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Abstract. Methanol is the second most abundant organic gasl  Introduction
in the atmosphere after methane, and is ubiquitous in the tro-

posphere. It plays a significant role in atmospheric oxidant\ethanol is the second most abundant organic gas in the
chemistry and is biogeochemically active. Large Uncertain'atmosphere after methane (Jacob et al., 2005), and is ubig-
ties exist about whether the oceans are a source or sink qQfitous in the atmosphere (Singh et al., 2000) where it is a
methanol to the atmosphere. Even less is understood abo'éKgniﬁcant source Of tropospheric CcO through photochem_
what reactions in seawater determine its concentration, angta| oxidation (Duncan et al., 2007). It plays a significant
hence flux across the sea surface interface. We report heigje in atmospheric oxidant chemistry where, for example, it
concentrations of methanol between 151-296 nM in parts ofeacts directly with hydroxyl radicals forming products that
the oligotrophic North Atlantic, with corresponding micro- gre a source of formaldehyde, hydrogen radicals, and ozone
bial uptake rates between 2—146 nMdsuggesting turnover  (Heikes et al., 2002). In cloud water, methanol photochemi-
times as low as 1 day (1-25 days) in surface waters ofcg| reactions are thought to produce formic acid contributing
the oligotrophic tropical North East Atlantic. Methanol is tg cloud and rainwater acidity (Heikes et al., 2002), although
mainly (=97 %) used by microbes for obtaining energy in jacob (1986) argues that in-cloud formic acid production is
oligotrophic regions, which contrasts with shelf and coastaligg slow to have a significant affect on pH. There is a large
areas where between 20-50% can be used for cell growthyncertainty in the atmospheric methanol budget, with global
Comparisons of microbial methanol oxidation rates with par'sources from p|ant growth and decay, biomass burning, ur-
allel determinations of bacterial leucine uptake suggest thagzn emissions and atmospheric production ranging between
methanol contributes on average 13% to bacterial carbon 2350 Tgal (Singh et al., 2000; Galbally and Kirstine,
demand in the central northern Atlantic gyre (maximum of 2002; Heikes et al., 2002; Tie et al., 2003; Jacob et al., 2005;
54%). In addition, the contribution that methanol makes wjjlet et al., 2008). The role of the oceans as a source (Singh
to bacterial carbon demand varies as a power function okt |, 2000, 2001: Heikes et al, 2002: Mao et al., 2006) or
chlorophyll a concentrations; suggesting for concentrationssink (Heikes et al., 2002; Singh et al., 2003; Carpenter et al.,
<0.2ug ™ that methanol can make a significant contribu- 2004; Williams et al., 2004; Jacob et al., 2005; Mao et al.,
tion to bacterial carbon demand. However, our low air to 2006; Sinha et al., 2007; Millet et al., 2008) of methanol in
sea methanol flux estimates of 7.2-13 pmofrd~* suggest 4150 uncertain, and has been hampered by the analytical dif-
that the atmosphere is not a major methanol source. We corficylties in reliably determining methanol concentrations in
clude that there must be a major, as yet unidentified, in sitseawater due to its high solubility. The first flux estimates
oceanic methanol source in these latitudes which we suggesta|culated using in situ surface methanol concentrations re-
is sunlight driven decomposition of organic matter. port a mean flux of 66 267 umolnT2d~* from the atmo-
sphere to the ocean in the tropical North Atlantic (Williams et
al., 2004). Methylotrophic bacteria, who by definition, must
survive on one carbon (C1) compounds like methanol (Mur-
rell and McDonald, 2000), have been found in nearshore
coastal zones (Neufeld et al., 2007, 2008; Giovannoni et al.,

Correspondence tal. L. Dixon 2008) and in oceanic regions (Dixon et al., 2011). In addi-
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(jod@pml.ac.uk) tion, molecular studies have suggested that a diverse range of
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prokaryotes and eukaryotes are thought able to use methanqs
for growth (Murrell and McDonald, 2000).

Methanol, and other oxygenated volatile organic com-
pounds form part of the dissolved organic carbon (DOC)
pool. Dissolved organic carbon production by phytoplank-
ton is believed to be the primary organic carbon source for B
marine bacteria. However for oligotrophic waters, particu-
larly those from the tropical Atlantic, bacterial carbon de- W
mand often exceeds dissolved organic carbon produced b
phytoplankton (e.g. Aguset al., 2001; Duarte et al., 2001;
Hoppe et al., 2002; Gasol et al., 2009 and references therein]]
indicating that additional sources are needed to sustain bac

o7
terial production in nutrient depleted areas (e.g. &oet al., 7"’. =
2007; Lopez-Sandoval et al., 2011) 9.9a.10,

