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Abstract

Vitamin Bi2 (cobalamin) is an essential micronutrient for many marine microorganisms, yet its distribution and
biogeochemical controls in the open ocean, particularly below the euphotic zone, remain poorly constrained. We investigated
the vertical and zonal distributions of four dissolved cobalamin species from the surface to the deep western North Pacific.
Total dissolved cobalamin (TD-B12) concentrations ranged from below detection to 1.63 pM and were generally low in surface
waters. Elevated concentrations occurred below the subsurface chlorophyll maximum (SCM), extended into the upper North
Pacific Intermediate Water (NPIW) at northern stations, and were also observed locally in bottom waters. Hydroxocobalamin
(OH-B12) was the dominant dissolved form throughout most of the water column. From the surface to the upper NPIW, TD-
B12 increased with apparent oxygen utilization (AOU), consistent with a contribution of organic matter remineralization to
cobalamin accumulation. TD-B12 was also positively associated with the relative abundance of Nitrosopumiliaceae inferred
from 16S rRNA gene amplicon sequencing, indicating an association between cobalamin accumulation and microbial
community composition. In contrast, the relationship between TD-Bi12 and AOU disappeared below the lower NPIW,
suggesting that remineralization alone cannot explain cobalamin distributions at greater depths. Elevated cobalamin within the
upper NPIW suggests a role for intermediate-water transport, whereas localized bottom-water enrichment may reflect benthic
sources and deep-water circulation. Overall, dissolved cobalamin distributions reflect a depth-dependent balance among

microbial cycling, degradation, and physical transport.

1 Introduction

Vitamin B2 (cobalamin) is an essential cobalt-containing micronutrient required by approximately half of marine
eukaryotic phytoplankton for key metabolic pathways, including methionine synthesis and ribonucleotide reduction (Safiudo-

Wilhelmy et al., 2014). Because only a limited group of bacteria and archaea can synthesize cobalamin de novo, the availability
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of dissolved cobalamin in seawater depends on complex interactions among microbial production, biological consumption,
and physicochemical transformation (Croft et al. 2005; Safiudo-Wilhelmy et al. 2014). Consequently, cobalamin has been
recognized as an important micronutrient influencing marine primary productivity, microbial interactions, and biogeochemical
cycling (Bertrand et al., 2007; Safiudo-Wilhelmy et al., 2012).

Recent advances in liquid chromatography—mass spectrometry (LC—MS) have enabled simultaneous determination
of multiple dissolved cobalamin species in seawater, allowing their distributions to be investigated in various marine
environments (Heal et al., 2014; Suffridge et al., 2018; Bannon et al., 2025). Although early bioassay-based studies reported
vertical distributions of cobalamin extending into the deep ocean (Daisley and Fisher, 1958; Menzel and Spaeth, 1962; Carlucci
and Cuhel, 1977), depth-resolved observations of multiple cobalamin species from the surface to the deep ocean remain scarce.
The relative importance of the biogeochemical processes controlling dissolved cobalamin distributions, including microbial
production, biological uptake, photochemical degradation, remineralization of sinking organic matter, and physical transport
by ocean circulation remains poorly understood (Bertrand et al., accepted). Disentangling the relative contributions of these
processes is essential for understanding the role of cobalamin in marine biogeochemical cycles and its availability to marine
microorganisms.

The western North Pacific is one of the most biogeochemically dynamic regions of the global ocean. Strong
meridional gradients in nutrient availability, active intermediate-water formation, and vigorous circulation connect productive
marginal seas with the open North Pacific through North Pacific Intermediate Water (NPIW) (Nishioka et al., 2020). This
region therefore provides an excellent natural laboratory for investigating how biological processes and water-mass transport
together regulate the distribution of dissolved micronutrients. Although iron and macronutrient cycling have been extensively
investigated in this region (Nishioka et al., 2021), basin-scale observations of dissolved cobalamin remain scarce, particularly
below the euphotic zone where regeneration and intermediate water transport may strongly influence its distribution.

In this study, we determined the vertical distributions of four dissolved cobalamin species (cyanocobalamin (CN-B12),
hydroxocobalamin (OH-B12), methylcobalamin (CHs-Bi2), and adenosylcobalamin (Ado-Bi2)) from the surface to the deep
western North Pacific. By integrating cobalamin speciation with hydrographic observations and microbial community data,
we sought to identify the major biogeochemical processes controlling dissolved cobalamin distributions, with particular
emphasis on regeneration in subsurface and intermediate waters and transport by ocean circulation. These observations provide

a new observational framework for understanding the marine cobalamin cycle in the western North Pacific.

