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Abstract The ocean is a major source of atmospheric nitrous oxide (N2O), an important greenhouse gas
and ozone-depleting agent. The oceanic flux of N2O varies regionally, and in the midlatitude North Atlantic,
the production of N2O is poorly constrained. Incubation experiments with 15N-ammonium and 15N-nitrite
revealed active N2O production from ammonium oxidation and nitrite reduction in the surface ocean,
suggesting the midlatitude North Atlantic could be a net source for N2O, with a flux density of
0.06 mmol-N2O m22 d21 in the top 120 m. The peak of N2O production was detected in the upper 100 m,
shallower than the depth at which highest rates of ammonium oxidation to nitrite occurred. Oxygen was
not depleted in the water column, but its concentration minimum corresponded to highest N2O
oversaturation and low in situ N2O production. The apparent N2O yield, i.e., the molar ratio of N2O-N pro-
duction over nitrite production was 1.7% at the peak N2O production depths in the surface layer and
decreased to less than 0.1% at peak ammonium oxidation depths. The majority of N2O production was
apparently through ‘‘hybrid formation,’’ in which ammonium and nitrite each contribute one nitrogen atom
to N2O formation, a process that is proposed to be mediated by ammonia oxidizing archaea.

1. Introduction

Nitrous oxide (N2O) gas is a trace atmospheric component but its tropospheric mixing ratio has been
increasing since the Industrial Revolution [Ciais et al., 2013]. N2O has a strong greenhouse effect and is a
powerful ozone depletion agent. The control of halocarbons accomplished by the Montreal Protocol
makes N2O the single most important anthropogenic ozone-depleting agent emitted in the 21st century
[Ravishankara et al., 2009].

The ocean is a major source of N2O to the atmosphere. The Intergovernmental Panel on Climate Change
estimated N2O emissions from the open ocean at 3.8 Tg N yr21, 35% of total natural emissions [Ciais et al.,
2013]. Oceanic N2O production is attributed to multiple microbial processes that occur across the full spec-
trum of water column oxygen conditions (0–100% saturation with atmosphere). In oxygenated conditions,
N2O can be produced as a by-product during aerobic ammonium (NH1

4 ) oxidation to nitrite (NO–
2) by bacte-

ria [Anderson, 1964] and archaea [Santoro et al., 2011]. N2O is also produced by reduction of NO–
2 by nitrify-

ing organisms in the presence of oxygen, a process termed ‘‘nitrifier denitrification.’’ This process was
demonstrated in cultures [Poth and Focht, 1985; Frame and Casciotti, 2010] and confirmed by a field study
conducted in the subtropical North Pacific [Wilson et al., 2014]. Under low to zero O2 conditions, canonical
denitrification is the important N2O production pathway, during which nitrate (NO–

3) is reduced stepwise to
N2 (NO–

3 ! NO–
2 ! NO! N2O! N2), and N2O is emitted as a free intermediate.

Nitrifier denitrification and canonical denitrification, which are favored by low oxygen conditions, are both
implicated in N2O production in the major upwelling regions. The eastern tropical Pacific and the Arabian
Sea, which occupy <10% of ocean volume [Codispoti, 2010], are sites of intense N2O efflux [Cohen and
Gordon, 1978; Law and Owens, 1990; Arevalo-Martinez et al., 2015]. Most of the ocean volume, however, is
oxygenated [Paulmier and Ruiz-Pino, 2009] and is close to equilibrium with atmospheric N2O [Suntharalingam
and Sarmiento, 2000]. In the oxygenated waters, ammonium oxidation and nitrifier denitrification are the
major production pathways [Cohen and Gordon, 1979; Freing et al., 2012, Wilson et al., 2014].

