Biogeochem Cycle, https:// doi. org/ 10. 1002/ gbc. 20088, under AGU 
permissions policy, Nishioka et al. 2020, Proc Natl Acad Sci, www. 
pnas. org/ cgi/ doi/ 10. 1073/ pnas. 20006 58117, under a CC BY 4.0 
license 

http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
https://odv.awi.de/
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
https://doi.org/10.1002/gbc.20088
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
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zinc (Zn) in seawater along section GP02 and indicated 
that high-dissolved Zn concentrations and high Zn* index 
anomalies (Zn and Si relationship) existed at the bound-
ary between the intermediate water and deep water in the 
western and central subarctic Pacific. From the results, 
they suggested that simple vertical remineralization and 
accumulation from the particulate form are not the only 
processes for controlling the dissolved Zn distributions, 
and there are other biogeochemical controls acting on 
the dissolved Zn in the North Pacific intermediate water 

(NPIW) to the deep water. They inferred that the influence 
of the water from the Bering Sea might provide important 
information for understanding the Zn cycle in the North 
Pacific.

As these reports indicate, the remarkable feature of 
chemical element distribution in the North Pacific probably 
appears to be linked to the formation of intermediate waters. 
Therefore, it is necessary to understand the detailed rela-
tionship between intermediate water formation and chemical 
properties.

2.3  Fe transport from subpolar marginal seas

The study of the subpolar marginal seas (the Sea of Okhotsk 
and the Bering Sea) is indispensable for understanding the 
intermediate water circulation in the North Pacific. Com-
pared with open ocean areas, the marginal seas have high 
productivity and active biogeochemical cycling, which are 
controlled by separate local processes, such as freshwa-
ter discharge, interior current systems, tidal mixing, local 
upwelling, interactions with the continental shelf, and sea ice 
production and melting. Water exchange occurs between the 
North Pacific and the marginal seas through straits. These 
marginal seas have been shown to have a strong influence on 
physical and biogeochemical processes in the North Pacific. 
Therefore, it is important to describe the role of the mar-
ginal seas in linking with outer oceanic regions to clarify the 
whole North Pacific biogeochemical system. Following pre-
vious projects, such as CREST (1996–2001) and the Amur-
Okhotsk project (2004–2009), the OMIX project (Fig. 2) 
continued collaborative research with the Russian scien-
tist Dr Y. N. Volkov, Director of the Far Eastern Regional 
Hydrometeorological Research Institute (FERHRI), and 
conducted joint observational research expeditions in the 
Sea of Okhotsk, around the EKC, and the western part of 
the Bering Sea. The dataset from the collaborative cruises, 
together with the data from the Japanese research cruises, 
allowed us to collectively create a borderless dataset for the 
North Pacific, including the marginal seas.

2.3.1  The Sea of Okhotsk

The Sea of Okhotsk is a marginal sea located on the north-
west rim of the Pacific Ocean. The water circulation and 
ventilation system in this region was well-studied by physi-
cal oceanographers in 1997–2002 during the CREST project 
(PI: M. Wakatsuchi; e.g., Ohshima and Martin 2004). After 
that, based on the obtained physics knowledge, biogeochem-
ical studies were conducted and continued from the Amur-
Okhotsk project (2005–2010) (PI: T. Shiraiwa; e.g., Shiraiwa 
et al. 2012; Nishioka et al. 2014a) to the OMIX project. We 
provide an overview of the results of the findings relevant to 
Fe and nutrient dynamics in this review. The Sea of Okhotsk 

a

b

c

Fig. 5  Monthly compiled data by multiyear observations (2003–
2008) for a mixed layer depth, b surface dissolved Fe concentration, 
and c surface nitrate concentration along the A line in the Oyashio 
region in Fig. 1, Error bars represent ± 1 SD value. These figures are 
cited and modified from Nishioka et al. 2011, J Geophys Res-Ocean, 
https:// doi. org/ 10. 1029/ 2010J C0063 21, under AGU permissions pol-
icy

https://doi.org/10.1029/2010JC006321
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is the seasonal sea ice area at the lowest latitude in the world 
(Alfultis and Martin 1987; Kimura and Wakatsuchi 2000). 
Every winter, large amounts of sea ice are produced along 
the Siberian coast on the northwestern continental shelf of 
the Sea of Okhotsk as a result of the cold winter winds that 
blow from East Siberia coupled with the freshwater dis-
charge from the Amur River. Nagao et al. (2007) reported 
that the water from the Amur River in summer contained 
approximately 5.3 μM dissolved Fe, which was four to five 

orders of magnitude greater than that in coastal seawater. 
Nishioka et al. (2014b) found that a large amount of dis-
solved Fe in Amur River waters was lost (more than 99%) 
through estuarine processes, such as flocculation and pre-
cipitation. However, dissolved Fe, which probably bound 
to organic ligands, remained at the surface and was trans-
ported by the southward boundary current. Ohshima et al. 
(2002) conducted near-surface observations with ARGOS 
drifters and revealed the existence of a southward boundary 

Fig. 6  Vertical profiles of dis-
solved Fe and salinity in open 
oceanic water in the WSG 
(44 °N, 155 °E, Station KNOT 
in Fig. 1) in March, April and 
May. These figures are cited and 
modified from Nishioka et al. 
2007, J Geophys Res-Ocean, 
https:// doi. org/ 10. 1029/ 2006J 
C0040 55, under AGU permis-
sions policy

a b

a b

c d

Fig. 7  a Horizontal distribution of dissolved Fe on the 27.0 σθ isop-
ycnal surface. b Same as a) but on the 27.5 σθ isopycnal surface. 
These figures are constructed using data from Nishioka et  al. 2020, 
Proc Natl Acad Sci, www. pnas. org/ cgi/ doi/ 10. 1073/ pnas. 20006 
58117, under a CC BY 4.0 license. c Section distribution of the verti-

cal dissolved Fe gradient  (ddissFe/dz) obtained from vertical profiles 
of dissolved Fe along GP02 (plus value: dissolved Fe increase with 
depth). d Section distribution of the vertical diffusive coefficient Kρ 
(logarithm) along GP02

https://doi.org/10.1029/2006JC004055
https://doi.org/10.1029/2006JC004055
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
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current, the East Sakhalin Current (hereafter the ESC), off 
the Sakhalin coast. Nishioka et al. (2014b) observed the Fe 
concentrations along the ESC in the late summer season 
(August to September) and estimated that the amount of total 
dissolvable Fe transported at the surface layer by the ESC 
along the northern Sakhalin coast was 1.6 ×  107 – 2.3 ×  107 
mol  year−1, and this source of Fe stimulated diatom growth 
(Suzuki et al. 2014).

