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Abstract Methanol metabolism can play an important role in marine carbon cycling. We made
contemporaneous measurements of methanol concentration and consumption rates in the northwest

Pacific Ocean to constrain the pathways and dynamics of methanol cycling. Methanol was detected in

relatively low concentrations (<12-391 nM), likely due to rapid biological turnover. Rates of methanol
oxidation to CO, (0.9-130.5 nmol L~! day~!) were much higher than those of assimilation into biomass
(0.09-6.8 nmol L~! day~!), suggesting that >89.7% of methanol was utilized as an energy source. Surface water
acted as a net methanol sink at most sites, with an average flux of 9 pmol L' day~!. Atmospheric deposition
accounted for 22.7% of microbial methanol consumption in the mixed layer, illustrating that the atmosphere is
less important than internal processes for driving methanol cycling in these pelagic waters.

Plain Language Summary Methanol is one of the most abundant oxygenated volatile organic
compounds in the atmosphere and microbial methanol metabolism is an important part of the marine carbon
cycle. However, only a limited number of studies describe methanol cycling in marine waters, and the sources
and sinks of methanol remain largely unconstrained in the Pacific Ocean. We investigated the distribution and
microbial consumption of methanol in the Kuroshio-Oyashio extension region of northwest Pacific Ocean.
Methanol was used primarily as an energy source and the rapid biological turnover of methanol contributed
to relatively low-standing stocks of methanol. Air-sea flux estimates suggested that the atmosphere was a net
source of methanol to the study area. Compared to in situ production and consumption rates, air-sea exchange
represented a less important process for methanol cycling in the mixed layer. Our results add to the global
database of methanol concentrations and help to constrain the biological sources and sinks of methanol in the
surface ocean.

1. Introduction

Methanol is one of the most abundant oxygenated volatile organic compounds in the atmosphere and plays an
important role in atmospheric chemistry and ocean ecology (Heikes et al., 2002; Singh et al., 2001; Zhuang
et al., 2018). Due to the variability of methanol concentrations and sea-air exchange fluxes between locations,
uncertainty remains as to whether the ocean is a source or sink of atmospheric methanol. For example, Beale
et al. (2013) observed methanol exchange in both directions in the Atlantic Ocean with a net oceanic emission
of 12 Tg yr~!, while Yang et al. (2013) reported a global extrapolation of —42 Tg yr~! based on the atmospheric
deposition of methanol over the Atlantic Ocean. In situ methanol production is often observed in oceanic waters
(Dixon, Beale, et al., 2013) and phytoplankton could be a key methanol producer (Mincer & Aicher, 2016).
However, methanol concentrations are maintained in the nanomolar range due to rapid consumption by marine
microorganisms (Beale et al., 2013; Dixon, Beale, et al., 2013; Kameyama et al., 2010; Yang et al., 2013). Micro-
bial uptake of methanol represents a significant biological sink that may reduce oceanic methanol emissions to
the atmosphere.
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Methanol can be used as energy source (i.e., methanol being oxidized to CO, for energy production) and carbon
source (i.e., methanol being assimilated into biomass for cell growth) by methylotrophs or solely used as an
energy source by methylovores (Sun et al., 2011). Previous investigations suggested methanol is predominantly
oxidized as an energy source in surface ocean; however, it can also be an important source of biomass carbon in
high-productivity waters (Dixon, Sargeant, et al., 2013; Zhuang et al., 2018). Methanol concentrations exhibit
large spatial and temporal variabilities (ranging from 7 to 429 nM) based on limited observations in the Atlantic
and North Pacific waters (Beale et al., 2011, 2013; Kameyama et al., 2010; Yang et al., 2013, 2014). Likewise, a
few studies demonstrated that the biological turnover time for methanol varied from 1 to 33 days in marine waters
and that rates of methanol metabolism often correlated with environmental variables, such as chlorophyll a,
nutrients, and heterotrophic bacterial production (BP; Dixon et al., 2011a; Dixon, Sargeant, et al., 2013; Zhuang
et al., 2018).