We have modified a radiochemical technique to quantify gy

microbial methanol uptake rates in seawater, and have pre 12 # 12
viously reported biological methanol oxidation rates of 2.1— i 2
8.4nmolttd-1li.e. loss rate, largely in coastal and shelf ar-

eas .(DIXOH etal.,, 2011). We also previously ?St'mated ml'Fig. 1. Sample locations and the composite chlorophyithage

crobial methanol turnover times of 12-24 days in coastal ando, october 2009 from the MODIS sensor on the NASA Aqua

shelf stations (Dixon et al., 2011). satellite (courtesy of NERC Earth Observation Data Acquisition
The aim of this research in nutrient limited tropical wa- and Analysis Service (NEODAAS) at Plymouth Marine Laboratory,
ters of the North East Atlantic was to: (1) make the first http://www.neodaas.ac.jk

combined measurements of microbial-mediated losses of

methanol from seawater together with in situ methanol con-

centrations and (2) to investigate whether methanol could b@nd were always<1 % of the sample volume. This con-

a significant compound in meeting bacterial carbon demandcentration of radiolabel was chosen as a compromise be-
tween obtaining sufficient sample counts within the linear
period of label incorporation, and not wishing to provide

2 Methods excess methanol which could artificially stimulate microbial

uptake or oxidation rates. An addition of 10 nK¥ICHsOH

final concentration typically represented between 3-20%

Sof in situ concentrations. The period of linear incorpora-

in the tropical North Atlantic during two research cruises tion of the labelled methanol was typically up to 18h, and

aboard the RRSames CooKAtlantic Meridional transect, was rou_tingly teste_d for uptake into particles_ and .oxida—
AMT19) and RRSDiscovery(Surface Ocean Lower Atmo- t|on: Kinetic experiments typlcally show mult!phaS|c be-
sphere Study: Investigation of the near surface production Ophavu:ur f?j:j m(ﬁltgaHm())I#ptake Into pal’tIC2|(e;S,3\(l)VhI'\(;lh bs uggests
lodocarbons, D325). For comparison purposes, stations sarﬁ: at for adde 30H concentrations:20-30 nM, bacte-

pled west of the Iberian Peninsula and European shelf waterdd! ransport processes domlnatez whereas at higher concen-
aboard RRDiscovery(Surface Ocean Lower Atmosphere trations incorporation due to diffusion across cell membranes
is likely to dominate (Dixon et al., 2011). We generally incu-

Study: Deep Ocean Gas Exchange Experiment II, D320) an e .
from a coastal western English Channel site (L4, Wester ated oxidation samples for 2-3 h, and uptake onto particles
for 3-9 h (to ensure sufficient counts).

Channel Observatory) are also included (Fig. 1). ;
The data is reported as apparent rate constan(s; 1)
2.2 Microbial methanol oxidation and uptake into calculated from a ratio of the samptéC counts (from the
particles particles on the filter or from the precipitate which contains
the captured?CO, as SFCOs, nCimi~1h™1) divided by
We incubated surface seawater samples with nanomolar corietal 1*CH3;OH added to the sample (nCind). All rate
centrations of!“C labelled methanol’CH3OH) and de-  constants were corrected by subtracting killed sample (TCA,
termined both uptake into particles and oxidation to,CO 5% final concentration) counts. Evaluation of control sam-
(Dixon et al., 2011), which we interpret as microbial cellular ples suggests that1.8 % of the added*CHzOH is counted
incorporation (cell growth(G) and energy useK), respec- in the resultant precipitate (for determining oxidation) and
tively. For full experimental details please refer to Dixon et <0.3% is recovered on the filters. Methanol oxidation or
al. (2011). In brief, seawater samples were treated with apuptake rates were calculated from the produck afulti-
proximately 10 nM final added concentration ‘dCH3;0H, plied by the in situ concentration of methanol. This was

Chla(ug L")
b

2.1 Sampling

Sampling was mainly conducted at a series of station
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determined independently by membrane inlet-proton transfe.5 Bacterial carbon demand

reaction mass spectrometry (Ml PTR-MS), which was cali-

brated using spiked seawater standard additions (Beale et aBacterial carbon demand (BCD) is the total amount of car-
2011). The relative error ik (n = 3) was<5%, and for ~ bon required by bacteria for both production and respiration
in situ methanol concentrations was 79{0:( 11), g|V|ng a (Robinson, 2008). Bacterial production was determined as
combined estimated error f12 % for methanol oxidation detailed above. Bacterial respiration (BR) was calculated

rates. from production where BR: 3.69 BP-%8 (Robinson, 2008).
Bacterial growth efficiency (BGE) was calculated in two dif-
2.3 Community composition and chlorophylla ferent ways; firstly using production (BP) and respiration
concentraion (BR) estimates, and secondly using chloroplayitoncen-

trations (Table 1). BCD was calculated by dividing bacterial

We also carried out parallel determinations of the Concen-production (BP) by the average of the two estimates of BGE.
tration of chlorophylla (chl), numbers of heterotrophic bac-

teria (BN), Synechococcu$Syn$ and Prochlorococcuspp.
(Pros. The numbers of bacterioplankton cells were deter-3 Results

mined by flow cytometry on SYBR Green | DNA-stained L ) i
cells from 1.8 ml seawater samples fixed in paraformalde-3-1 Methanol oxidation and uptake in relation to
hyde (5%, final concentration). Numbers Bfochloro- biological production parameters
coccusspp. andSynechococcuspp. were analysed on un- . . . .