During the winter, the formation of sea ice produces a 
large volume of cold brine. The brine subsequently settles on 
the bottom of the northwestern continental shelf and forms 
dense shelf water (DSW 26.8–27.0 σθ) (Kitani 1973; Nagata 
et al. 1992; Martin et al. 1998; Gladyshev et al. 2000). 
Nakatsuka et al. (2002, 2004) found that the DSW had an 
extremely high turbidity caused by sediment resuspension 
from the bottom. After that, Nishioka et al. (2013, 2014b) 
showed the vertical profiles of dissolved Fe and total dis-
solvable Fe (including labile particulate Fe) concentrations 
in the northwestern continental shelf area in late summer 
and reported that extremely high Fe concentrations were 
observed in the DSW layer with high turbidity and nega-
tive temperature waters. By using the N* index (calculated 
from the nitrate and phosphate concentrations; Gruber and 

Sarmiento 1997; Yoshikawa et al. 2006), which behaves as a 
suitable tracer for the influence of hypoxic bottom sediment, 
Nishioka et al. (2014b) concluded that Fe was introduced to 
the DSW by sediment resuspension (Fig. 8a).

The DSW-sourced sedimentary Fe was transported by an 
intermediate water ventilation system in the Sea of Okhotsk 
and the North Pacific (Fig. 7a). Fukamachi et al. (2004) 
reported that the region off the east coast of Sakhalin is an 
important pathway of the DSW from its production in the 
northwestern shelf region to the southern Sea of Okhotsk. 
Observations of chlorofluorocarbons as passive tracers for 
water masses have also indicated the paths of ventilated 
DSW water masses (Wong et al. 1998; Yamamoto-Kawai 
et al. 2004). The DSW tends to penetrate the upper layer of 
the Okhotsk Sea Intermediate Water (OSIW) (Fukamachi 
et al. 2004; Itoh et al. 2003) at a water density of approxi-
mately 27.0 σθ. The OSIW flows southward along the East 
Sakhalin coast. Nakatsuka et al. (2002, 2004) also noted 
that an efficient system of sediment material transport exists 
from the northwestern continental shelf to the open sea via 
OSIW transportation. Nishioka et al. (2014b), Yamashita 
et al. (2020) and Shigemitsu et al. (2013) reported that total 
dissolvable Fe and dissolved Fe were transported from the 

a b

c d

Fig. 8  a Horizontal distribution of N* [N* = ([Nitrate + Nitrite]  −   
16[Phosphate] + 2.9) × 0.87] on the 27.0 σθ isopycnal surface. b Hor-
izontal distribution of nitrate + nitrite on the 27.0 σθ isopycnal sur-
face. c Horizontal distribution of phosphate on the 27.0 σθ isopycnal 

surface. d Horizontal distribution of regenerated phosphate percent-
age on the 27.0 σθ isopycnal surface. These figures are constructed 
using data from Nishioka et al. 2020, Proc Natl Acad Sci, www. pnas. 
org/ cgi/ doi/ 10. 1073/ pnas. 20006 58117, under a CC BY 4.0 license

http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
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continental shelf by the OSIW, and Nishioka et al. (2014b) 
estimated that 20% of the total dissolvable Fe obtained from 
DSW on the shelf reached the southern part of the Sea of 
Okhotsk, Kuril Basin.

Finally, the OSIW is discharged through the Bussol’ 
Strait into the subarctic Pacific (Katsumata et al. 2004; Kat-
sumata and Yasuda 2010) after strong vertical diapycnal 
mixing in the Kuril Straits (Itoh et al. 2010, 2011; Yagi and 
Yasuda 2012; Ono et al. 2013). Then, the discharged inter-
mediate waters from the Sea of Okhotsk contribute to the 
formation of the NPIW (Talley 1991; Yasuda 1997; Naka-
mura and Awaji 2004; Nakamura et al. 2006). The water 
properties of the Oyashio region are strongly influenced by 
the intermediate water that originates in the Sea of Okhotsk 
(Yasuda 1997; Yasuda et al. 2001), and high-dissolved Fe 
concentrations have been observed in the intermediate water 
in the Oyashio region and in the NPIW (Nishioka et al. 2011, 
2013) (Figs. 4d, 7a). Other studies have indicated that injec-
tions of large amounts of dissolved organic matter (DOM) 
from the Sea of Okhotsk lead to increased DOM concentra-
tions in the NPIW (Hansell et al. 2002; Hernes and Benner 
2002; Yamashita and Tanoue 2008). Nishioka et al. (2007) 
hypothesized that the intermediate water circulation pro-
cesses in this region control the transportation of Fe, and 
the hypothesis was validated by observations in this region 
(Nishioka et al. 2011, 2013, 2014b, 2020).

Yasuda et al. (2001) used a potential vorticity to identify 
water masses coming from the Sea of Okhotsk or WSG in 
the Oyashio region, indicating that the upper intermediate 
water density range (26.6–27.0 σθ) is strongly influenced by 
the OSIW, and the lower intermediate water density range 
(27.0–27.5 σθ) is influenced mainly by the WSG and the 
EKC. This knowledge from physics is consistent with the 
explanation of the dissolved Fe distribution in the WSG 
and its surrounding waters. Nishioka et al. (2020) reported 
the results of the isopycnal analysis for dissolved Fe with 
the compiled Fe dataset. The dissolved Fe-rich water in 
the upper intermediate water exists mainly west of 155°E 
(Fig. 7a; 27.0 σθ isopycnal surface) with higher dissolved 
oxygen (DO) than that in the surrounding water, indicating 
that the waters are derived from the OSIW and propagate 
along the upper intermediate layer isopycnal surface to the 
western North Pacific.

2.3.2  The Bering Sea

In the OMIX project era, from June to July 2014 and August 
to September 2018, observational studies using a Russian 
research vessel were conducted around the EKC and the 
western Bering Sea, which included the Bering Sea Basin 
and Gulf of Anadyr [the cruise in 2018 was a collabora-
tive expedition with the Arctic Challenge for Sustainabil-
ity (ArCS) project]. In the OMIX project, the aim of our 

observational study was to investigate the biogeochemistry 
in the source waters of the upper stream of the Oyashio Cur-
rent and the EKC to understand how to set the chemical 
properties of the intermediate water in the North Pacific. For 
that, observations of the EKC and the western Bering Sea 
were essential (Fig. 1).

The physical background of the Bering Sea has been well-
reported by Nagata et al. (1992) and Stabeno et al. (1999) 
and is briefly explained from their study as follows. The Ber-
ing Sea is a semi-enclosed, high-latitude sea that is bounded 
on the north and west by Russia, on the east by Alaska, 
USA, and the south by the Aleutian Islands. The Bering Sea 
is divided between a deep basin (maximum depth 3500 m) 
and continental shelves (< 200 m). Cyclonic gyre circula-
tion exists in the basin, with the southward-flowing west-
ern boundary current, the EKC, and the northward-flowing 
eastern boundary current, “the Bering Slope Current”. Even 
though only three passes, Amchitka Pass, Near Strait, and 
Kamchatka Strait, extend deeper than 700 m, the AS enters 
the Bering Sea through the many passes in the Aleutian 
Island chain, and the inflow is balanced by outflow through 
the Kamchatka Strait. Therefore, the circulation in the Ber-
ing Sea basin may be more aptly described as a continua-
tion of the North Pacific subarctic gyre. The flow into the 
Bering Sea through the major passes in the Aleutian Island 
chain strongly influences the chemical water properties of 
the basin, and the basin intermediate water flows out from 
the Kamchatka Strait and Near Strait, the two most western 
straits along the Aleutian Island chain, to the Pacific side 
(Stabeno et al. 1999).