To better understand the sources and sinks of methanol on a global scale, it is critical to delineate methanol
distribution and metabolism in a wide range of marine systems. In this study, we report contemporaneous meas-
urements of methanol concentration and consumption rates (i.e., oxidation rates and assimilation rates measured
with '“C-labeled methanol) in the northwest Pacific Ocean. Methanol concentrations were determined with a
purge and trap preconcentration system, and methanol consumption rates were quantified using radiotracer at
environmentally relevant concentrations. Together, these data allowed us to elucidate the role of methanol as a
carbon and energy source. This data set expands the global database of methanol concentration, constrains meth-
anol consumption rates in the Pacific Ocean, and provides insights into the biogeochemical cycling of methanol
in oceanic waters.

2. Materials and Methods
2.1. Sample Collection and Geochemical Analyses

Samples were collected from the Kuroshio-Oyashio extension (KOE) region in the northwest Pacific Ocean on
board R/V “Dongfanghong 3” during an expedition in May 2021 (Figure S1 in Supporting Information S1). KOE
is a confluence of the western boundary currents of the subtropical and western subarctic gyres (Xu et al., 2021).
Multiscale physical processes in the region impact air-sea exchanges, seawater geochemistry, and marine ecosys-
tems. As such, KOE represents a biological “hotspot” for carbon cycling in the northwest Pacific Ocean (Nagai
et al., 2019).

Water samples for geochemical analyses were collected from 18 sites with a Seabird 911 CTD-Niskin rosette
system. Nutrient samples (nitrate, nitrite, and phosphate) were passed through a 0.7-pm filter and stored at —20°C
before shore-based analyses using Seal Analytical Quaatro nutrient autoanalyzer. Ammonium concentrations were
determined by fluorometric method on board immediately after collection without filtration (Holmes et al., 1999;
Ning et al., 2013). For chlorophyll a analysis, ~1 L of seawater was filtered through a 0.7-pm Whatman GF/F
filter, and the filters were stored at —20°C. Chlorophyll a concentrations were measured fluorometrically using
an F4500 fluorometer (Hitachi, Japan) (Parsons et al., 1984).

Methanol samples were stored at —80°C before shore-based analyses (Zhuang, Montgomery, et al., 2019). Metha-
nol concentrations were analyzed with a commercial purge and trap system (Acrichi PTC, Beijing Juxin Zhuifeng
Technology Co., Ltd). coupled to a gas chromatograph (Agilent GC8890, Agilent Technologies Inc.; modified
from Zhuang et al., 2014). Briefly, a 10-mL sample was purged for 10 min at 85°C using ultra-pure nitrogen gas.
The evolved gas passed through an absorbent trap (Tenax® TA) and was electrically cooled to —15°C. After
sparging, the trap was heated to 200°C and this temperature was held for 4 min. The desorbed methanol was intro-
duced to the gas chromatograph, separated using an HP-PLOT Q capillary column (30 m X 0.32 mm X 20 pm,
Agilent), and quantified using a flame ionization detector. A calibration curve was constructed using standards
prepared using analytical grade methanol (AR, Sinopharm Chemical Reagent Co., Ltd.) and Milli-Q water. The
detection limit of the method was 12 nM and the precision of the method was ~5%.

2.2. Microbial Assimilation and Oxidation Rate Measurements With “C-Labeled Methanol

Microbial transformation of methanol, that is, assimilation of methanol into particulate cell biomass (as a
carbon source) or oxidation to carbon dioxide (as an energy source), was determined using a radiotracer
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approach, as described previously by Zhuang et al. (2018). For tracer preparation, a '“C-methanol primary stock
(50 mCi mmol~', American Radiolabeled Chemicals) was diluted with sterile Milli-Q water to generate working
solutions. Seawater samples were collected in quadruplicate (a killed control and triplicate live samples) and
transferred to 56 mL serum vials that were sealed without a headspace. Before tracer addition, control samples
were killed by injecting 2.8 mL 100% trichloroacetic acid (TCA, a final concentration of 5%) through the stopper.
After that, 100 pL '“C-methanol (~1,500 Bq) solution was injected into live and control samples through the
stopper by replacing 100 pL of seawater. The samples were then incubated in the dark at in situ temperature for
48 hr.

After incubation, a 30-mL subsample was collected with a syringe by displacement with the same volume of
N,; the displaced water was collected into a second syringe and then transferred into a 50-mL centrifuge tube.
Microbial activity was terminated immediately by adding ~1.5 mL 100% TCA and this subsample was used to
quantify assimilation rates. Another ~1.3 mL of 100% TCA was injected into the remaining 26 mL sample in the
serum vial, which was stored for determination of methanol oxidation rates.