stained samples by flow cytometry. Surface concentrations?’ 1.1 Diel stations in the NE Atlantic

of chlorophylla were estimated using a composite Aqua- \ve undertook three diel experiments using drogued sur-
MODIS chlorophylla remotely sensed image for stations yce grifters in the tropical North Atlantic during Novem-
4 and 5, as unfortunately the continuous surface fluoromeys/pecember 2007 (Fig. 2). Hourly surfacel0 m) mea-

ter onboard the ship (D320) was not working correctly. For g, rements of; and E were determined for at least 24 h at
all other stations chlorophyti-samples were determined by gta1ions of contrasting microbial productivity (Stations 1-3
fluorometric analysis of acetone-extracted pigments (Holm—5pies 1 and 2). At the most oligotrophic station (Stn 1)

Hansen et al., 1965). where the concentrations of nitrate plus nitrite (N) and phos-
phate (P) were 9 and5 nM respectively (Table 1), chl and
average rates of PP, BP and BN were very low. However,

Primary production (PP) was estimated using the standard’e found the highest average rate of microbial methanol ox-

. 1—1 -1

method of 14C-bicarbonate incorporation (e.g. Joint and idation of Snmolt=h~" (range of 3.2-6.1 nmotth™*, Ta-
Pomroy, 1993; Dixon et al., 2006: Dixon, 2008) except that P!€ 2) with an estimated turnover as low as 1 day (Table 2).
for stations 1-3 samples were incubated for approximaterThe corresponding microbial uptake rates into particles were

6 h (between 09:00—15:00 LT) and for stations 7-12 sampledoW Witho an averagef:G of 360. This suggests that more
were incubated from dawn to dusk. Heterotrophic bacterialt’an 99 % of the methanol was used by the microbes as an en-

production rates were determined by measuring the incorpo€rdY SupPly rather than for growth at this station. There was
ration of 3H-leucine (20 nM final concentration) into bacte- Nigher microbial activity at station 2 despite very low con-

rial protein synthesis on 1.7 ml seawater samples followingCentrations of nutrients (&1 nM, P=67nM, Table 1). The
the method of Smith and Azam (1992). The relative erroraVerage rate of methanol oxidation was approximately five

2.4 Primary and bacterial production

based on 3 replicates was on average 7.5 %. fold lower, with a higher uptake into particles than station 1,
giving a E:G of 32 (Table 2). This suggests that relatively
2.4.1 Leucine to carbon conversion factors more methanol was used here as a carbon source for micro-

bial growth. Station 3 was located within the Cape Verde
Bacterial production (BP) was calculated from the leucinearchipelago, and had slightly elevated, but still nanomolar
incorporation rate using an average empirically derived connutrient concentrations (N 203 nM, P=96 nM, Table 1)
version factor of 0.73kgC molled. Published conversion with the highest microbial biomass and production rates of
factors for the surface waters of the Atlantic Ocean range bethe diel experiments. The average rate of methanol oxidation
tween 0.17-1.55 kgC mol led (Agust et al., 2001; Zubkov ~ was the same as Stn 2 (Table 2). Methanol turnover times
et al., 2001; Hoppe et al., 2002; Gasol et al., 2009; Alonso-for both stations 2 and 3 were on average 6—7 times longer
Saez et al., 2007; Mdrtez-Garea et al., 2010), but measure- than for the most oligotrophic station. However, the high-
ments made close to our sampling locations, depths and timest methanol uptake into particles was observed at station 3
of year are typically in the middle of this range (Barbosa etresulting in an averagg:G ratio of 12.
al., 2001; Moan et al., 2002, 2004; Dixon, 2008; Calvde2 Diel patterns in methanol oxidation rates varied consis-
and Mosn, 2009). tently during all experiments: typicallyE was highest at

or just before dawn and decreased throughout the day until

www.biogeosciences.net/8/2707/2011/ Biogeosciences, 8, 27082011
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Table 1. Nutrients, bacterial production, respiration, growth efficiency and carbon demand from surfdce) waters of the eastern North
Atlantic.