2 Methods

2.1 Sample collection

Seawater samples were obtained from six stations in the equatorial and mid-latitude regions of the western Pacific

onboard the R/V Hakuho maru KH-22-7 (GEOTRACES GP22) cruise between June 30 and September 1, 2022 (Fig. 2).
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Samples were collected using acid-cleaned Teflon-coated 12-L Niskin-X bottles attached to a CTD-carousel sampling system
(Seabird Electronics, Model SBE-9-plus, SBE-3, SBE-4 and SEB 43).

The seawater samples for the analysis of dissolved cobalamin were filtered through an acid-cleaned AcroPak 200
Capsule filter with a 0.2 pm-pore-size Supor Membrane (Pall) and collected in 2 L amber high-density polyethylene bottles
(Nalgene). The pH of the filtered sample was adjusted to 6—6.5 using diluted hydrochloric acid (Fujifilm Wako Pure Chemical).
The water samples were preconcentrated to measure four types of cobalamin (CN-B12, OH-B12, CH3-Bi2, and Ado-B12) using
solid-phase extraction with a Cis resin (HF Bodesil Cis, Agilent), followed by elution with 10 mL methanol (LC-MS grade,
Fuyjifilm-Wako Chemical) (Safiudo-Wilhelmy et al., 2012; Suffridge et al., 2017). Both pH adjustment and extraction into
methanol were carried out in a dark room, then the extract was kept in -20°C freezer and brought back to the onshore laboratory.

Seawater samples (1 L) for prokaryotic community analysis were immediately filtered through Steribex filters (pore
size: 0.2 um), and the filter samples were stored below -20 °C until analysis. The seawater samples were also collected from
the upper 200 m for the determination of chlorophyll @ concentration and immediately filtered through GF/F filters (Whatman).
Chlorophyll @ was extracted from 6-mL aliquots of N,N-dimethylformamide, stored at -20 °C for over 24 h. At the subsurface
chlorophyll maximum layer, seawater samples for determining phytoplankton composition were obtained and fixed with acidic

Lugol’s solution (final concentration: 2%).
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Figure 1: Sampling locations (black filled circles) during R/} Hakuho maru KH-22-7 cruise. Cross symbols indicate
80 locations where only the hydrographic parameters were obtained. The background color shows the surface nitrate
concentrations obtained from the World Ocean Atlas (2018). The bold arrows indicate the surface water current
directions in this region (WSG: Western Subarctic Gyre, OC: Oyashio, KC: Kuroshio, KE: Kuroshio Extension,
STCC: Subtropical Counter Current, NPC: North Pacific Current, NEC: North Equatorial Current, ECC: Equatorial
Counter Current, SEC: South Equatorial Current) (Talley et al., 2011).
85

2.2 Cobalamin analysis

The methanol extracts were evaporated under a stream of nitrogen and concentrated by a factor of approximately

8000 prior to analysis. The analysis of dissolved cobalamin samples was conducted using ultra-high-performance liquid
chromatography—mass spectrometry (UPLC-MS; ACQUITY UPLC I-Class PLUS Module-Quattro micro API, Waters) with

90 areversed-phase column (ACQUITY UPLC HSS Cyano 1.8-pm 2.1x100-mm column, Waters). An 8.31-min gradient flow
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was used with mobile phases (mobile A: 0.1% formic acid and 1 M ammonium formate (LC-MS grade, Fujifilm-Wako Pure
Chemical) and mobile B: 100% acetonitrile (LC-MS grade, Fisher Scientific) (Table 1). The mass spectrometer was run in the
multiple reaction mode (MRM) with positive polarity. The ESI spray source temperature, desolvation temperature, cone gas
flow, desolvation gas flow, capillary voltage, and sample flow rate were 130 °C, 450 °C, 55 L/h, 550 L/h, 2000 V, and 0.35
mL/min, respectively. The m/z values of each cobalamin type and its respective ions, as well as the specific collision energy,
cone voltage, and recovery efficiencies are listed in Table 2. In this study, no cobalamin signal was present in the analytical
blanks, and analytical errors for CN-B12, OH-B12, CH3-Bi12, and Ado-Bi12 of the UPLC instrument were 1.0, 0.9, 1.0, and 0.8
nM respectively (#=5), from three times the standard deviation of the lowest detectable concentration of the mixed standard
(2.5 ppb); similar values were obtained in a previous study (Suffridge et al., 2017). The procedural limits of detection depend
on the preconcentration factors, which varied from 7960 to 8360 for each sample in this study. The final concentration for each
cobalamin concentration was determined based on the average recovery rate shown in Table 2. We conclude that this method
could detect differences in CN-B12, OH-B12, CH3-B12, and Ado-Bi2 concentrations between 0.12 and 0.13 pM, 0.11 and 0.12
pM, 0.12 pM, and 0.098 and 0.10 pM in a sample concentrated approximately 8000 times.