Aguilar-Islas et al. (2007) reported surface Fe concentra-
tions in the southeastern region of the Bering Sea. They 
observed Fe-limited HNLC surface waters in the deep basin 
of the Bering Sea and nitrate-limited and Fe-replete surface 
waters over the shelf. They also observed high biomass at 
the shelf break “Green Belt”, and the dominant diatoms at 
the Green Belt were stressed by low Fe availability. Hurst 
and Bruland (2007) and Hurst et al. (2010) reported that 
particulate Fe in resuspended sediment on the Bering Sea 
shelf contains a high concentration of the labile particulate 
Fe fraction, and Buck and Bruland (2007) reported that the 
concentration of dissolved Fe in the southeastern Bering Sea 
was strongly correlated with the organic ligand concentra-
tions. Cid et al. (2011) also reported dissolved Fe and labile 
particulate Fe concentrations on the Bering Sea shelf, and 
they indicated that Yukon river input, sedimentary reduc-
tion and biogeochemical cycles influence to the dissolved Fe 
distribution. Uchida et al. (2013) reported vertical profiles 
of nutrient and Fe concentrations in the basin area. Sea ice 
formation occurs in the northern Bering Sea shelf area. In 
contrast to the Sea of Okhotsk, however, there is no clear 
evidence that the sedimentary Fe on the shelf has been trans-
ported via the water ventilation process to the basin water.
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The lower intermediate water density range (27.0–27.5 
σθ) in the WSG is influenced mainly by the EKC and western 
Bering Sea (Yasuda et al. 2001). In the lower intermediate 
water density range (27.0–27.5 σθ), the dissolved Fe is high 
across a wide area in the WSG, including the basin in the 
Bering Sea and around the eastern Aleutian Islands (Nish-
ioka et al. 2020) (Fig. 7b). The depth of high-Fe water in 
the lower intermediate water was consistent with the DO 
minimum and nutrient maximum water in the WSG (Fig. 8b, 
c). Therefore, the high-Fe properties in the lower intermedi-
ate water are probably distributed throughout the circulation 
of the lower intermediate water in the WSG, including the 
Bering Sea basin (Nishioka et al. 2020) (Fig. 7b). The source 
of high dissolved Fe in the lower intermediate water is still 
under debate.

2.3.3  Long‑distance lateral Fe transport

To evaluate the Fe supply by oceanic processes in the North 
Pacific, long-distance transport mechanisms of sedimentary 
Fe have become the key for understanding its impact on 
biological production in remote oceanic areas.

In the AG, the role of eddies in transporting Fe has been 
well-studied. It was indicated that coastal water and the Fe 
trapped in the eddy, which has high total labile particulate 
and dissolved Fe captured during eddy formation, were 
transported to the open ocean in the AG (e.g., Johnson et al. 
2005; Brown et al. 2012). The Fe content of the eddies 
decreased rapidly during the first year after the eddy formed; 
however, the high total dissolvable Fe signature in the eddy 
could be tracked until 16 months after its formation. Xiu 
et al. (2011) calculated an averaged upwelling dissolved Fe 
flux based on observations and models, indicating that the 
eddy-derived Fe supply rate was comparable to the pulsed 
Fe input from volcanic ash deposition. In the OMIX study, 
the roles of the eddy in the WSG, south of the western Aleu-
tian Islands (Aleutian eddy), were investigated by Dobashi 
et al. (2021), indicating that the observed eddy did not have 
high Fe concentrations in either the dissolved or the particu-
late fractions, probably because the age of the eddy was old 
enough for Fe to be removed.

In the WSG, as described above, the water ventilation in 
the Sea of Okhotsk and intermediate water formation pro-
cesses transported dissolved Fe at the basin scale. Similar Fe 
transport was reported in the western Arctic Ocean by Hioki 
et al. (2014) and Kondo et al. (2016); however, the Fe trans-
port processes by water ventilation from the Sea of Okhotsk 
observed in the WSG occurred over a significantly larger 
scale (more than a few thousand kilometers) than those in 
the western Arctic Ocean. In addition, the waters that had 
persistently high Fe concentration properties with extremely 
low DO and high regenerated nutrients in the lower inter-
mediate water in the whole WSG, including the Bering Sea 

basin, probably have longer residence times. Additional evi-
dence of the long-distance transport of sedimentary Fe has 
been provided by Conway and John (2015). They presented 
seawater dissolved Fe isotope ratio profiles in the subtropical 
Northeast Pacific, indicating that water enriched in sedimen-
tary Fe is likely transported across the Pacific via NPIW.

Inorganic Fe solubility is extremely low in oxic seawater 
(Byrne and Kester 1976; Kuma et al. 1996). Because the 
inorganic form of Fe reacts with oxygen to make oxyhy-
droxide particles and is adsorbed onto particles in seawater, 
Fe tends to be scavenged from seawater (Lohan and Bru-
land 2008). However, it is well-known that most dissolved 
Fe exists in complex form with natural dissolved organic 
ligands in seawater (van den Berg 1995; Rue and Bruland 
1995), and Fe solubility has been found to be controlled by 
organic ligands (Kuma et al. 1996; Tani et al. 2003; Kitay-
ama et al. 2009). Therefore, the mechanisms that make Fe 
soluble into seawater by organic ligands and the dynamics 
of the organic ligands in the subarctic Pacific are critical 
to understand the external Fe input relevant to biological 
production.

Siderophores, humic substances, exopolymer substances 
and phytoplankton cell breakdown ligands are expected to 
act as natural organic ligands in seawater; each ligand has a 
different character and chemical structure (e.g., Hassler et al. 
2011, 2017). Since the source and sink of organic ligands are 
variable depending on area and depth, a competitive ligand 
equilibration-adsorptive cathodic stripping voltammetric 
(CLE-ACSV) method (van den Berg 1995) has been com-
monly used to determine the concentration and conditional 
stability constants of mixtures of natural organic ligands in 
seawater samples (e.g., Gledhill and van den Berg 1994; 
Rue and Bruland 1995). Although little is known about the 
distribution of these natural organic ligands in the subarctic 
Pacific, the accumulation of organic ligands in the biogeo-
chemical cycle of deep waters (below 3000-m depth) has 
been observed (Kondo et al. 2012). The concentration of dis-
solved Fe at depths ranging from 1000 to 2000 m exceeded 
that of organic ligands in this area, suggesting that excess 
dissolved Fe existed as organic/inorganic colloidal Fe and/
or inorganic complexes that were not detectable by the CLE-
ACSV method described in Kondo et al. (2012). The exist-
ence of colloidal Fe has also been suggested from the meas-
urement of Fe solubility (Kuma et al. 1996; Nakabayashi 
et al. 2002; Tani et al. 2003; Kitayama et al. 2009).