Sampling date No NOsz+ POy Bacterial production BP? BRP BGE® BGE] Bacterial car-

(description) NO, (nM)9  (pmolLeurin-ly  (ugcrin-ly (ugcrln-ly (BPandBR) (Chl-«) bondemand
(nm)d (ugcrth=1

North Atlantic

12 Dec 2007 19 <5 27 0.002 0.10 0.02 0.03 0.10

(26° N 24° W) (0.8-4.7%

18 Nov 2007 2 1 67 19.7 0.014 0.32 0.04 0.04 0.34

(18 N 23° W) (9.9-32§

29 Nov 2007 3 203 96 64.9 (36-11B) 0.047 0.63 0.07 0.05 0.79

(16° N 24° W)

1/4/6 Jul 2007 4 nd nd 9 0.007 0.20 0.03 0.05 0.16

(42° N 16-18 W) (3.6-14)

Shelf Break

17 Jun 2007 5 nd nd 47.7 0.035 0.53 0.06 0.09 0.46

(49° N 10° W)

Coastal (L4)

6 Jun 2006 6 270 150 21.4 0.016 0.33 0.06 0.16 0.15

(50° N 4° W)

North Atlantic (UM) (LM)

27 Oct 2009 7 <002 <002 43 0.003 0.13 0.02 0.02 0.14

(25° N 40° W)

(24° N 40° W) 7a <002 <002 48 0.004 0.14 0.02 0.03 0.13

28 Oct 2009 8 <002 <002 7.9 0.006 0.19 0.03 0.03 0.19

(23° N 41° W)

29 Oct 2009 9 <002 <002 48 0.004 0.14 0.02 0.03 0.13

(21° N 39° W)

(21° N 39° W) 9a <002 <002 50 0.004 0.14 0.03 0.04 0.11

30 Oct 2009 10 <002 <002 104 0.008 0.22 0.03 0.03 0.24

(21° N 39° W)

31 Oct 2009 11  <0.02 <002 64 0.005 0.16 0.03 0.03 0.16

(19° N 38° W)

(18° N 37°W) 1la <002 <002 3.1 0.002 0.11 0.02 0.04 0.07

01 Nov 2009 12 <0.02 <002 104 0.008 0.22 0.03 0.03 0.24

(17° N 36° W)

(16° N 35° W) 12a <002 <002 7.8 0.006 0.18 0.03 0.04 0.16

a Bacterial production was calculated using an empirical carbon conversion factor of 0.73 kgCTdoWaich matches with literature values for the same sampling regions

and season (Man et al., 2002, 2004; Dixon, 2008; Calvo-Diaz and &tr2009). b Bacterial respiration was calculated from bacterial production using the relationship of
BR=23.69 BF58 (Robinson, 2008)¢ Bacterial growth efficiency (ratio of bacterial production to production plus respiration) has been estimated using BP hBa@&ial

growth efficiency estimated from in situ concentrations of chlorophyll (BGE- (1/0.727x (chl/chl + 4.08) + 1.02)) (bpez-Urrutia and Mdmn, 2007) € Bacterial carbon demand

has been calculated as BP divided by the average of BGE (BP and BR) and BGB.(CRbnge found during the diel experiments where surface samples were taken approximately
every hour over a 24 h period Nutrients were available using nano molar techniques for stations 1-3 only, otherwise nutrient concentrations were determined using umolar
techniques only.

dusk whereupon rates slowly increased (Fig. 2a). On avermethanol losses from surface seawater during the day; which
age, methanol oxidation rates at stations 1 and 2 were theould invoke a higher flux into the ocean from the atmo-
same during light and dark hours despite the steep decreasphere, if the atmosphere was the major source of methanol.
during the day (Fig. 2a). For station 3, average rates of Thg el patterns are not fully understood, but it is inter-
methanol oxidation were twice as high during the day com-ggting that for stations 1 and 2, statistically significant re-
pared to the night. This pattern is not entirely consistent W'thlationships were observed between methanol oxidation and
the interpretations of Sinha et al. (2007) who deduce fromn,mbers oSyns(Stn 1:r = 0.604,n = 19, P <0.01, Stn 2:
atmospheric methanol concentrations (after a phytoplankton _ 0.734,n = 20, P < 0.001). Whilst this does not prove
bloom during a mesocosm experiment in a Norwegian fijord)ihat Synswere oxidising methanol, it is interesting that they
that the net flux of methanol from the atmosphere to the segg, uptake amino acids like methionine e.g. are not obli-

was stronger at night. Our results from station 3 show highergate phototrophs (Mary et al., 2008). Open ocBaus also