Table 1: Gradient flow for UPLC-MS used in this study. Mobile phase A: 0.1% formic acid and 1 M ammonium

formate, mobile phase B: 100% acetonitrile.

mobile phase
Time (min)
A (%) B (%)

0 98 2

5.3 70 30

6.3 5 95
6.31 98
8.31 98

Table 2: Analytical parameters of UPLC-MS and spike recovery for measured analytes in this study.

Analyte MRM parent-product Collision energy Cone voltage Retention time Spike recovery
(m/z) \2) V) (min) (%) (n=3)
cyanocobalamin 678.6 - 147.1,359.2 35 25 3.97 83.9+4.2
hydroxocobalamin 664.7-147.1,359.2 33 20 3.56 59.0+11.1
methylcobalamin 673.1-147.1,685.6 36 22 5.14 83.9+2.9
adenosylcobalamin 790.7 - 147.1, 665.6 40 25 448 92.1+4.1
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2.3 Prokaryotic community composition based on 16S rRNA gene amplicon sequencing

DNA extraction and 16S rRNA data analysis of the filter samples were outsourced and obtained from the
Bioengineering Institute of Japan.  After adding Lysis Solution F (Nippon Gene) to the filter paper, the samples were ground
and left to stand at 65 °C for 10 min. The samples were then centrifuged at 12000 x g for 1 min, and the supernatant was
separated. DNA was purified using a LabAid 824 DNA Extraction Kit (ZEESAN). The concentration of the DNA solution
was measured using Synergy LX (BioTek) and a QuantiFluor dsDNA System (Promega). The library was prepared using a
two-step tailed PCR method with primers 515F-Y (5-GTGYCAGCMGCCGCGGTAA) and 926R (5'-
CCGYCAATTYMTTTRAGTTT) (Parada et al., 2016). The concentration of the generated libraries was measured using
Synergy H1 (BioTek) and a QuantiFluor dsDNA System. The quality of the prepared libraries was confirmed using a Fragment
Analyzer and dsDNA 915 Reagent Kit (Advanced Analytical Technologies). Sequencing was performed using the MiSeq
system and the MiSeq Reagent Kit v 3 (Illumina) at 2 x 300 bp.

The FASTX Toolkit (version 0.0.14) was used to extract reads that matched the primer sequences. Only the read
sequences whose beginnings completely matched the primer sequences used were extracted. Primer sequences were removed
from the extracted reads using the fastx_trimer from the FASTX Toolkit. Sequences with a quality value of less than 20 were
removed using sickle (version 1.33), and sequences with a length of 130 bases or less and their paired sequences were discarded.
Reads were joined using the paired-end read-joining script FLASH (version 1.2. 11) with a minimum overlap of 10 bases.
After removing chimeric and noise sequences using the Dada 2 plugin in Qiime2 (version 2022.8), representative sequences
and an ASV table were obtained. Using the feature classifier plugin, the representative sequences were compared with 99
OTUs in Silva (version 138) to infer the phylogeny.

Relative abundances of microbial taxa were determined from 16S rRNA gene amplicon sequencing and are expressed
as the proportion of sequencing reads assigned to each taxon. These values represent relative community composition rather

than absolute cell abundances.