Yamashita et al. (2020) measured humic-like florescent 
dissolved organic matter  (FDOMH), which is a quantita-
tive parameter of humic substances, with the dissolved Fe 
concentration. They distinguished shelf humic substances 
(allochthonous  FDOMH) from in  situ produced humic 
substances (autochthonous  FDOMH) using apparent oxy-
gen utilization, and they separated chemical species of 
dissolved Fe into allochthonous  FDOMH-Fe complexes, 
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autochthonous  FDOMH-Fe complexes, and colloidal Fe. 
The spatial distribution of individual chemical species 
of dissolved Fe from the northwestern shelf of the Sea 
of Okhotsk to the subtropical Pacific through the WSG 
clearly shows that the shelf humic substances bound to Fe 
form complexes and carry dissolved Fe at least 4000 km 
by the circulation of the upper intermediate water. On 
the other hand, they also found that in the lower inter-
mediate water at the WSG, Fe bound to autochthonous 
humic-like substances and colloidal Fe dominated. They 
concluded that humic substances were probably one of 
the key organic ligands and controlled the dissolved Fe 
distribution in the ocean interior, as reported by other 
previous studies (Kitayama et al. 2009; Laglera and van 
den Berg 2009; Laglera et al. 2011). Misumi et al. (2013) 
used numerical modeling to represent humic substances 
as organic ligands to control the factor of dissolved Fe 
distribution in seawater.

Colloidal Fe supplied from the shelf of the Sea of 
Okhotsk seemed to be transported long distances (at least 
3000 km) through the WSG by the circulation of the upper 
and lower intermediate waters (Yamashita et al. 2020). 
In addition, Nishioka et al. (2003) conducted size-frac-
tionated Fe measurements and indicated that colloidal Fe 
existed at significant amounts in the intermediate water 
in the western North Pacific and that it is also possible 
that this Fe form has a longer residence time in seawa-
ter. Kondo et  al. (2021) investigated size-fractionated 
dissolved Fe and ligand distributions in the WSG (47°N, 
160°E) and AG (50°N, 145°W), and indicated that the 
concentration of dissolved organic ligands around the 
lower intermediate water in the WSG was higher than that 
of eastern intermediate water and that Fe in organic and 
inorganic colloid formations are potentially essential for 
Fe transport mechanisms in the subarctic Pacific. Fitzsim-
mons et al. (2017) measured the chemical speciation and 
isotopic composition of Fe in a hydrothermal plume and 
revealed that hydrothermally derived dissolved Fe in 
the plume is best explained by reversible exchange onto 
slowly sinking particles, and this process transports Fe up 
to 4000 km from the vent source. Similar process which 
includes interaction between colloidal Fe and slowly sink-
ing particles is important for controlling the long-distance 
sedimentary Fe transport from the Sea of Okhotsk to the 
North Pacific (Misumi et al. 2021).

To fully understand the mechanism of the long-distance 
transport of Fe, it is necessary to reveal the chemical and 
physical speciation of Fe and its behavior, including the 
dynamics of organic ligands, the role of colloidal Fe and 
the particulate form of Fe, in each source and in the water 
column. The bioavailability of each Fe form, including 
particulate Fe (e.g., Sugie et al. 2013; Kanna and Nishioka 
2016), is also important for understanding the impact of 

transported Fe on biological production. Although several 
numerical modeling studies that represent Fe in the North 
Pacific, including sedimentary Fe sources from the con-
tinental shelf, have been conducted (Misumi et al. 2011; 
Nakanowatari et al. 2017), further collaborative studies with 
numerical modeling that incorporate the Fe behavior of each 
chemical form into ocean biogeochemical cycles are essen-
tial. These subjects still require future research.

3  Subarctic intermediate nutrient pool

Phytoplankton (a part of biogenic particles) uptake nutrients 
in the surface layer, and the biogenic particles finally sink 
toward deep water. The sinking biogenic particles are rem-
ineralized and release inorganic nutrients into intermediate/
deep water. Since the processes export nutrients  (NO3,  PO4) 
from the surface to intermediate/deep water, nutrient sup-
ply mechanisms for compensating for nutrient export are 
required to maintain high nutrients in the surface water in 
the subarctic region. Broecker (1991) proposed the concept 
of global deep ocean thermohaline circulation and the great 
ocean conveyor belt. To date, the North Pacific is recognized 
as the area where the deep ocean conveyor belt circulation 
terminates and has been perceived vaguely as the location 

Fig. 9  Schematic of Pacific meridional overturning circulation modi-
fied by Sigman et al. (2021) with additional information on the over-
turning cell subsystem containing NPIW described in Talley (2013) 
and Uehara et al. (2014). The dashed square, which covers the NPIW, 
indicates “the intermediate water meridional overturning cell subsys-
tem in the North Pacific”. NPIW North Pacific intermediate water, 
PDW Pacific deep water, AAIW Antarctic intermediate water, SAMW 
sub-Antarctic mode water, AABW Antarctic bottom water, ITF Indo-
nesian through flow, UCDW upper circumpolar deep water, LCDW 
lower circumpolar deep water. The dashed arrows indicate where the 
detailed processes are still unknown. The color indicates the nutrient 
(N or P) level (red > orange > blue > purple > gray). SINP; Subarctic 
intermediate water nutrient pool indicated by Nishioka et  al. 2020 
(colour figure online)
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where deep high-nutrient water rises and where a high-nutri-
ent area is established at the surface. Recent physical ocean-
ographic research has revealed more details about the global 
water circulation in the North Pacific (Fig. 9). Kawabe and 
Fujio (2010) indicated that most of the lower circumpolar 
deep water (Antarctic Bottom Water; AABW) upwells to 
the upper deep layer in the North Pacific and transforms into 
Pacific Deep Water (PDW), which shifts southward in the 
upper deep layer of 2000–2500 m and is modified by mixing 
with upper circumpolar deep water (Fig. 9). Talley (2013) 
indicated that the intermediate water meridional overturning 
cell subsystem in the North Pacific (which is constructed by 
the NPIW formation and the surface water circulation from 
subtropical to subarctic region including the Bering Sea and 
Sea of Okhotsk; see Fig. 9) is mostly unconnected to AABW 
cells, directly. Broecker and Peng (1982), Matsumoto and 
Key (2004) and Matsumoto (2007) clearly indicated with the 
chemical measurement dataset of the global 14C distribution 
in seawater that the water that had the oldest 14C age was 
distributed in the depths of the PDW, below the intermedi-
ate water meridional overturning cell subsystem (below the 
NPIW) (Fig. 9). Thus, the present physical and chemical 
oceanographic research indicates that deep nutrient-rich 
water does not directly outcrop to the surface of the subarc-
tic Pacific. Therefore, the dynamics of the nutrients and the 
mechanisms by which the nutrients in deep water return to 
the surface layer to establish high-nutrient surface waters in 
the subarctic Pacific are not clearly described at the end of 
the conveyor belt circulation.