Biogeosciences, 8, 270Z#16 2011 www.biogeosciences.net/8/2707/2011/
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3.5 At stations 5 and 6 on the European Shelf (Fig. 1) nutri-
(@) ents were the highest of all stations sampled=(R70 nM,
P=150nM, for station 6, Table 1) with corresponding ele-

y vated chl and BP (in comparison to oligotrophic open ocean
25 A . . . .
stations, Table 2), methanol oxidation rate constants were in-
20 4 % termediate, giving turnover times of 12 and 6 days, respec-
] E Z. tively. However, the highest values of methanol uptake into
1.5 1 i\i\\%%( s particles were observed in these productive waters, resulting

3.0

in E:G of 5and 2 (Table 2). This suggests that for shelf seas,

Methanol oxidation (x102 h™")

1 during biologically productive months, a higher proportion
05 % g of microbial methanol uptake was used to support cellular
’ . /( a L a o BEL biosynthesis (rather than as an energy source) compared to
0.0 4 SIS S ss s less productive oceanic regions. This is similar to the results
WS q}@ PSS oS S of Kiene and Hoffmann Williams (1998), who reported that
DA S A on average 47 % of added metH¥iC labelled glycine be-
7 taine, which is an intracellular osmolyte thought to be used

by a wide variety of marine organisms, was respired as CO
and thus used as energy in surface coastal waters.

3.1.3 Central North Atlantic gyre (methanol
oxidation only)

We sampled stations 7—12a in the central North Atlantic gyre
which at the time of sampling were not influenced by up-
welling or continental inputs e.g. dust as shown by char-
acteristic low nutrient concentrations in Table 1. We un-
fortunately only have micro molar nutrient concentrations
0 4 LLLL L from this time suggesting that concentrations of both N
T T F T T T T T and P are<0.02 uM. However, on a previous cruise which
followed the same track during the same month in 2005
Fig. 2. Methanol oxidatior(a) and uptake into particle®) for sta- (AMT17) nanomolar determinations of nutrients suggested
tions 1 (¥), 2 (+) and 3 6). The hatched area shows night measure- that N ranged between 5-14nM and P between 7-10nM
ments and error bars represerit standard deviation of 3 replicate €. oligotrophic. The concentration of chl (see Fig. 1), PP,
samples. Time in GMT. BP and BN (Table 2) were also characteristically very low
(Moran etal., 2002, 2004; Dixon, 2008). Microbial methanol
oxidation was not as high as station 1, but values ranged
uptake amino acids (Zubkov et al., 2004; Mary et al., 2008)between 0.6-1.8 nmotth~1 with corresponding turnover
with a diel rhythmicity that has been linked to a specific cell times of 4-15 days (Table 2). These results reinforce the
cycle stage (Mary et al., 2008). Obvious diel trends in theearlier measurements we made at station 1 and suggest that
microbial uptake of methanol into particles were not evidentsurface methanol concentrations can be removed by the mi-
(Fig. 2b). The diel experiments may not have been truly La-crobial community in a matter of days in the oligotrophic
grangian, as they were tracked with drogued surface drifterswaters of the North Atlantic.
Strong wind (station 3) and tides/currents around the Cape

Verde islands may have caused the drifters to separate frorB.2 Methanol contribution to bacterial carbon demand
the waters we wished to follow over the experiment.

Methanol cellular uptake (x 10 h™)

1 4

) ) 3.2.1 Bacterial growth
3.1.2 West of the Iberian Peninsula and European shelf

We al q ; ¢ Wothnd E off Our bacterial leucine incorporation rates ranged between 1—
€ also made surlace measurements of Wstand £ o 32pmolleutth~1 for oligotrophic Atlantic waters, which

the Iberian Peninsula du_ring July 2007 (gtation 4). Hereis not unprecedentedly low for such waters (lloret al.,
chl, BP and BN were typical of mesotrpphp waters. How- 2002, 2004; Dixon, 2008) that are away from continen-
ever, the lowest rates of methanol utilisation were foundtal inputs of dissolved organic matter during winter. Such

1p-1 (f- o
e.g. 0.12nmolt*h .(E'G 82), resulting in the longest low values have also been reported for temperate ecosys-
methanol turnover estimates of 60—83 days (Table 2). tems during winter (Calvo-az and Moan, 2009) when

organic carbon from phytoplankton is often limited, and

www.biogeosciences.net/8/2707/2011/ Biogeosciences, 8, 27082011
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Table 2. Base parameters, methanol data and estimated contribution to bacterial carbon demand in surface waters of the North Atlantic.