2.4 Other parameters

Chlorophyll a concentration was determined using a fluorometer (10-AU, Turner Design Inc.) on board
(Welschmeyer, 1994). Phytoplankton cell counts were analyzed using a Sedgwick—Rafter slide and an inverted microscope
(IX71, Olympus, Tokyo, Japan) (Edler and Elbréchter, 2010). The temperature, salinity, and dissolved oxygen were obtained
from the CTD sensors (Seabird Electronics, Model SBE-9-plus, SBE-3, SBE-4 and SEB 43). The apparent oxygen utilization
(AOU) was calculated from dissolved oxygen, temperature, and salinity using the Ocean Data View program

(https://odv.awi.de/).
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3 Results

3.1 Hydrography of the study area

This study crosses areas influenced by several water masses and surface ocean currents, such as the Western Subarctic
Gyre (WSG), Kuroshio Extension (KE), Subtropical Counter Current (STCC), North Equatorial Current (NEC), Equatorial
Counter Current (ECC), and South Equatorial Current (SEC) (Fig. 1). Water temperature and salinity in the surface mixed
layer varied depending on the station (Fig. 2). Station OP13 (hereafter OP13) is located in the Kuroshio—Oyashio transition
area. The chlorophyll a concentration was relatively low in this study area (<0.5 pg/L), the depth of the subsurface chlorophyll
maximum layer (SCM) ranged between 35 and 135 m, and the shallowest layer was found in the western subarctic gyre (OP18).
Subtropical Mode Water (STMW) (c0=25.2-25.8) (Yasuda, 2003) was distributed around 200-m depth at OP9. Below the
subsurface water, the NPIW was distributed from 340 to 1500-m depth (66=26.6—27.5) north of 20°N. The NPIW density range
was significantly influenced by water from the Okhotsk Sea in the upper part, which can be identified by a lower salinity water
mass (Figs. 2b) (upper NPIW, 66=26.6-27.0), and the East Kamchatka Current in the lower part (lower NPIW, 60=27.0-27.5)
(Yasuda et al., 2001). South of 20°N, the Equatorial Pacific Intermediate Water (EqPIW) is distributed below the subsurface
water (salinity = 34.5-34.6, average ce=27.3) (Bostock et al., 2010). In the NPIW and EqPIW, salinity varied with latitude,
with lower values in the 200-1000-m layer north of 20°N, and higher values in the equatorial area. A rapid decrease in
dissolved oxygen and increase in AOU were also observed below the subsurface layer. Below the NPIW or EqPIW, Pacific
Deep Water (PDW) (60>27.5, 64<45.88) and Lower Circumpolar Deep Water (LCDW) (c4>45.88) were distributed up to the
4000-m layer and deeper, respectively (Talley et al., 2011). Based on the seafloor topography, the Upper Circumpolar Deep
Water (UCDW) flowed into the deep layer at OP2 (Kawabe and Fujio, 2010).
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Figure 2: Vertical sections from OP2 to OP18 along 155°E and 150°E showing (a) potential temperature (P-Temp), (b)
salinity, (c) dissolved oxygen (DO), (d) apparent oxygen utilization (AOU), (e) total dissolved cobalamin (TD-B12), (f)
cyanocobalamin (CN-B12), (g) hydroxocobalamin (OH-B12), (h) methylcobalamin (CH3-B12), and (i) adenosylcobalamin
(Ado-B12). The black lines in (a)—(d) represent the isopycnal surfaces of potential density anomalies (os), and the red

lines in (b) represent potential density isopycnals based on 4000 m (c4).
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3.2 Distribution of dissolved cobalamin in the western North Pacific

The concentrations of total dissolved cobalamin (TD-Bi2, the sum of the four types of cobalamin) and its four
dissolved species (CN-B12, OH-B12, CH3-Bi2, and Ado-Bi12) exhibited distinct vertical and latitudinal variations throughout the
western North Pacific (Figs. 2 and 3). TD-Bi2 concentrations ranged from below the detection limit to 1.63 pM across this
study area. Surface TD-Bi2 concentrations were generally low at most stations. Elevated concentrations were consistently
observed below the SCM, typically at approximately 200 m depth, and frequently extended into the upper NPIW at stations
north of 20°N. In addition, relatively high TD-B12 concentrations were found in bottom waters (approximately 5000 m depth)
at several stations, although regional differences were apparent among water masses.