For assimilation rates, a 30-mL subsample was filtered onto a 0.22-pm GWSP filter membrane (polyethersulfone,
Millipore). The filter was rinsed with 35%o0 NaCl solution, placed in a 7-mL scintillation vial and filled with
6 mL scintillation cocktail (Ultima Gold Cocktail, PerkinElmer). Methanol assimilation was measured using a
liquid scintillation counter (Tri-Carb®3110TR, PerkinElmer). Methanol oxidation rates were quantified by track-
ing “CO, production from added tracer. The 26 mL subsample was acidified by the addition of TCA and purged
with N,. The stripped “CO, passed through an ice-cold acidic purification trap (1 M phosphoric acid in 15 mL
centrifuge tube; minimize the contamination of “CH,OH) and trapped in a mixture of 4.5 mL of scintillation
cocktail and 1.5 mL 3-methoxypropylamine (Sigma-Aldrich).

Assimilation or oxidation turnover rate constants (k, day ') were calculated from Equation 1:

k== 1

; ey
where f is the ratio of the recovered “C activity (particulates on the filter or evolved #CO,) divided by
added “CH,OH activity; ¢ is the incubation time (day). The turnover time (day) is the reciprocal of the rate
constant. All rate constants were corrected by subtracting killed control counts. Assimilation or oxidation rates
were calculated from the turnover rate constant (k) and in situ methanol concentration (C. Equation 2):

in situ’

Rate = k X Ciusitu (2)

Total methanol uptake, representing methanol transport into the cell, was calculated as the sum of the assimila-
tion and the oxidation rates.

2.3. Estimation of Methanol Air-Sea Flux

The air-sea flux was calculated based on a two-layer model from Liss and Slater (1974) (Equation 3):

rex((§)-<)

where C, and C, are the seawater and atmospheric concentrations of methanol, respectively. Atmospheric metha-
nol concentrations were not measured, so we used an average value of 0.57 ppb for the Pacific, as reported previ-
ously (Singh et al., 2004). H is the dimensionless Henry's Law constant (corrected for temperature and salinity;
Johnson, 2010). K, is the total gas transfer velocity calculated by Equation 4:

1 1 1

—_ = — 4
K: ko Hk, @

where k , (water gas transfer velocity) and &, (air gas transfer velocity) are calculated from Equation 5 (Nightingale
et al., 2000) and Equation 6 (Duce et al., 1991), respectively:

-0.5
kw = (0.222 X ui) +0.333x “I()) Scw )
Sce00
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uio

kg=——1
770 + 45 x MW/ ©)

where u,, is the wind speed measured at 10 m above the sea surface, MW is the molecular weight of methanol
(32.04 g mol '), Sc, is the Schmidt number of methanol (corrected by temperature and salinity), and Sc, repre-
sents the Schmidt number for CO, in fresh water at 20°C (600).

2.4. Bacterial Production

Heterotrophic BP was quantified by tracking *H-leucine incorporation (Kirchman, 2001); the details of this
method were described by Zhuang, Pefia-Montenegro, et al. (2019). Bacterial carbon production (BCP) was
calculated based on the measured BP rate (i.e., leucine incorporation rate, nmol L~! day~!), the median of empir-
ical leucine conversion factor (LCF) in the open ocean (0.56 kg C/mol leucine; Giering & Evans, 2022), and the
molar mass of carbon (MM, 12 g mol~?).

_ BPxLCF

BCP
MM

@)
Bacterial carbon demand (BCD), including production and respiration, represents the amount of carbon required
to support physiological activity. The BCD was estimated from BCP (ug C L' hr~! in Equation 8) and the bacte-
rial growth efficiency (BGE). BGE was calculated with an experiential model, which described the relationships
between BGE and BCP based on previous measurements (Equation 9; del Giorgio & Cole, 1998):

BCP
BCD = —
¢ BGE ®)
0.037 + 0.65BCP
BGE= ——— —
1.8+ BCP ©)