One of the water masses with the most persistent low dis-
solved oxygen concentrations and the richest nutrient reposi-
tory in the world ocean is being observed in the intermedi-
ate water in the North Pacific (Keeling 2010; Whitney et al. 
2013). As described in Sect. 2.3.2, water that is extremely 
rich in nitrate and phosphate but low in DO was observed in 
the wide density range of the intermediate layer (26.8–27.6 
σθ) in the WSG, including the Aleutian Basin, and the water 
also propagated in the AG (Fig. 8b, c). Nishioka et al. (2020) 
proposed the formation of a subarctic intermediate water 
nutrient pool (SINP) and indicated that a high macronutri-
ent water pool formed in the intermediate water was key for 
understanding the high-nutrient surface water in the sub-
arctic Pacific. They estimated that the total mass of nitrate 
accumulated in the whole SINP was 4.2 ± 0.4 ×  1014 mol 
(calculated by volume of the intermediate water × average 
nitrate concentration). They also calculated regenerated 
(reg)-phosphate  (PO4) in the SINP. First, oxygen solubility 
was calculated, and the apparent oxygen utilization (AOU) 
was then calculated as the difference between the solubility 
and the measured DO concentration. Then, they calculated 
reg-PO4 with “AOU ×  RPO:4DO  (PO4DO ratio = 170) (Ander-
son and Sarmiento 1994)”. The definition of preformed 
 PO4 is “Preformed  PO4 = observed  PO4 − reg-PO4”. The 

percentage of reg-PO4 out of the total  PO4 in the interme-
diate water indicated that more than half of the total  PO4 
in the intermediate water masses was reg-PO4 in the WSG 
and the Bering Sea basin (Fig. 8d). As described in the 
section below, upward turbulent fluxes of nutrients were 
reported around the marginal sea island chains, indicating 
that nutrients were uplifted from the SINP to the surface, 
which fueled surface organisms and were returned to the 
SINP by sinking particulate organic matter decomposition 
during intermediate water transport (Nishioka et al. 2020). 
In other words, a large proportion of nutrients were repeat-
edly recycled within the SINP and surface water in the inter-
mediate water meridional overturning cell subsystem in the 
North Pacific (Fig. 9). Whereas, the SINP formation can-
not be explained by upwelled PDW, which contains higher 
dissolved oxygen and lower  NO3 and  PO4 concentrations. 
Nishioka et al. (2020) also indicated that the Sea of Okhotsk 
ventilation transports newly formed water, which has rela-
tively low  PO4 and high DO (with a higher preformed-PO4 
percentage), onto the upper intermediate water in the North 
Pacific (a low percentage of reg-PO4 water is distributed in 
the Sea of Okhotsk in Fig. 8d). These aspects of the nutri-
ent dynamics in the North Pacific are consistent with the 
meridional overturning cell subsystem of the NPIW, which 
is mostly unconnected to AABW cells, as Talley (2013) 
suggested. Simultaneously, however, the SINP needs to be 
supplied nutrients to compensate for the amounts that are 
laterally exported from the intermediate water to low lati-
tudes. The most likely candidate process for compensating 
for these amounts is that they are fueled from nutrient-rich 
deep water in the marginal seas. Long et al. (2019) estimated 
the amount of nitrate that was lost from the SINP by advec-
tion of the NPIW as 3.5 ×  1012 mol/year, and the amount 
of nitrate supplied from the deep layer to the intermediate 
layer should be complementary to this loss (Nishioka et al. 
2020). It also remains unclear how the silicate cycle, which 
is decoupled from the  NO3 the  PO4 cycles, maintains high 
concentrations in the meridional overturning cell subsystem 
of the NPIW.

4  Nutrient return process 
from the intermediate layer nutrient pool 
to the surface

Vertical mixing is a key process for understanding nutri-
ent return paths from the intermediate water to the surface. 
There are some candidate processes reported around the 
subarctic Pacific that can control nutrient return, such as 
strong mixing around the Kuril and Aleutian Island chains 
and along the continental shelf slope in the Bering Sea.

First, we review previous studies on vertical mixing 
around the Kuril and Aleutian Island chains. The diapycnal 
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mixing caused by interactions of tidal currents with the 
rough topography around the straits strongly affects the 
temperature, salinity, and dissolved oxygen properties 
from the surface to the deep layer (Ono et al. 2013). A 
previous observational study by Yamamoto-Kawai et al. 
(2004) showed that strong vertical tidal mixing occurs 
around the Bussol’ Strait, the deepest strait along the 
Kuril Island chain, and reaches the OSIW. Sarmiento et al. 
(2004) used the combined concentration of silicic acid 
and nitrate as a tracer, Si*, for intermediate water nutrient 
transportation, and they indicated that the NPIW needs to 
be the main nutrient return path from the deep water to 
above the thermocline to maintain high Si* water. They 
implied that tidal mixing at the Kuril Island chain is one 
of the candidate physical processes that uplifts nutrients 
from deep water.

Over the last two decades, direct observations of the 
island chain around the Sea of Okhotsk (the Kuril Island 
chain) and around the Bering Sea (the Aleutian Island chain) 
were conducted, and turbulence mixing parameters were 
measured in several studies. Itoh et al. (2010, 2011) and 
Yagi and Yasuda (2012) conducted direct observations of 
the turbulence parameter Kρ (= 0.2ε/N2; where ε is the tur-
bulent kinetic energy dissipation rate, where N2 is squared 
buoyancy frequency) using a free-fall vertical microstructure 
profiler (VMP2000 Rockland Scientific International Co.). 
Goto et al. (2016, 2018) also measured Kρ by using CTD-
attached fast-response thermistors (AFPO7, Rockland Sci-
entific International Co.) for open water in the North Pacific. 

Goto et al. (2018) conducted a comparison study for both 
measurement methods and confirmed that the ε values from 
both measurement methods were comparable and within a 
factor of 3 (where ε is valid for  10–10 < ε <  10–8 W/kg). Fig-
ure 7c, d show the vertical section distribution of the dis-
solved Fe gradient (plus value: dissolved Fe increase with 
depth) and the vertical diffusive coefficient, Kρ (logarithm), 
along GP02. Interestingly, the vertical flux of dissolved Fe 
from the subsurface to the surface calculated by these two 
parameters was clearly higher in the WSG than in the AG.

Previous studies (Itoh et al. 2010, 2011; Yagi and Yasuda 
2012; Goto et al. 2016, 2018) indicated that the Kρ values 
observed in the Kuril and Aleutian Island chains were two to 
four orders of magnitude higher than those observed in the 
open ocean in the subarctic Pacific. Nishioka et al. (2020) 
also measured the nitrate and dissolved Fe concentrations 
at the surrounding station where Kρ was measured and cal-
culated the dissolved Fe and nitrate upward fluxes from the 
intermediate water to the surface layer (Fig. 10a, b), indicat-
ing that the order of dissolved Fe and nitrate vertical flux 
returning from the intermediate layer to the surface layer 
by turbulent diapycnal mixing around the island chains was 
several orders greater than that in the open ocean. They con-
cluded that the Kuril and Aleutian Island chains are hot spots 
that return nutrients from the SINP to the surface layer, and 
are probably very important areas for maintaining surface 
HNLC water in the subarctic Pacific.