The North Atlantic is one such region, where the surface N2O concentration is close to atmospheric
equilibrium, which could be either a small source or a sink for N2O. Extensive surveys of N2O concentra-
tion in the Atlantic Ocean by Walter et al. [2006] and Forster et al. [2009] concluded that the midlatitude
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and high-latitude (north of 408N) North Atlantic was possibly a sink of N2O. However, a recent study
found active N2O production ranging from 0.1 to 3.3 nM d21 at depths of 40–60 m in subarctic North
Atlantic, likely due to elevated NH1

4 concentration (up to 500 nM) in the surface layer [Rees et al., 2016].
These contradictory findings reflect uncertainty about the N2O status of vast regions of the surface
ocean.

Active microbial N2O production in the water column can be measured using 15N tracer incubation experi-
ments. The incorporation of tracer 15N-labeled inorganic nitrogen substrates (NH1

4 , NO–
2, and NO–

3) into 15N-
labeled N2O directly identifies the pathways and rates of production [Punshon and Moore, 2004; Nicholls
et al., 2007; Wilson et al., 2014; Ji et al., 2015]. In addition, patterns of N2O isotope pairing during tracer incu-
bation experiments may reveal mechanisms of N2O formation and their relative contributions. For example,
Dalsgaard et al. [2012] reported doubly 15N-labeled N2O (15N15N16O) production from 15NO–

2 reduction via
canonical denitrification in oxygen depleted waters. Stieglmeier et al. [2014] demonstrated singly 15N-
labeled N2O (15N14N16O) formation via 15NH1

4 coupled with 14NO–
2 by ammonia oxidizing archaea. Here 15N

tracer incubation experiments were used to investigate N2O production in water samples from midlatitude
North Atlantic waters. Isotope pairing of N2O during tracer incubation experiments suggested nitrification
as the main mechanism of N2O formation. Results from this study can help constrain the N2O budget in the
midlatitude North Atlantic Ocean.

2. Methods

2.1. Study Site
Shipboard sampling and incubation were carried out on the R/V Endeavor during May 2014. Samples were
collected at two stations: Station 1, 58.08N 20.08W, bottom depth 1650 m and Station 2, 59.838N 21.68W,
bottom depth 2770 m.

2.2. Water Column Profiles
Water was collected using a standard conductivity-temperature-depth (CTD) rosette system (Seabird Elec-
tronics, Seattle, WA) equipped with twelve 30 L Niskin bottles. The depth of the mixed layer was derived
using a difference in density threshold of 0.045 kg m23 from the water density value at 10 m depth [de
Boyer Mont�egut et al., 2004]. Light intensity was measured using a single channel light sensor (Biospherical
Instruments, San Diego, CA), and relative chlorophyll concentration was measured by a single channel fluo-
rometer (Wetlabs, Philomath, OR), both of which were mounted on the CTD package. Dissolved NH1

4 (detec-
tion limit 2 nM) was measured fluorometrically by reaction with orthophthaldialdehyde [Holmes et al., 1999].
Dissolved NO–

2 was measured using a colorimetric method (detection limit 5 nM) [Hansen and Koroleff,
1999] and NO–

3 was measured using a hot (908C) acidified vanadium (III) reduction column coupled to a
chemiluminescence NO/NOx Analyzer (Teledyne API, San Diego, CA), with detection limit 10 nM [Garside,
1982; Braman and Hendrix, 1989]. Discrete samples for N2O concentration were sampled from Niskin bottles
into the bottom of an acid washed, 60 mL glass serum bottle (Catalog# 223745, Wheaton, Millville, NJ) and
then allowed to overflow two to three volumes before sealing with a 20 mm three-prong butyl stopper (Cat-
alog W224100-202, Wheaton, Millville, NJ) and an aluminum ring. Headspace (5 mL) was created within 10
min of collection by replacing the volume with helium. Samples were preserved by adding 0.1 mL saturated
HgCl2 immediately after creating headspace.