Sampling date No Temp [Chl-a] Primary Bacterial Bacterial carbon Methanol Methanol Turnover E:GY % Carbon
(description) (°C)  (ugl1) production Numbers demané concentration OxidatiorP Time® from methanol
(mgCm3h~1) (x10°cellsmrl) (ugcrin-ly (nM) (nmoli~1h=1)  (d) contributing to
BCD®

North Atlantic

12 Dec 2007 1 225 0.06 0.70 3.3 0.38 0.10 244 5.0 2 360 54
(26° N 24° W) (154-296) (3.2-6.1) (1-3) (108-1162) (35-66)
18 Nov 2007 2 252 0.0 1.15 7.3%0.89 0.34 244 1.0 11 32 4
(18 N 23 W) (154-296) (0.7-1.3) (5-15) (15-105) (3-5)
29 Nov 2007 3 248 0.22 2.1 8.3 1.20 0.79 244 1.0 14 12 2
(16° N 24° W) (154-296) (0.7-1.3) (3-25) (4-47) (1-2)
1/4/6 Jul 2007 4 178 <0.2 - 6.71+1.54 0.16 76 0.12 83 82 1
(422N 16-18 W) (48-80) (0.08-0.21) (60-83) (18-156) (0.5-2)
Shelf Break

17 Jun 2007 5 155 05 - - 0.46 0 0.24 12 5 1
(49° N 10° W) (48-80) (0.16-0.27) (0.4-1)
Coastal (L4)

6 Jun 2006 6 135 1.23 - - 0.15 g7 0.73 6 2 6
(50° N 4° W) (88-104) (0.67-0.79) (5-6)
North Atlantic

27 Oct 2009 7 27.1  0.03 0.07 5.920.38 0.14 154 13 5 - 11
(25° N 40° W)

(24° N 40° W) 7a 272 007 - 5.280.35 0.13 151 1.8 4 - 17
28 Oct 2009 8 27.3  0.05 0.04 6.080.21 0.19 226 0.61 15 - 4
(23 N 41°W)

29 Oct 2009 9 274  0.09 0.10 7.4£0.29 0.13 243 1.6 6 - 15
(21° N 3° W)

(21° N 39° W) 9a 274 0.10 - 7.7%0.98 0.11 215 1.2 7 13
30 Oct 2009 10 27.4 0.06 - 7.16:0.59 0.24 252 11 10 - 6
(21°N 39° W)

31 Oct 2009 11 272 0.08 0.14 8.241.15 0.16 278 0.86 13 - 6
(19° N 38 W)

(18 N37°W) 1la 273 0.11 - 8.280.70 0.07 241 0.80 13 - 13
1 Nov 2009 12 27.3 0.09 0.05 8.680.17 0.24 296 1.2 10 - 6
(17° N 36° W)

(16° N 35° W) 12a 27.4 0.11 - 7.5%0.21 0.16 153 0.57 11 - 4

a From Table 1P Methanol oxidation to Co. Data in brackets show the minimum and maximum oxidation rates over a diel cycle and/or over the range in methanol concentrations
used. ¢ Turnover times estimated from radiochemical experimem'slx. d Methanol uptake into particles;) was not determined for stations 7-12a. Values in brackets shows

the minimum and maximum ratio determined over diel cycles sampling hourly, except for station 4 which shows variability ove®3-dagkel stations 1-3, methanol carbon
contributing to BCD is calculated for every hour using the average methanol oxidation rates (using a methanol concentration of 241 nM apdiuidsitlby the BCD. The

average methanol contribution to BCD over the diel experiment in then calculated. Values in brackets use the minimum and maximum methanol oxidation rates. For stations 4—-12a,
minimum and maximum contributions are calculated from the range in methanol oxidation rates fouethanol concentrations were not determined. Values for stations 1-3

and 4-5 are based on the average surface concentrations measured betwe®i He282-49 N respectively, during October/November 2009 transect of the Atlantic Ocean
(AMT19, n =6 for both average valuesy. The concentration for station 6 is based on the average concentration determined at this station (L4) during May/Jure£f0Da{a

in brackets show the minimum and maximum concentrations.

most of the carbon taken up by heterotrophic bacteria is3.2.2 Methanol contribution

probably respired and used for cell survival. Our aver-

age bacterial respiration of 0.230.15 pgCt1h=1 (n = 16) We wished to examine whether methanol could represent an
compares favourably with the median open ocean value ofmportant carbon source for marine bacteria, so we compared
0.25ugCth~1 (n = 105) in Robinson (2008), and with the mMethanol oxidation rates with calculated BCD (Table 2). The
range of 0.3 0.2 ugCt1h~1 for the subtropical Atlantic largest contribution that methanol made to BCD was at sta-
(Obernosterer et al., 2001). Our calculated average bacteion 1, where it averaged 54 %. Maximum methanol contri-
rial growth efficiency (BGE) of 0.03- 0.01 is low, but within  bution to BCD was shown either just before, or at dawn, and
the range reported in the literature (Alonsae3 et al., 2007; decreased through the day (data not shown). At the other
Moran et al., 2007; Robinson, 2008) and reflects the lowoligotrophic gyre stations, methanol contributed on average
availability of nutrients and DOC, and the high energetic 13% to BCD (Table 2). At the coastal station (L4) dur-
costs associated with growth in central gyre locations. Ouring summer when nutrients were depleted, average methanol
BGE of 0.02—0.04, typical of warm oligotrophic stations, im- contribution to BCD was also noteworthy at 6 %.