Another possible candidate area for the hot spots that 
return nutrients from the SINP to the subarctic Pacific 

Fig. 10  a Vertical nitrate 
upward fluxes from inter-
mediate water to sea surface 
estimated by in situ observation. 
b Vertical dissolved Fe upward 
fluxes from intermediate water 
to sea surface estimated by 
in situ observation. The surface 
to subsurface gradients of the 
dissolved Fe gradient  (ddissFe/
dz) and nitrate gradient (dN/dz) 
were evaluated at all stations 
located around the straits. To 
estimate fluxes, we used the 
gradients and multiplied the 
average of the measured verti-
cal diffusivity Kρ for depths 
of 100–500 m (see details in 
Nishioka et al. 2020). These 
figures are cited from Nishioka 
et al. 2020, Proc Natl Acad Sci, 
www. pnas. org/ cgi/ doi/ 10. 1073/ 
pnas. 20006 58117, under a CC 
BY 4.0 license

http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
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surface is along the shelf break in the southeastern Bering 
Sea. Tanaka et al. (2012a, b, 2017) reported the results of 
direct measurement of turbulence mixing parameters, and 
Tanaka et al. (2012a, b, 2013) conducted a numerical mode-
ling study on tidal mixing along a shelf break in the southern 
eastern Bering Sea, indicating that the strong vertical mixing 
along the shelf break induced by diurnal and semidiurnal 
tides played important roles in maintaining the Fe and nutri-
ent supply along the high productive area at the shelf break 
surface, called the “Green Belt”. Large vertical diffusivity 
was observed over the shelf break (Kρ =  10–4 −  10–2  m2/s), 
and strong vertical mixing contributed to the formation of a 
thick layer over the outer shelf, which induced high vertical 
fluxes of nitrate and Fe to the surface.

These turbulent mixing processes in the subarctic Pacific 
are very important for setting the chemical properties just 
below the surface mixed layer to the intermediate layer and 
are critical for maintaining the high-nutrient surface water 
accompanying surface winter mixing processes. To under-
stand the nutrient dynamics and biological production in the 
intermediate water meridional overturning cell subsystem 
in the North Pacific, we need more quantitative studies to 
evaluate the whole nutrient budget of the SINP.

5  Impact on the phytoplankton ecosystem

Previously, atmospheric dust has been considered to be the 
most important source of Fe in the North Pacific affecting 
biological production. Studies by Uematsu et al. (1983), 
Duce and Tindale (1991) and Mahowald et al. (2005) indi-
cated that there is a longitudinal dust supply gradient across 
the North Pacific, and the flux of dust Fe over the WSG is 
an order of magnitude higher than that in the AG. This dif-
ference is due to the close proximity to the Gobi Desert, and 
this has been believed to be the leading cause of the longitu-
dinal differences in biological production between the WSP 
and the AG (Harrison et al. 2004). In addition, aeolian dust 
from Alaska is important for the eastern subarctic Pacific 
(Boyd et al. 1998). However, now that other oceanic sources 
of Fe have been discovered, as explained in this review, a 
coherent explanation of the biological response in HNLC 
waters must be made by incorporating both the knowledge 
of the atmospheric Fe supplies and the oceanic Fe supplies.

Since satellite observations have been developed, we have 
observed several different patterns and phenologies of phy-
toplankton increases in the subarctic Pacific. These different 
patterns and phenologies are probably caused by different Fe 
sources. For instance, Shiozaki et al. (2014) analyzed satel-
lite imagery and oceanographic data collected from 2003 
to 2009, and they suggested that the factor that determined 
the onset of the spring bloom (phytoplankton increase) var-
ied among subregions in the subarctic Pacific and that the 

magnitude of the bloom was probably controlled by Fe avail-
ability. From the present knowledge of Fe supply processes, 
we can categorize the biological response into three cases. 
First-case, as we mentioned in the Sect 1, phytoplankton 
growth which causes seasonal amplification of biogeochemi-
cal parameters in open oceanic waters in the two subarctic 
gyres, which occur every year (e.g., Fujiki et al. 2014; Mat-
sumoto et al. 2014; Shiozaki et al. 2014). Second-case, there 
are massive spring phytoplankton blooms that occur around 
the coastal boundary current, such as the Oyashio at the 
edge of the WSG (Saito et al. 2002; Okamoto et al. 2010; 
Shiozaki et al. 2014; Isada et al. 2019; Kuroda et al. 2019) 
and in the AS and AC at the edge of the AG (Whitney et al. 
2005; Henson 2007). Third-case, there are evidences that 
sporadic and patchy phytoplankton production is occasion-
ally observed in both spring and summer. (e.g., Bishop et al. 
2002; Hamme et al. 2010). Each biological phenomenon 
in subarctic waters has a different timing, magnitude and 
phenology, probably driven by different sources and supply 
processes of Fe and is accompanied by different physical 
conditions, such as light and temperature.

Fe supply processes related to the third-case phenom-
ena have been well-discussed in many previous reports and 
were reviewed in Takeda (2011). Previous studies to date 
conclude that this third-case biological production is mainly 
due to the atmospheric dust Fe supply. Briefly, the first clear 
evidence of a sporadic phytoplankton response was reported 
by Bishop et al. (2002), who observed an increase in car-
bon biomass after a dust storm from the Gobi Desert in 
the surface mixed layer in the AG by robotic profiling float 
observations. Additional evidence of phytoplankton growth 
stimulated by volcanic ash supply was reported by Hamme 
et al. (2010). They captured the volcanic ash spread from 
a volcanic eruption at the Aleutian Islands in August 2008 
and compared it to the biological production obtained by 
satellite images and shipboard observations, indicating that 
volcanic ash induced a large-scale diatom bloom in the AG, 
with decreasing pCO2 and nutrients (silicate) in the surface 
waters. These examples clearly demonstrate that atmospheric 
Fe input episodically induces phytoplankton production in 
surface water in the subarctic Pacific. Many other studies 
have observed atmospheric Fe deposits in the surface ocean 
by observations and estimated them by numerical models. 
Previously, for instance, Uematsu et al. (2003) reported that 
a numerical model simulation successfully reproduced the 
variation in mineral aerosol concentrations and total depo-
sition flux over the western North Pacific. Measures et al. 
(2005) estimated the dust fluxes based on dissolved Al con-
centrations in surface water. Iwamoto et al. (2011) observed 
Fe deposition of Asian dust in the semi-pelagic region of 
the western North Pacific, and they estimated the amount 
of bioavailable Fe deposits from the dust event. Ito et al. 
(2016) developed numerical modeling that represented the 
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delivery of bioavailable Fe from mineral dust and combus-
tion aerosols to the ocean, indicating that anthropogenic 
aerosols had significant roles in stimulating biological pro-
duction in the ocean surface. However, overall, Boyd et al. 
(2010) conducted a re-examination of evidence from ocean 
observations, indicating spatial and temporal mismatches 
between dust inputs and biological activities, and they noted 
that dust-mediated phytoplankton blooms were rare in the 
modern ocean. Jickells et al. (2005) also indicated that the 
role of the Fe dust supply in stimulating biological produc-
tion has not been quantitatively evaluated well due to a lack 
of information on the fraction of atmospheric Fe that is bio-
available. Aerosol chemistry is also important for controlling 
the bioavailability of Fe from atmospheric sources (Landing 
and Paytan 2010). To estimate the impact of the supply of 
atmospheric Fe on phytoplankton growth, the dust storm 
and aerosol transportation scale, frequency, and deposition 
area, residence time and dissolution rate of atmospheric Fe, 
and fraction of bioavailable Fe under natural conditions are 
still uncertain issues. Fe isotope measurements and isotope 
mass balance analyses are powerful tools to tackle this issue. 
Kurisu et al. (2016) reported that very low isotope ratio in 
fine aerosol particles, which probably signifies evaporation 
of Fe at high temperatures, indicating the contribution of 
anthropogenic Fe to the surface of the North Pacific. There-
fore, Fe isotope measurements with other trace metal iso-
topes will be very important for quantitative understanding 
of the relative importance of different sources of Fe to the 
ocean (Conway and John 2014, 2015; Kurisu et al. 2016; 