2.3. Nitrogen Tracer 15N Incubations for N2O Production
Sampling depths were chosen to target water column features such as mixed layer (0– 55 m), chlorophyll
maximum (5–25 m, supporting information Figure S1), lower euphotic zone (55–65 m), nitrate concentra-
tion gradient (200–300 m, supporting information Figure S2), oxygen minimum depth (500–600 m), and
deep water (1000 m). Seawater was sampled into serum bottles from Niskin bottles as described for discrete
N2O concentration samples described above. After creating 5 mL helium headspace, the oxygen concentra-
tions in the water phase were 61–73 lM after the equilibration between headspace and seawater (calculat-
ed according to Garcia and Gordon [1992], see supporting information Table S1). Two suites of 15N tracer
solutions (15NH1

4 plus 14NO–
2, 15NO–

2 plus 14NH1
4 , 0.5 mL) were added to separate bottles in duplicate to

enrich either 15NH1
4 or 15NO–

2 to 0.5 mM (final concentrations), and increase concentrations of 14NO–
2 or

14NH1
4 by 0.5 mM. Thus, the initial substrate concentrations were identical between the two tracer
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experiments at each depth. Based on measured ambient nutrient concentrations, the 15N fraction labeled
for NH1

4 and NO–
2 was 0.37–0.99 and 0.56–0.99, respectively. Tracer solutions were made from deionized

water and were flushed with helium for 10 min prior to use. An initial (T0) sample was preserved within an
hour of tracer addition by injecting 0.1 mL saturated mercuric chloride (HgCl2). Incubations lasted 36 h in a
temperature-controlled environment close to (628C) in situ temperatures (5–108C), during which duplicate
vials were preserved with HgCl2 every 8–10 h, totaling five time points, including the initial.

Preserved samples were stored in the dark for less than 3 months before laboratory analysis. Dissolved N2O
was measured according to Weigand et al. [2016]. In short, N2O was extracted by flushing with helium for
40 min at a rate of 37 mL min21, and subsequently trapped by liquid nitrogen. Carbon dioxide, the major
interfering substance, was removed by magnesium perchlorate and gas chromatography. Pulses of N2O
were injected into a Delta VPlus (Thermo Fisher Scientific, Waltham, MA) for mass (m/z 5 44, 45, 46) and iso-
tope ratio (m1/m2 5 45/44, 46/44) measurements. Concentration of N2O was calculated as the amount of
N2O divided by the volume of seawater in the serum bottles. The amount of N2O was calibrated with stan-
dard N2O vials, which were made by injecting 1, 2, or 5 nmol N2O-N into 20 mL glass vials (Catalog# C4020-
25, Thermo Fisher Scientific, Waltham, MA) with 2 mL of helium-flushed seawater. The analytical precision
(1r) for N2O concentration is �0.1 nM.

N2O production from 15N-labeled substrate was quantified as the increase in mass 44, 45 and 46 N2O during
the incubation. The rate was calculated as

R5R451R46

R455

�
d45N2O

dt
2

23
d46N2O

dt 3ð12FÞ
F

��
F

R46523
d46N2O
dt � F2

(1)

where R is total N2O production rate (in nM-N d21); d45 N2O
dt ;

d46N2 O
dt represent the slope of the linear

regression of mass 45 and 46 N2O as a function of time for the entire length of the incubation (see sup-
porting information Figure S3 for an example plot). F represents the fraction of 15N in the initial sub-
strate pool (NH1

4 and NO–
2). The terms R45 and R46 represent the production of N2O as singly 15N-labeled

(15N14N16O) and doubly 15N-labeled (15N15N16O) molecules, respectively. Note that when F is not unity,
singly 15N-labeled N2O molecules can be produced as a result of binomial distribution (e.g., combination
of 15N and 14N atoms from same substrate) [Hauck et al., 1958]. This effect should be corrected for R45 or the
production rates will be overestimated. Therefore, if the amount of singly 15N-labeled N2O produced differs
from the amount predicted from the binomial distribution, one of the nitrogen atoms comes from an unla-
beled substrate pool (e.g., 14NO–

2 in 15NH–
4 experiments). Rates were considered significant based on linear

regression of the time course data (p< 0.05, Student’s t test). The overall detection limit for N2O production is
�0.001 nM d21.