plies that heterotrophic bacteria respire 96-98 % of the as-

similated carbon, which agrees with our methanol uptake re-

sults that=99 % of methanol in low chl water is respired and

used as energy.
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4 Discussion Dissolved organic carbon production by phytoplankton is
believed to be the primary organic carbon source for marine

4.1 Significance of methanol as a microbial carbon bacteria. However previous results (e.@pez-Sandoval et
source al., 2011) have suggested that for oligotrophic waters, bac-

. o . terial carbon demand often exceeds dissolved organic car-
When the average % contribution of methanol to BCD iS hon produced by phytoplankton, indicating that additional
plotted against chl (Fig. 3) a statistically significant power g ,rces are needed to sustain bacterial production in nutrient

. . . . 1
relationship is found. This suggests that for etl.2ug ™", gepleted areas. Our results suggest that under such condi-
methanol makes very little contribution to BCD, presumably yions (low chlorophylla and PP) methanol could be a signif-

because there is enough organic carbon from phytoplanki.4t organic carbon energy source for bacteria.
ton to fuel their requirements. However, at ch0.2 ug?,

when dissolved labile organic carbon from phytoplanktonis4 o gources of methanol
likely to be low, bacteria look for alternative sources of or-

ganic mc_)lecules e.g. methanol and _hence the contributiomhere are two likely sources of methanol, supply from the
to BCD increases. We report the highest ever found suratmosphere via air/sea gas transfer and in-situ production.
face methanol concentrations in the oligotrophic North At- \we ysed the 24 h mean rate Bf(Table 2), together with the
lantic, which averaged of 22& 52nM (between 16-23N,  daily mean depth of the surface mixed layer (data not shown),
n = 10), which compares to an average of #1188 nMfound {5 calculate that a flux into the water column of between
by Williams et al. (2004) in the Inter Tropical Conversion 2 5mmolnr2d-1 (Stn 1) and 130 pmol 2 d=1 (Stn 2) is
Zone at about 5-%6N. These concentrations are also signifi- required to balance our measured loss rates. We calculated
cantly hlgherthan those reported in temperate North Atlgntlcboth the water-side filmi(,) and air-side transfer§) via

and English Chanel waters of between 70-97 nM by Dixonparameterisations with hourly wind speeds (Nightingale et
etal. (2011). In addition, there is some evidence to sugges}|., 2000) at stations 1 and 2, recognising that the air-sea ex-
that methanol concentrations are higher at pre-dawn (station§hange of methanol is dominated by thg(Carpenter et al.,
7-12, 242+ 50 nM, n = 6), compared to solar noon (stations 2004), as this gas is highly soluble. We have estimated net
7a, 9a, 11a, 12a, 19945nM, n = 4). However, microbial  ajr to sea fluxes of only between 7.2 and 13 umofm L, by
methanol turnover times for these oligotrophic stations (7—assuming that typical values of methanol in air and seawater
12a, Table 2) range between 4-15 days which is comparablgere 1 ppb (Jacob et al., 2005) and 100 nmbl(Williams

to those found in coastal and shelf locations of this studyet g, 2004), respectively.

and in Dixon et al. (2011) of between 7-33 days. This SUg- The estimated contribution of air/sea gas transfer to the
gests that either there are a higher abundance of equally agstal biological loss of methanol therefore varied between a
tive methanol utilising microbes in the oligotrophic regions, minimum of 0.2 and 1.1 % and a maximum of 4 % and 28 %
or the microbes here have higher specific methanol uptakgy stations 1 and 2, respectively. The range is caused by shal-
rates. Methylotro_ph|c bacter_la have to satisfy aII_thelr carbonbwing of the mixed layer in response to solar warming dur-
and energy requirements with C1 compounds like methgno|ng the day, and deepening due to convective mixing in the
(Murrell and McDonald, 2000), and recent DNA sequencing pight-time. We have assumed that rates of methanol uptake
from AMT samples has revealed that bacterial species likéyre yniform with depth at these stations. Our air-sea flux
Methylophagaand Hyphomicrobiumare commonly found  estimates are an order of magnitude lower than published es-
throughout the Atlantic Ocean (S. Sargeant, personal cOMgmates (Sinha et al., 2007; Millet et al., 2008) probably be-
munication, 2010), in addition to coastal locations (Neufeld 5,,se winds were light (3-5m%), and hence gas transfer
et al., 2007, 2008; Giovannoni et al., 2008). Furthermore, aies were low at our stations.