Pinedo-González et al. 2020). Future research is needed to 
understand the atmospheric Fe supply.

To explain the second-case of massive spring phytoplank-
ton blooms, which cause nutrient depletion, the Fe input into 
the surface coastal boundary current is a key process. As 
mentioned in Sect. 2.2, the AC and AS along the Alaskan 
coast contain large amounts of Fe originating from coastal 
shelf areas (Cullen et al. 2009). In addition, the AS receives 
freshwater from the continent, precipitation and glacier 
meltwater, which contain high Fe (Wu et al. 2009). The Fe-
rich coastal water has massive spring phytoplankton blooms 
(Whitney et al. 2005; Henson et al. 2007). These coastal 
waters fuel not only coastal biological production but also 
offshore open ocean production because the coastal water 
is detached from the northern coast of Alaska toward the 
open ocean. On the western side, massive spring blooms in 
the Oyashio area have been well-studied (Saito et al. 2002; 
Sugie et al. 2010), and Kuroda et al. (2019) and Isada et al. 
(2019) indicated that the COW is a key factor affecting the 
magnitude of phytoplankton blooms (Fig. 11a). The COW 
clearly has lower temperatures (Fig. 11b), lower salinities 
(Nishioka et al. 2011; Kuroda et al. 2019) and higher Fe con-
centrations (Fig. 11c) than the surrounding waters (Nakay-
ama et al. 2010; Nishioka et al. 2011), which are probably 
influenced by the winter surface ESC (including the influ-
ence of the Amur River discharge) and by sea ice melt water 
from the Sea of Okhotsk, which contains high amounts of 
Fe (Kanna et al. 2014, 2018) (Fig. 11c). These Fe sources 
possibly fuel the massive phytoplankton blooms in the COW 

a

b

c

Fig. 11  a Satellite chlorophyll data obtained by MODIS/Terra on 31 
March 2020; massive phytoplankton blooms were observed in COW. 
b Satellite sea surface temperature data obtained on 31 March 2020; 
the COW, which has very low temperature, was observed in the 

coastal area of east Hokkaido. c Fe supply from the southern Sea of 
Okhotsk to coastal Oyashio water (COW). The black arrow indicates 
an image of high Fe water discharge from the Sea of Okhotsk to the 
coastal Oyashio region (colour figure online)
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(Fig. 11a); however, we need clearer evidence to connect 
the water and biogeochemical material circulation between 
the COW and the Sea of Okhotsk (Mizuno et al. 2018). As 
described above, Fe that enters the surface layer laterally 
with fresh water (including sea ice melt water) directly from 
terrestrial origin is probably important for stimulating the 
second-case of biological production in the subarctic Pacific.

Finally, we would like to discuss the first-case of bio-
logical production. This biological production is not like the 
massive spring blooms that occur in coastal currents, such as 
the AC, AS, and COW, in the subarctic area. The first-case, 
which we focus on here, is the biological production that 
causes the seasonal drawdown of the pCO2 and nutrient con-
centrations in the open oceanic area in HNLC waters, which 
are especially high in the WSG (e.g., Fujiki et al. 2014; Mat-
sumoto et al. 2014; Shiozaki et al. 2014; Yasunaka et al. 
2020). This phenomenon is a regular biological production 
process that occurs every year at the basin-scale range in the 

western to central subarctic Pacific. This basin-scale steady 
biological production caused by the steady growth of phy-
toplankton in the surface layer starts in mid-April in spring, 
producing organic carbon while consuming nutrients until 
August in the summer. Fujiki et al. (2014) observed that the 
potential photosynthetic activity, quantified in terms of Fv/
Fm, is controlled by Fe availability, and the termination of 
the phytoplankton increase is caused by Fe limitations in 
the WSG. Matsumoto et al. (2014) revealed that the mixed 
layer depth and light availability exerted an important con-
trol on the seasonal variability of primary production and 
phytoplankton biomass in the WSG. Shiozaki et al. (2014) 
indicated that in the formation regions of dense central mode 
water (D-CMW) and transition region mode water (TRMW) 
(area 1 in Fig. 12a), bloom onset coincided with possible 
turbulence weakening but not with MLD shoaling. The 
observed peak of chlorophyll a in the mode water formation 
regions was 0.44–0.58 mg/m3, and the values were ca. five 

a
c

d

b

Fig. 12  a Satellite-observed annual integrated primary production in 
the subarctic Pacific and marginal seas. Climatological data for the 
period between 1998 and 2012. Formation regions of the transition 
region mode water (TRMW), dense central mode water (D-CMW) 
and shallow central mode water (S-CMW) described in Shiozaki 
et  al. 2014 are indicated. b Seasonal drawdown of dissolved inor-
ganic carbon from March to August. This figure is cited from Yasu-
naka et al. 2014, JGR-Ocean, https:// doi. org/ 10. 1002/ 2014J C0103 18, 
under the AGU permissions policy. c Plots of dissolved Fe to nitrate 

ratio (nM/μM) vs water density (Sigma theta) around the Kuril Island 
chain (red circles) and the Aleutian Island chain (open circles). d 
Horizontal distributions of dissolved Fe to nitrate ratio (nM/μM) at 
isopycnal surface 26.6 σθ in the North Pacific. This figure is cited and 
modified from Nishioka et al. 2020, Proc Natl Acad Sci, www. pnas. 
org/ cgi/ doi/ 10. 1073/ pnas. 20006 58117, under a CC BY 4.0 license. 
We define “area 1”, “area 2”, and “area 3” as the black circles in pan-
els a, b, and d (colour figure online)

https://doi.org/10.1002/2014JC010318
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
http://www.pnas.org/cgi/doi/10.1073/pnas.2000658117
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times lower than those in Oyashio, although nitrate remained 
and MLDs became shallow enough at the bloom peak in the 
regions. They also reported that the “bloom magnitude west 
of 150°E and in the north Kuroshio extension was increased 
relative to that in the eastern region, suggesting a chemical 
property in the water delivered from the Sea of Okhotsk that 
would influence the western bloom”. These observational 
results probably indicate that through several physical pro-
cesses, such as eddy diffusion, turbulent mixing, and winter 
surface mixing, the mixed layer was enriched with macronu-
trients and Fe (Fig. 12d) brought up from below the surface 
(area 1 in Fig. 12a), and either the Fe and light availability 
or solo Fe availability controlled the primary productivity at 
the mixed layer depth (Matsumoto et al. 2014). Therefore, 
the Fe and nutrient supply from intermediate water driven 
by ocean mixing (winter mixing and eddy diffusive mixing) 
possibly contribute to maintaining biological production and 
dissolved inorganic carbon drawdowns in area 1 in Fig. 12b 
(Yasunaka et al. 2014, 2020) from spring to summer in the 
western subarctic Pacific. Interestingly, higher continuous 
primary production was observed around the Aleutian and 
Kuril Island chains (areas 2 and 3 in Fig. 12a). Although Fe 
and light co-limitation was observed for microsized diatoms 
in the vicinity of these island chains (Yoshimura et al. 2010; 