2.4. NO2 Production
The production of NO–

2 from NH1
4 oxidation was measured in samples enriched with 15NH1

4 . After samples
were analyzed for N2O production, 3 mL of each sample was transferred using a 5 mL gas-tight glass syringe
(Hamilton Co., Reno, NV) from the 60 mL serum bottle to a helium-flushed 20 mL glass vial. Dissolved 15NO–

2

was converted to N2O using the acetic acid-treated sodium azide solution for quantitative conversion [McIl-
vin and Altabet, 2005]. The resulting N2O was measured using a Delta Vplus for isotope ratio measurement.
The rate of NO–

2 production was calculated as

NO2
2 production5

d15NO2
2

F � dt
(2)

where d15NO2
2

dt represents the production rate of 15NO–
2 during incubation, which is calculated as the slope of

15NO–
2 concentrations versus time. F represents initial substrate 15NH1

4 enrichment. Errors in rates were cal-
culated as standard deviation of the slope of 15NO–

2 concentrations versus time divided by F. Rates were
considered significant based on linear regression of the time course data (p< 0.05, Student’s t test). The
detection limit for NO–

2 production is 0.02 nM d21.
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2.5. N2O Yield
N2O yield (equation (3)) was calculated from N2O and NO–

2 production measured in seawater incubations
with 15NH1

4 as described above. Errors were calculated following the propagation of uncertainty in N2O and
NO–

2 production rates. Uncertainty for the N2O yield was <0.5%.

N2O yield 5
N2O2N production
NO2

2 2N production
(3)

3. Results

3.1. Water Column Features
Stations 1 and 2 in the midlatitude North Atlantic in springtime featured a mixed layer depth of 44 and
55 m, respectively, and a euphotic zone depth (1% of surface light intensity) of 63 and 55 m, respectively.
Highest chlorophyll concentration, measured by relative fluorescence, occurred at 25 and 5 m at Stations 1
and 2, respectively (supporting information Figure S1). The concentrations of NH1

4 at 5 m were 300–500 nM
and increased with depth within the euphotic zone, up to 600–700 nM (Figure 1). Below the euphotic zone,
NH1

4 concentration decreased with depth. Dissolved NO–
2 was present at 200 nM at 5 m at Station 1, but no

NO–
2 was detected at 5 m of Station 2 (Figure 1). A primary nitrite maximum was present at both stations at

or just below the base of the euphotic zone between 50 and 100 m, with peak NO–
2 concentrations of 400

and 250 nM at Stations 1 and 2, respectively. The NO–
2 concentrations decreased with depth quasi-linearly

between the base of euphotic zone to about 200 m. The distributions of NH1
4 and NO–

2 were similar at Sta-
tion 2, with maximal concentrations just below the euphotic zone. Below 200 m, NO–

2 was not detected at
either station. At both stations, N2O concentrations were �10.5 nM at 5 m, close to saturation (100 6 1%)
level with the atmosphere (Figures 2a and 2b). Mild increase of N2O concentrations (from 10.5 to 11 nM)
occurred from the surface to the base of euphotic zone. Between the base of euphotic zone to 300 m, the
distribution of N2O was relatively homogenous (�11 nM). At Station 2 between 500 and 600 m, N2O con-
centrations increased significantly with depth, reaching maxima of 17 nM, equivalent to �146% saturation,
coincident with minimum oxygen concentrations (�205 mM). Below 600 m at Station 2, N2O concentrations
decreased with depth, from 17 to 15 nM.