Chistoserdova (2011) concluded that many organisms may o fiyx calculations suggest that the atmosphere is un-
typically use C1 compounds like methanol in co-metabolic jjye|y to be a dominant source of methanol in the oligotrophic
pathways, which ecologically seems to make sense particyorth Atlantic, which infers in-situ production in the ocean

ularly in energy low environs like the oligotrophic gyres, q |ateral advection. Millet et al. (2008) concluded that, if
where we now have evidence that methanol concentrationﬁqethanm turnover was of the order of 3 days due to biotic

are several hundred nanomolar. Recent molecular find-

¢ . consumption, then there must be a further oceanic source
ings have revealed that SARMIphaprotoeobacteriathe ¢ g 13 Tga! in the mixed layer. Our novel observa-

most abundant heterotrophs in the oceans, have genome efi5s of microbial turnover rates as low as 1 day, together

coded pathways for the oxidation of C1 compounds, suchyit oy high surface methanol concentrations of between

as methanol, to produce energy only, and concluded that C}51_96 nMm in 2009 strongly supports a large in situ oceanic
oxidation might be a significant conduit by which dissolved ethanol source. It is known that sunlight initiated reac-

organic carbon is recycled to G@n the upper ocean (Sun et jons can decompose organic matter to form a variety of oxy-
al,, 2011). genated chemicals (Zhou and Mopper, 1997), although di-
rect evidence of methanol production from surface marine
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Methanol % contribution to BCD

[Chla] (ug L)

Fig. 3. Methanol contribution to BCD as a function of chlorophylieoncentration. The best fit of the data is given)by 0.87x 081

(n =16, r =0.640, P > 0.01). The range shown by the dotted lines represent upper and lower limits calculated using the highest (if
applicable) estimates of methanol oxidation rates divided by lowest estimates of BCD (calculated using 0.17 kgClmalteiso-Sez

et al., 2007; Maiinez-Garea et al., 2010), and the lowest rates of methanol oxidation (if applicable) divided by the maximum estimates of
BCD (calculated using 1.55 kgC mol lety, Simon and Azam, 1989), respectively.

dissolved organic matter is lacking. Heikes et al. (2002) sug+ent opinion (Dachs et al., 2005; Duarte et al., 2006), our

gest that abiotic methanol production in the oceans is minorresults invoke in situ methanol production mechanisms (Mil-

and propose bacterial transformations of algal carbohydrateket et al., 2008), perhaps via photochemical degradation of

(Sieburth and Keller, 1989) and production during phyto- dissolved organic carbon (Zhou and Mopper, 1997; Mopper

plankton growth as probable sources. However in the operet al., 1991) rather than air to sea transfer, as the dominant

ocean gyres, where we have measured the highest conceaupply mechanism for methanol.

trations of methanol and highest microbial methanol oxida-

tion rates, PP and chl are characteristically low, indicating/AcCknowledgementsiVe thank P. Croot and C. Murell for their con-

that production by phytoplankton like diatoms, dinoflagel- structive advice on improving aspects of the manuscript. We also

lates etc. is not likely unless via the numerically dominant‘:‘]r_""teﬂmy acknowledge E. M. S, Woodward, G. Tarran, D. Cum-

cyanobacteria present in these latitudes. m!ngs, S.. Sargeant, C. Widdicombe and the other suepﬂsts, cap-
tains, officers and crew of the (a) RREscoveryfor their help

during the 2 UK SOLAS research cruises called DOGEE (Deep
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the Near-surface Production of lodocarbons-Rates and Exchanges)
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We show the highest ever reported microbial methanol oxida-data were processed by the NERC Earth Observation Data Acqui-

tion rates (i.e. losses up to 6.1 nmoth~1) with concurrent  sition and Analysis Service (NEODAAS) at Plymouth Marine Lab-

concentrations of methanol upt6800 nM for surface waters ~ oratory fittp://www.neodaas.ac.yk This study was supported by
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ical turnover times as low as 1 day. These results suggest thatOLAS and Oceans 2025 funding for Plymouth Marine Laboratory.

methanol, and perhaps other OVOC compounds, represent/ll correspondence and requests for materials should be addressed

significant labile carbon source, particularly in nutrient de- to J. L. Dixon (jod@pml.ac.uk).

plete gyre systems. Our calculations suggest that methanol

could significantly contribute to the energy requirements ofEdited by: G. Hernd

the oligotrophic microbial community (Hoppe et al., 2002;

Del Giorgio et al., 1997; Mamez-Gar@ et al., 2010), and

could thus represent a proportion of the non phytoplankton

derived sources of DOC often required to sustain bacterial

production during oligotrophic regimes. But, contrary to cur-

5 Conclusions
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