OH-B12 was the dominant dissolved cobalamin species throughout the water column, including near bottom waters,
and accounted for the largest proportion of TD-Bi2 at nearly all stations; OH-B12 accounted for 37% to 100% of the TD-B12
below the SCM, within the upper NPIW, and it constituted 100% in the bottom water. In contrast, CN-B12 was detected only
sporadically, with a maximum concentration of 0.24 pM. Similarly, CH3-B12 was detected only at the northernmost station,
where the concentration was 0.14 pM. In contrast, Ado-Bi2 tended to exhibit elevated concentrations in the upper intermediate
waters north of 20°N. Latitudinal differences were also evident; stations in the subarctic region generally exhibited higher TD-
Bi2 concentrations than those in the subtropical region, particularly in the intermediate waters. Elevated concentrations of OH-
Bi2 and Ado-Bi2 largely accounted for this difference, whereas the distributions of CN-B12 and CH3-Bi12 showed comparatively
small regional variations. Ado-Bi2 contributed a larger fraction in the samples with high TD-B12 samples, including those from

the upper intermediate waters, whereas CHs-Bi2 represented only a minor fraction throughout the water column.
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Figure 3: Upper 1000-m vertical sections from OP2 to OP18 along 155°E and 150°E for (a) salinity, (b) chlorophyll a,

(c¢) AOU, (d) TD-B12, (¢) OH-B12, and (f) Ado-B12. The isopycnals in (a) and (c) represent potential density anomalies
190 (oe).

3.3. Phytoplankton and prokaryotic community composition
Chlorophyll a concentrations were generally low throughout the study area, with values below 1 pg/L at all stations
(Fig. 3). A SCM was observed at most stations, although chlorophyll a concentrations remained relatively low compared with
195 those typically observed in more productive regions. Microscopic observations of phytoplankton were conducted only for
samples collected from the SCM layer (Fig. 4). Phytoplankton community composition varied among stations, with differences
in the relative contributions of major taxonomic groups. The composition of prokaryotic communities exhibited clear vertical
variation (Fig. 5). The relative abundance of Nitrosopumiliaceae was low in surface waters but increased below the SCM and
remained relatively high within the upper intermediate waters. Other major bacterial groups showed distinct depth-dependent

200 distributions, reflecting changes in microbial community composition with depth.

10
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3.4. Relationships between dissolved cobalamin species and environmental variables

Relationships between dissolved cobalamin concentrations and AOU differed among depth ranges and cobalamin
species (Fig. 6 (a)-(c)). From the surface to the upper NPIW, TD-B12 was positively correlated with AOU (Pearson’s r = 0.55,
p = 0.012), with OH-B12 exhibiting a similar relationship (» = 0.54, p = 0.013). In contrast, Ado-Bi2 showed no significant
relationship with AOU (r=0.36, p = 0.115). These relationships between TD-B12 or OH-B12 and AOU, however, appeared to
be partly driven by the contrast between surface samples characterized by both low AOU and low cobalamin concentrations
and deeper samples with higher AOU and cobalamin concentrations, rather than by a uniform relationship across the entire
depth range. In the lower NPIW and deeper waters, no clear relationship between AOU and dissolved cobalamin was observed,
with AOU remaining relatively high while cobalamin concentrations were variable.

Dissolved cobalamin concentrations were also compared with the relative abundance of major prokaryotic groups
determined by 16S rRNA gene amplicon sequencing (Fig. 6 (d)-(f)). TD-B12 and OH-B12 showed positive relationships with
the relative abundance of Nitrosopumiliaceae from the surface to the upper NPIW. In contrast, Ado-Bi2 showed no clear
relationship with Nitrosopumiliaceae. Because the sequencing data represent relative sequence abundance rather than absolute
cell abundance, these relationships describe changes in microbial community composition rather than quantitative changes in

microbial abundance.
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Figure 6: Relationships of dissolved cobalamin with AOU and the relative abundance of Nitrosopumiliaceae

determined by 16S rRNA gene amplicon sequencing in the western North Pacific. Relationships of TD-B1: (a, d), OH-

B12 (b, €), and Ado-B1: (¢, f) with AOU (a-c) and Nitrosopumiliaceae (d-f) are shown. Closed and open circles indicate

the samples from the surface to the upper NPIW and from the lower NPIW and deeper waters, respectively. Solid lines

indicate linear regressions for samples from the surface to the upper NPIW.
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4. Discussion
4.1 Controls on dissolved cobalamin distributions