3. Results and Discussion
3.1. Water Column Biogeochemistry and Distribution of Methanol in the KOE Region

Seawaters were sampled from the KOE region across a number of study sites (Figure S1 in Supporting Infor-
mation S1). In these areas, hydrographic properties and seawater chemistry were significantly impacted by the
Kuroshio current from the south and the Oyashio current from the north (Table 1). Chlorophyll a concentrations
in the surface waters varied significantly between sites (0.1-2.9 pg L~"). The highest abundance of chlorophyll
a (2.9 pg L) at site D6 in the Oyashio extension, was ~9 times of the average chlorophyll a concentration at
other sites (0.3 pg L"), indicating the occurrence of an algae bloom during sampling. Lower concentrations
(<0.2 pg L") were found at sites in the Kuroshio extension (e.g., D1, D2, and E9). The average concentrations
were slightly higher than the values observed previously in autumn in the KOE (0.02-0.3 pg L~!; Xu et al., 2023).
Likewise, nitrate concentrations were much higher at northern sites (e.g., >1.0 uM at E8, E12, and D5, a maxi-
mum of 4.0 uM at D6) than those in the south (e.g., <LOD at D1 and D2). Similar patterns were observed for
other nutrients (Table 1). Phosphate concentrations ranged from 0.02 pM at D1 to 0.5 pM at E8. Concentra-
tions of nitrite and ammonium were generally lower than 0.2 pM (i.e., D6) and 0.57 pM (i.e., E8), respectively.
Nutrient concentrations were comparable to values previously reported for this region (Lin et al., 2020; Wang
et al., 2022; Xu et al., 2023).

BP rates exhibited large variability between sites, ranging from 0.8 nmol leucine L' day~! at E8 to 9.0 nmol

! at D6, with an average of 5.0 nmol leucine L~! day~'. Methanol was detected at most sites

leucine L' day~
with concentrations ranging from 13 to 391 nM (Table 1). The highest concentrations were observed at stations
D1 (339 nM), E9 (391 nM), and E10 (324 nM). These concentrations were generally within the wide range
measured previously in marine waters (<27-429 nM; Beale et al., 2011, 2013; Kameyama et al., 2010; Williams
et al., 2004; Yang et al., 2013). In the western North Pacific Ocean, methanol concentrations varied between 78

and 325 nM; slightly higher than the concentrations observed in our study area (Kameyama et al., 2010).

Likely sources of methanol in pelagic surface waters include in situ biological and photochemical production
(Dixon, Beale, et al., 2013), or to a lesser extent, atmospheric deposition, which depends on sea-air exchange flux.

ZHOU ET AL.

4 0of 10

85UB017 SUOWLLID 8AIRID 8|qedljdde ays Aq peusenob afe sajolfe YO ‘38N JO S9N 10} ARIGIT 8UIUO A8]IAA UO (SUONIPUOD-PUE-SWLBH W00 A8 | 1M AReiq 1 Bul UO//SANY) SUORIPUOD Pue SWB 1 8L 88S *[£202/90/20] U0 ARiqiTauliuo A8|iM ‘Afeiq1 Aisieniun afeIs eueluo W Aq S09T0T 192202/620T 0T/10p/L0o A8 | im Areiq1jpuluo'sgndnbe;/sdiy wo.j pepeojumoq ‘g ‘€202 ‘200816T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL101605

Table 1
Overview of Sampling Sites and Geochemistry of the Surface Water in the KOE Region

Mixed layer Euphotic

Site Longitude Latitude depth® depth®  Temperature Methanol Salinity NH,* NO,~ NO,~ PO,~ Chlorophyll Bacterial production
B (N) (m) (m) °0) (nM) M) M) @M @M (pgL™)  (amolLeuL day™)

D1 145°01.89 30°22.59 15 198 24.1 339 34.6 17 B.D. B.D. 0.02 0.1 5.0

D2  146°18.87 32°34.36 11 173 214 31 34.8 17 B.D. B.D. 0.03 0.1 6.6

D3 147°37.04 35°00.73 22 N.D. 20.4 19 34.7 B.D. B.D. BD. 0.1 0.1 5.9

D4 148°48.85 37°00.92 12 146 18.4 B.D. 343 73 0.1 0.03 0.1 0.5 5.5

D5 149°52.12 38°56.89 40 N.D. 11.2 19 34.6 135 1.6 0.1 0.2 0.8 1.6

D6  151°12.05 40°59.78 26 N.D. 10.4 B.D. 33.6 181 4.0 0.2 0.4 2.9 9.0

El  146°29.10 33°59.46 26 123 21.2 19 34.7 24 0.03 B.D. 0.04 0.1 N.D.