Suzuki et al. 2014), the continuous higher primary produc-
tivity is explained by the continuous Fe and nutrient supply 
from intermediate water driven by strong diapycnal water 
mixing around the straits of the island chains, as indicated 
in Sect. 4 (Fig. 10a, b, Nishioka et al. 2020). In addition, a 
higher dissolved Fe-to-nitrate ratio in the uplifted waters in 
the Kuril Island chain than in the Aleutian Island chain was 
observed (Fig. 12c); therefore, biological production around 
the Kuril Island chain and downstream region in the WSG 
(area 1 in Fig. 12a, b) might be higher than that around the 
Aleutian Island chain (Fig. 12a). Nutrient consumption and 
organic carbon production in the WSG are approximately 
twice as large as those in the AG. To explain this quantita-
tively, the Fe flux in the WSP should be a “moderate” value 
that is higher than that on the eastern side but not sufficient 
to cause nutrient depletion. Therefore, there is considerable 
interest in the sources and processes of Fe input that lead to 
the occurrence of the higher amplitude of biogeochemical 
parameters in the WSG. The intermediate water Fe trans-
port processes (Fig. 13) are able to explain the significant, 
twice-as-high and steady increases in phytoplankton bio-
mass in the WSP as a result of several mixing processes that 
increase the surface Fe concentrations (Nishioka et al. 2013). 
As described above, the sedimentary Fe supplied from the 
continental margin circulated laterally through the interme-
diate layer and upwelled to the surface by several mixing 

Fig. 13  Sedimentary Fe source areas and direction of Fe transport by surface currents and intermediate water circulation in the subarctic Pacific 
and marginal seas
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processes, and this Fe is important for controlling the first-
case of biological production in the subarctic Pacific.

Figure 14 shows a schematic diagram of a coherent expla-
nation of the external Fe supply to the western subarctic 
Pacific and the relevant biological response that incorporates 
the knowledge of the atmospheric Fe supplies and the oce-
anic Fe supplies from this review.

6  Conclusion and future directions

As we described in the Sect 1, Parsons and Lalli (1988) 
previously indicated that there are significant differences 
in the seasonal cycles and production processes of the 
lower trophic level between the subarctic Pacific and the 
subarctic Atlantic. Over the last 30 years, led by John H. 
Martin’s “Iron hypothesis”, it has become apparent that Fe, 
previously an unidentified nutrient, is the limiting factor 
for phytoplankton in the subarctic Pacific, and this nutri-
ent causes the observed differences. The scientific oceano-
graphic projects carried out in the last 10 years, including 
OMIX, revealed an overview of the different Fe supply 
processes in the HNLC waters of the subarctic Pacific 
and their relevance to biological production. Based on all 
knowledge from this review, we have made significant pro-
gress in understanding Fe and nutrient biogeochemistry 
and phytoplankton ecosystems in the subarctic Pacific.

To explain the higher biogeochemical amplitude on the 
western side of the subarctic Pacific basin, it is important 
to consider the existence of the subpolar marginal seas, 
which are located upstream of the western boundary cur-
rent, the ventilation and the intermediate water circulation 
system, the formation of the SINP, the western boundary 

current (the Oyashio current) that is released toward the 
open ocean, the strong mixing hotspots caused by compli-
cated bathymetric topography, and the westerlies winds. 
For these reasons, it is understandable that when look-
ing at the entire subarctic Pacific, the effects of land are 
concentrated on the western side of the subarctic Pacific 
through Fe transport.

The future directions of Fe research are extracted from 
this review as follows.

1. To quantitatively understand the biogeochemical Fe 
and nutrient cycle in the intermediate water meridional 
overturning cell subsystem in the North Pacific, further 
collaborative research between chemical and physical 
oceanographers is essential. Additional measurements 
of turbulent mixing parameters with measurements of Fe 
and nutrients are needed to estimate the fluxes in several 
hotspots.

2. We still need a quantitative understanding with a coher-
ent explanation of the biological response in HNLC 
waters that must be made by incorporating both the 
knowledge of the atmospheric Fe supplies and the oce-
anic Fe supplies.

3. Fe isotope measurement and isotope mass balance analy-
sis are powerful tools that could provide a quantitative 
understanding of the relative importance of different 
sources of Fe to the ocean. We need more data of Fe 
isotopic composition at the source regions in the North 
Pacific.

4. To estimate the impact of the supply of atmospheric Fe 
(including mineral dust and anthropogenic aerosols) on 
phytoplankton growth, data on the mineral dust storm 
and aerosol transportation scale, frequency, deposition 

Fig. 14  Schematic diagram of 
the external Fe supply to the 
western subarctic Pacific and 
relevant biological response 
indicated from this review



581A review: iron and nutrient supply in the subarctic Pacific and its impact on phytoplankton…

1 3

area, residence time in surface water and dissolution 
rate, and fraction of bioavailable Fe under natural con-
ditions are still needed.

5. To fully understand the mechanism of long-distance 
oceanic transport of Fe, it is necessary to understand 
the chemical and physical speciation of Fe and its behav-
ior, including the dynamics of organic ligands, the role 
of colloidal Fe and the particulate form of Fe, in each 
source and in the water column. Fe isotope measure-
ments will be a powerful tool for revealing transport 
processes.

6. The bioavailability of each Fe form, including particu-
late Fe, is still uncertain in terms of understanding the 
impact of transported Fe on biological production.

7. We need seasonal time series data for surface Fe concen-
trations in the WSG and AG to understand the details of 
how Fe controls biogeochemistry.

8. We need clearer evidence for connecting fresh water (the 
Amur River and sea ice meltwater) and biogeochemical 
material in the surface circulation between the COW and 
Sea of Okhotsk systems.

9. Further collaborative research with numerical modeling 
that incorporates the Fe behavior of chemical and physi-
cal species into ocean biogeochemical cycles is essen-
tial. Additionally, numerical modeling that represents 
the biogeochemical Fe and nutrient cycle in the inter-
mediate water meridional overturning cell subsystem in 
the North Pacific is needed.
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