Dissolved cobalamin exhibited pronounced vertical variations across the western North Pacific, with generally low
concentrations in surface waters and elevated concentrations below the SCM and into the upper NPIW. Among the four
cobalamin species examined, OH-B12 was the dominant form throughout most of the water column and largely determined the
vertical distribution of TD-Bi2. The predominance of OH-B12 is consistent with previous observations in marine waters (Heal
et al., 2014) and with experimental evidence showing that OH-B1: is relatively stable in seawater compared with the coenzyme
forms Ado-Bi2 and CH3-B12 (Bannon et al., 2024). Dissolved cobalamin concentrations observed in this study were within the
range previously reported for open ocean (Bertrand et al., accepted). Although very few studies have investigated the
distribution of dissolved cobalamin at depths greater than 2000 m in the open ocean, comparable concentrations have been
reported in the Sargasso Sea (Menzel and Spaeth, 1962). In contrast, concentrations exceeding 2 pM have been observed in
regions such as the Southern Ocean (Carlucci and Cuhel, 1977) and the Bay of Biscay (Daisley and Fisher, 1958). Therefore,
the concentration range observed in this study area is not particularly high. A notable feature of the present dataset is the
vertical pattern, characterized by low surface concentrations and accumulation below the SCM and into intermediate waters.

The low TD-Bi2 concentrations in surface waters may reflect the combined effects of biological utilization and
photochemical reactions. Cobalamin auxotrophy is widespread among marine eukaryotic phytoplankton and prokaryotes
(Safiudo-Wilhelmy et al., 2014), providing an important potential sink for dissolved cobalamin in the euphotic zone.
Cyanobacteria were also abundant in the upper water column, although Prochlorococcus and Synechococcus primarily produce
pseudocobalamin, which differs from cobalamin in its bioavailability to eukaryotic phytoplankton (Helliwell et al., 2016). In
addition to biological utilization, the coenzyme forms Ado-Bi2 and CHs3-Bi2 are less stable in sunlit seawater than OH-Bi2
(Bannon et al., 2024). Biological utilization together with photochemical transformation may therefore contribute to the low
dissolved cobalamin concentrations observed in surface waters.

In contrast, TD-Bi2 concentrations increased below the SCM and remained relatively high toward the upper NPIW.
TD-Bi12 and OH-B12 showed positive relationships with AOU from the surface to the upper NPIW, whereas Ado-B12 showed
no significant relationship with AOU. Remineralization of sinking organic matter has been proposed as a potential source of
dissolved cobalamin below the euphotic zone (Karl, 2002). AOU, TD-Bi12, and OH-B12 were generally low in surface waters
and increased below the SCM, partly accounting for the observed positive relationships. This concurrent increase is consistent
with a contribution of organic matter remineralization to cobalamin accumulation in subsurface waters. Decomposition of
microbial biomass and sinking particles could release intracellular cobalamin into the dissolved pool, followed by
transformation among cobalamin forms. Such transformation may partly explain the predominance of OH-Bi2, the relatively
stable form, throughout much of the water column. Recent culture experiments have also demonstrated that bacteriophage-
mediated lysis of cobalamin-producing marine bacteria can release cobalamin into the dissolved pool and make it available to

cobalamin auxotrophic phytoplankton (Sultana et al., 2025). Although Ado-Bi2 represented a smaller fraction of the dissolved
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cobalamin pool than OH-B12, its occurrence in some intermediate-water samples is noteworthy because this coenzyme form
is relatively unstable in seawater (Bannon et al., 2024). Its presence may therefore reflect relatively recent production and/or
release of intracellular cobalamin, even though its distribution was not significantly related to AOU. Taken together, the
contrasting distributions of OH-B12 and Ado-Bi12 suggest that the subsurface dissolved cobalamin pool cannot be explained
solely by organic matter remineralization, but likely reflects the balance among microbial production, regeneration,
transformation, and utilization.

Microbial community composition provides additional context for this subsurface accumulation. The relative
abundance of Nitrosopumiliaceae increased below the SCM and was positively associated with TD-Bi2 concentrations from
the surface to the upper NPIW. Previous studies have suggested a connection between ammonia-oxidizing archaea (AOA) and
marine cobalamin cycling; for example, elevated particulate corrinoid concentrations have been observed in subsurface waters
where AOA are abundant (Heal et al., 2018). Although the observed community composition cannot identify the organisms
responsible for cobalamin production or determine the balance between production and utilization, the correspondence
observed here is consistent with a possible link between cobalamin accumulation and microbial community composition from
the surface to the upper NPIW.