E2  146°31.24 35°30.17 40 N.D. 19.9 21 34.7 17 B.D. B.D. 0.03 0.1 4.6

E3  146°30.13 37°00.07 26 171 20.1 B.D. 34.6 24 B.D. B.D. 0.05 0.1 N.D.

E4  146°29.69 38°31.16 30 N.D. 17.0 60 34.6 140 04 0.05 0.1 0.7 1.7

E5  147°59.95 33°58.15 52 107 21.3 77 34.7 15 0.1 B.D. 0.04 0.2 N.D.

E6  147°59.50 37°00.11 21 N.D. 16.8 B.D. 34.4 195 0.1 B.D. 0.1 0.6 6.7

E7  148°00.00 38°30.17 27 N.D. 17.0 13 34.4 93 1.2 0.1 0.2 0.6 6.6

E8  147°59.87 40°00.04 15 79 11.1 B.D. 32.7 574 2.3 0.1 0.5 0.8 0.8

E9  150°50.53 33°59.62 16 118 224 391 34.6 14 B.D. B.D. 0.04 0.1 6.5

E10 149°59.22 35°31.03 15 232 20.9 324 333 18 B.D. B.D. 0.03 0.1 5.5

El1l1 150°03.06 36°59.96 22 N.D. 21.9 52 34.5 26 0.02 0.03 0.03 0.1 5.4

E12 150°00.29 39°59.83 26 N.D. 22.1 50 34.3 49 1.2 0.1 0.2 0.4 4.2

Note. B.D.: Below the detection limit. N.D.: Not determined.

*The depth with a difference of 0.2°C from 10 m temperature was considered as the base of the mixed layer (de Boyer Montégut et al., 2004). "The euphotic depth was
determined that photosynthetically available radiation (PAR) is 1% of its surface value (Lee et al., 2007).

Dixon, Beale, et al. (2013) measured methanol production rates of 49-103 nmol L~ day~! in the Atlantic Ocean,
while photoproduction seemed to play an inconsequential role in gross in situ production. These results are
supported by a later study, which demonstrated that methanol can be produced by a broad phylogenetic array of
marine phytoplankton (Mincer & Aicher, 2016). However, methanol concentrations did not correlate with chlo-
rophyll concentration in our study area. The ability of phytoplankton to produce methanol was species-dependent
(Mincer & Aicher, 2016). For example, Emiliania huxleyi released much more methanol (~5.3 + 1.0 fmol cell ™)
than Prochlorococcus (~0.05 + 0.01 fmol cell™!) in the cultures (Mincer & Aicher, 2016). Therefore, the
lack of correlation between methanol and chlorophyll might be attributed to the presence of distinct methanol
producers among phytoplankton species in this area. Furthermore, the chlorophyll as a proxy of phytoplankton
biomass could be largely affected by the light and nutrient-driven photoacclimation in the northwest Pacific
(Xing et al., 2021). Once produced, methanol can be rapidly consumed by microbes. Ultimately, the balance of
production and consumption determines the standing concentrations of methanol in marine waters, which could
be regulated by complex physical, biological, or photochemical processes.

Depth profiles of methanol and other variables were measured at sites D2 and D6 (Figure S2 in Supporting Infor-
mation S1). A deep chlorophyll ¢ maximum was detected at ~55 m (0.7 pg L") at D2 (Figure S2 in Supporting
Information S1). Methanol accumulated in the upper 100 m and a maximum of 73 nM was observed at 15 m.
Below 125 m, methanol was barely detected in the deep waters with exceptions of 17 and 19 nM at 5,000 and
5,853 m, respectively. In contrast, chlorophyll a concentrations peaked at 15 m (3.7 pg L™') and decreased to
0.03 pg L' at 75 m at site D6. A peak of methanol concentration (184 nM) was documented at 175 m; concen-
trations were less than 30 nM at other depths. Methanol accumulation in surface waters or in subsurface maxima
was often observed in previous studies (Beale et al., 2013; Williams et al., 2004), which measured methanol
concentrations in the upper 200 m waters. The subsurface maxima, also detected in this study, could be related
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Table 2
Microbial Assimilation and Oxidation of Methanol in the KOE Region