Importantly, the positive relationship between TD-B12 and AOU was not maintained in the lower NPIW and deeper
waters. AOU remained high, whereas dissolved cobalamin concentrations were variable and frequently lower than those in the
upper NPIW. This decoupling indicates that dissolved cobalamin does not accumulate continuously with progressive organic
matter remineralization in the same manner as conventional regenerated nutrients. Instead, the balance among microbial
production, regeneration, utilization, and removal appears to change with depth, while physical transport may further modify

these biological signals, as discussed below.

4.2 Influence of water masses on dissolved cobalamin distributions

In addition to local biological and biogeochemical processes, water-mass transport appears to play an important role
in shaping dissolved cobalamin distributions in the western North Pacific. Relatively high TD-Bi2 concentrations extended
from below the SCM into the upper NPIW, particularly at stations north of 20°N. The upper NPIW is strongly influenced by
waters originating from the Okhotsk Sea, whereas the lower NPIW receives a larger contribution from waters associated with
the East Kamchatka Current (Yasuda et al., 2001). Because the NPIW is an important pathway for the transport of regenerated
nutrients and trace elements from subpolar and marginal-sea regions into the interior North Pacific (e.g. Nishioka et al., 2021),
it may similarly redistribute dissolved cobalamin produced or regenerated in intermediate waters or supplied from the source
regions of the upper NPIW, including the Okhotsk Sea.

The association of elevated cobalamin concentrations with the upper NPIW is consistent with the large-scale transport
by micronutrients with intermediate waters. For example, dissolved Fe concentrations in the western North Pacific are
enhanced within the NPIW through lateral transport from marginal seas and continental margins (Nishioka et al., 2020). An

intermediate-water maximum has also been reported for dissolved Co (Zheng et al., 2019; Morton et al., 2019), the central
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metal ion of cobalamin. Cobalt availability may be relevant to cobalamin cycling because Co addition has been shown to
enhance cobalamin production by natural microbial communities (Panzeca et al., 2008). Thus, lateral transport of Co-rich
intermediate waters could potentially support microbial cobalamin production within the NPIW, in addition to the direct
transport of dissolved cobalamin itself. Although dissolved Co concentrations and rates of cobalamin production were not
measured in the present study, the elevated TD-B12 concentrations in the upper NPIW are consistent with an interplay between
local microbial cycling and lateral transport, highlighting the potential role of intermediate waters in shaping dissolved
cobalamin distributions.

In deeper waters, TD-Bi12 concentrations were generally lower than those observed in the upper NPIW, although
localized increases were observed at several stations, particularly near the bottom at approximately 5,000 m depth. These
increases were largely attributable to OH-B12. Stations with elevated cobalamin concentrations in near-bottom waters were
located along pathways potentially influenced by UCDW and LCDW (Kawabe and Fujio, 2010). The present observations
represent a spatial snapshot and do not distinguish between transport by these water masses and local production or supply.
The spatial correspondence suggests a potential contribution of deep circulation to the large-scale distribution of dissolved
cobalamin.

Sedimentary input represents another possible source of the elevated cobalamin concentrations observed near the
seafloor. Early studies in Japanese coastal waters reported substantially higher cobalamin concentrations in sediments than in
overlying bottom waters (Kurata et al., 1970), and high sedimentary cobalamin concentrations have also been reported from
the East China Sea and Pacific Ocean (Ohwada and Taga, 1969). These observations suggest that marine sediments may
represent an important reservoir of cobalamin. Benthic inputs, followed by redistribution through deep-water circulation, may
therefore contribute to the localized bottom-water enrichments observed in this study. Thus, biological processes and water-

mass transport jointly shape the vertical and zonal distributions of dissolved cobalamin in the western North Pacific.

5. Conclusions

This study provides one of the few basin-scale observations of multiple dissolved cobalamin species from the surface
to the deep ocean. Dissolved cobalamin concentrations were generally low in surface waters but increased below the SCM and
within the upper NPIW, where TD-B12 and OH-B12 were associated with AOU and changes in microbial community
composition. In contrast, this relationship weakened in the lower NPIW and deeper waters, while localized increases in OH-
Bi2 occurred in some deep and bottom waters. These observations suggest that dissolved cobalamin distributions in the western
North Pacific reflect a dynamic balance among microbial production, regeneration, biological utilization, degradation, and

physical transport, with the relative importance of these processes changing with depth and water-mass structure.
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