Assimilation rate (nmol  Oxidation rate (nmol  Oxidation/total
Site  Assimilation k (day~!) Oxidation k (day~") L-!day™") L-!day™!) uptake (%)

D1 0.001 + 0.0002 0.39 + 0.02 0.24 +0.07 130.5 + 6.8 99.8
D2 0.013 + 0.004 0.21 + 0.02 0.41 £0.13 6.5+0.6 94.0
D3 0.005 + 0.001 0.05 + 0.01 0.09 + 0.02 0.9+0.1 90.8
D42 0.017 + 0.001 0.27 £ 0.01 0.20 £ 0.01 33+02 94.3
D5 0.011 £ 0.002 0.24 + 0.01 0.21 £0.03 45+02 95.6
Dé6* 0.013 + 0.001 0.23 + 0.09 0.16 + 0.01 27+1.0 94.5
E2 0.014 + 0.004 0.23 +£0.01 0.30 + 0.09 48+0.2 94.2
E6* 0.012 + 0.002 0.27 + 0.09 0.15 £ 0.03 33+1.1 95.7
E7 0.012 + 0.001 0.21 +0.01 0.15 + 0.01 2.7+0.1 94.6
Eg* N.D. 0.15 + 0.07 N.D. 1.7+0.9 N.D.
E9 0.017 £ 0.003 0.18 + 0.003 6.83 +£0.98 71.1+£13 91.2
E12 0.024 + 0.005 0.21 +0.02 1.23 +0.26 10.7 £ 0.9 89.7

Note. N.D.: Not determined.
4Metabolic rates were calculated using methanol concentrations of 12 nM (i.e., the limit of detection) for those samples below
the detection limit.

to elevated production or reduced degradation in this layer. In addition to phytoplankton release, methanol can
be produced from the degradation of large biomolecules, such as pectin and lignin (Donnelly & Dagley, 1980;
Schink & Zeikus, 1980). Accumulation of exported particles and organic matter in the subsurface might also lead
to the elevated level of methanol. However, no consistent trend was observed in depth profiles between sites in
this, and in previous studies (Beale et al., 2013), further suggesting the complex control of methanol in the ocean.
Additionally, methanol was generally not detected in waters deeper than 200 m. This is not surprising given the
dominant source of methanol via phytoplankton production or photochemical process in the photic zone. BP of
methanol from organic matter, including pectin and lignin, may provide an alternative source of methanol in deep
waters (Donnelly & Dagley, 1980; Schink & Zeikus, 1980).

3.2. Microbial Metabolism of Methanol as a Carbon and Energy Source

The assimilation of added *CH,OH tracer into biomass and its oxidation to *CO, were detected in surface waters
at 12 sites. Methanol assimilation rate constants varied significantly between 0.001 and 0.024 day~! (average:
0.013 + 0.006 day~") (Table 2). Maximum and minimum assimilation rate constants were observed at E12 and DI,
respectively. Assimilation rate constants were lower than reported values for coastal waters but fell within the wide
range measured in the oligotrophic gyres of the Atlantic Ocean and surface waters in the Gulf of Mexico (Dixon,
Sargeant, et al., 2013; Zhuang et al., 2018). Microbial oxidation of *CH,OH to '*CO, was much faster than assimi-
lation to biomass, with an average oxidation rate constant of 0.22 day~!. The maximum oxidation rate constant at site
D1 (0.39 day~!) was about eight times higher than the lowest observed at D3 (0.05 day~'). Oxidation rate constants
were among the highest values documented in the oligotrophic tropical North East Atlantic (turnover time: 1-25 days)
(Dixon et al., 2011b), and the turnover times were as low as 3 days (3—19 days) in surface waters of KOE region.

By combining measured rate constants with in situ methanol concentrations, we estimated methanol assimilation
and oxidation rates. Assimilation rates ranged from 0.09 to 6.8 nmol L~! day~!, and the maximum rate occurred at
site E9, where the highest methanol concentration was observed. In contrast, methanol oxidation was highest at site
D1, with a rate of 130.5 nmol L~! day~. The overall rates (1.0~130.7 nmol L' day~!) were comparable to those high
rates (between 2 and 146 nmol L~! day™') in the tropical Atlantic (Dixon et al., 2011b). The rapid turnover and high
methanol oxidation rates could also explain the relatively low methanol concentrations observed in the KOE region.

Linear relationships between methanol assimilation and oxidation, and biogeochemical variables such as chlo-
rophyll a, BP, or nutrients were not apparent. Previous studies reported significant linear correlations between
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methanol metabolisms and environmental factors (e.g., chlorophyll a, primary production, BP, and nutrients)
in the Gulf of Mexico (Zhuang et al., 2018) and Atlantic Ocean (Dixon, Sargeant, et al., 2013). These data sets
covered diverse geographical and biogeochemical areas, including both coastal and deep waters. The controls
of methanol metabolism are likely more complex in the KOE region since mixing of different water masses
generates dynamic physical (e.g., temperature), chemical (e.g., nutrients), and biological (e.g., chlorophyll a)
conditions, all of which can influence the activity of methanol-utilizing microorganisms.

Methanol oxidation rates were much higher than the assimilation rates, and *CO, production accounted for
89.7%—-99.8% (average: 94.1%) of the total utilization of methanol. Hence, methanol was used predominantly as an
energy source and only a minor fraction of methanol was assimilated into biomass. Previous studies also reported
that >90% of methanol was respired to CO, for energy production in the oligotrophic oceanic waters of the Gulf
of Mexico and Atlantic Ocean (Dixon et al., 201 1b; Zhuang et al., 2018). In contrast, up to 35% and 57% of meth-
anol was used as a carbon source in the nutrient-rich coastal waters (Dixon et al., 2011b; Zhuang et al., 2018).
Similar scenarios were also observed for the metabolism of other low molecular weight carbon compounds, such
as acetate and dimethylsulfoniopropionate (DMSP); their role as biomass-carbon sources may be more important
in nutrient-rich coastal regions compared to the oligotrophic open ocean (Motard-Coté et al., 2016; Zhuang,
Pefia-Montenegro, et al., 2019). Presumably, elevated nutrient levels and microbial activity underscore the higher
carbon demand to support the biomass growth of heterotrophs in coastal waters. Furthermore, methylotrophs
that utilize C1 compounds including methanol for energy and biomass production are usually more abundant in
coastal waters (Halsey et al., 2012; Rappe et al., 2000). In contrast, methylovores that only oxidize C1 compounds
such as SAR11 bacteria appear to be much more ubiquitous in global ocean (Sun et al., 2011). Recently, Sargeant
et al. (2018) demonstrated that SAR11 made significantly larger contribution to methanol oxidation rates in the
open ocean (0.3%-59%) than the coastal waters (<0.01%-2.3%). Therefore, observed differences of methanol
cycling in coastal or open ocean areas could be driven by the relative abundance of C1-utilizing microorganisms.

3.3. Estimation of the Contribution of Methanol to BCP and BCD

Using the measured leucine incorporation rates, we calculated the BCP rates that ranged from 73 to
419 nmol C L' day~! in the KOE region (Table S1 in Supporting Information S1). Accordingly, BCD was
estimated to be 2.2 X 103-4.9 x 103 nmol C L~! day~' using an experiential model. However, the carbon incorpo-
rated from methanol accounted for less than 2.2% of BCP. By comparison, the total uptake of methanol contrib-
uted a maximum of 3.3% to the BCD. These values were slightly lower than previous estimations in the North
Atlantic (~13%; Dixon et al., 2011b), where methanol likely made a significant contribution to BCD with chlo-
rophyll a concentrations <0.2 pg L~'. Nevertheless, methanol contributions to the BCD were comparable to
other low molecular weight compounds, such as dissolved DMSP (1.1%—-7.0%; Motard-Coté et al., 2016) and
acetate (0.1%—4.9%; Zhuang, Pena-Montenegro, et al., 2019), or higher than these for methane (Mao et al., 2022),
acrylate (0.01%-0.13%), and dimethylsulfoxide (0.04%-0.14%) (Tyssebotn et al., 2017), suggesting that the role
of methanol as a microbial carbon source cannot be neglected for marine microbes. Indeed, C1-utilizing microor-
ganisms are highly diverse and versatile (Halsey et al., 2012; Sargeant et al., 2018; Taubert et al., 2015; Zhuang
et al., 2018), and the presence of methanol may provide an alternative substrate for methylotrophs and methylo-
vores in oceanic waters.

3.4. Source or Sink of Oceanic Methanol to the Atmosphere

To assess the oceanic source or sink of methanol to the atmosphere in the KOE region, we used an average atmos-
pheric concentration of methanol in the Pacific measured previously (0.57 ppb; Singh et al., 2004) to calculate
the air-sea flux. Air-sea fluxes ranged from —41 to 29 pmol m~2 day~' (average: 9 pmol m~2 day~'), where a
negative value was indicative of emission to the atmosphere (Figure 1). The ocean was a sink of methanol at most
sites, except sites D1, E9, and E10, where methanol loss to the atmosphere was estimated. At these sites with
negative methanol fluxes, methanol concentrations were relatively high compared to the other study sites. This
pattern agrees with previous studies, which reported methanol exchange in both directions in the Atlantic (Beale
et al., 2013). The use of an average air-side methanol value of 0.57 ppb will introduce uncertainty into the air-sea
flux calculations. However, the calculated atmospheric concentrations of methanol in equilibrium with seawater
methanol were either much lower or higher than the adopted value of 0.57 ppb at sites with positive fluxes
(0.11 = 0.09 ppb) or negative fluxes (1.6 + 0.2 ppb), respectively. Uncertainty might remain for flux estimation,
but this uncertainty was unlikely to affect our determinations of whether sites were sinks or sources of methanol.
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Figure 1. Estimated air-sea exchange flux and depth-integrated consumption rates of methanol in the Kuroshio-Oyashio
extension region. Negative values represented methanol emission from the ocean to the atmosphere. Flux was estimated using
methanol concentrations of 12 nM (the limit of detection) for sites below the detection limit.

Based on the calculated fluxes, we assessed the relative importance of methanol sources or sinks (e.g., air-sea
exchange, in situ production, and microbial consumption). Assuming atmospheric deposition could supply
methanol in the mixed layer, we could estimate the balance of methanol source and sink by comparing the
depth-integrated consumption rates with air-to-sea flux. By multiplying the mixed layer depth and consumption
rates measured at each site, we calculated depth-integrated consumption rates in the mixed layer, which ranged
between 22 and 1,961 pmol m~2 day~! (Figure 1). The results indicated that atmospheric deposition of methanol
to surface waters accounted for 22.7% (3.6%—76.0%; calculated using air-to-sea flux divided by depth-integrated
consumption rates at each site) of the total biological consumption of methanol. The gap between atmospheric
input and biological loss suggested that significant in situ production supports the mass balance and maintains the
methanol pool in the mixed layer. At sites with estimated methanol loss to the atmosphere, ventilation contributed
t0 0.5% and 2.1% of the total loss (the sum of consumption rates and sea-to-air fluxes) at E9 and D1, respectively.
Therefore, microbial consumption was the dominant pathway for methanol removal in the mixed layer of the
KOE region. Collectively, the pool sizes of methanol are largely dependent on the differences of production and
consumption at specific sites, which determined whether the ocean was a source or sink of methanol relative to
the atmosphere.

4. Conclusion

In this study, we investigated methanol concentrations and metabolic rates simultaneously in the KOE region
of northwest Pacific Ocean. Methanol concentrations varied significantly between sites (<12-391 nM). The
relatively low concentrations could be attributed to rapid biological turnover of methanol, as revealed by the
high consumption rates measured. Methanol oxidation accounted for >89.7% of total uptake rates, suggesting
that methanol is predominantly used as an energy source. Methanol uptake accounted for a maximum of 3.3% of
the BCD, indicating an important role for methanol in microbial carbon metabolism. Based on estimated air-sea
exchange fluxes in the study area, the KOE region was considered as a net sink with respect to atmospheric meth-
anol. Air-sea flux accounted for 22.7% of microbial consumption in the mixed layer, suggesting that atmospheric
deposition was a minor source of methanol to surface waters and in situ production was more important for
maintenance of the methanol pool. These results constrain the in situ concentrations and biological metabolism
of methanol in the oceanic waters of northwest Pacific, illustrate the relative importance of different sources/
sinks (e.g., atmospheric deposition, in situ production, and microbial consumption), and improve our current
understanding of the biogeochemical cycling of methanol in marine systems.
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