3.2. Nitrous Oxide Production From Ammonium and Nitrite
At both stations, N2O production from NH1

4 oxidation and NO–
2 reduction was generally slow. Higher rates

were detected in the upper 200 m (Figures 2c–2f). Rates of N2O production from NH1
4 oxidation (0–0.01

nM-N d21) were generally higher than that from NO–
2 reduction (0–0.005 nM-N d21). At Station 1, the high-

est production rates, up to 0.015 nM-N d21 from NH1
4 and NO–

2 combined, occurred within the euphotic
zone at 25 m. At Station 2, N2O production in the euphotic zone was not detected; instead, N2O production
occurred between 60 and 130 m.

Below 200 m, N2O production was sporadic. At Station 1, N2O production was detected only from NO–
2 at

300 m. At Station 2, N2O production from NH1
4 oxidation was detected (�0.004 nM-N d21) at 534 m, where

maximum N2O concentration and minimum oxygen concentrations occurred.

3.3. N2O Isotope Pairing
As indicated by equation (1), N2O production during 15N tracer incubation is attributed to production of
both singly (15N14N16O, R45 in equation (1)) and doubly (15N15N16O, R46 in equation (1)) labeled 15N N2O
molecules. During N2O production from 15NH1

4 and 15NO–
2, the fraction of singly 15N-labeled N2O was 63–

100% of total N2O production (Table 1), with the remainder doubly 15N-labeled N2O. When N2O production
from both 15NH1

4 and 15NO–
2 treatments was detected (shaded rows in Table 1), N2O isotope pairing was rel-

atively consistent for both tracers (R45 5 66–87%), and varied by <7% between the two tracer experiments
within individual depths.

In addition, the production of singly 15N-labeled N2O could not be explained by the binomial distribution
from reduction of 15NO–

2 as the only source of nitrogen in N2O. For example at 125 m at Station 2, nearly all
(99%) of the substrate NO–

2 was 15N labeled. The binomial distribution from the combination of two sub-
strate molecules (2NO–

2 ! N2O) predicted that 98% of the N2O should have been doubly labeled; however,
>80% of N2O was singly 15N labeled.
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3.4. Ammonium Oxidation to
Nitrite
Rates of NH1

4 oxidation to NO–
2 were

low (<0.5 nM-N d21) at both stations
within the euphotic zone and at
1000 m (Figures 2g and 2h). At Sta-
tion 1, rates were higher between 60
and 300 m. Maximum NO–

2 produc-
tion (�5 nM-N d21) occurred at 80 m,
below the primary nitrite maximum
but coinciding with high NO–

2 con-
centrations (�300 nM, Figure 1). At
Station 2, NO–

2 production was maxi-
mal (�6 nM-N d21) at 200 m, below
the primary nitrite maximum
(�80 m), and that it decreased quasi-
linearly with depth.

3.5. Nitrous Oxide Yield During
Ammonium Oxidation
The yield of N2O during NH1

4 oxida-
tion, i.e., the molar nitrogen ratio of
N2O production over NO–

2 produc-
tion, ranged from 0 to 1.7%, with

higher yields in the upper 100 m (Figure 3). There was no consistent relationship between N2O yield and
apparent oxygen utilization, NH1

4 or oxygen concentration, but highest yields occurred at intermediate
NH1

4 concentrations between 400 and 600 nM (Figure 4).

4. Discussion

4.1. N2O Production Within the Surface Layer
Production of N2O from NH1

4 oxidation in surface waters had been suggested by previous work in the low-
latitude and high-latitude Atlantic [Morell et al., 2001; Rees et al., 2016]. Here biological production of N2O
from both NH1

4 oxidation and NO–
2 reduction was detected in surface waters of the midlatitude North

Atlantic Ocean using high sensitivity tracer techniques. The positive correlation between apparent oxygen
utilization and N2O concentration in the North Atlantic suggests that NH1

4 oxidation is the main N2O pro-
duction pathway [Walter et al., 2006; Freing et al., 2009]. The direct rate measurements reported here sup-
port the greater contribution from NH1

4 oxidation, but the N2O production from NO–
2 is also likely due to

ammonia oxidizing microbes via biotic or abiotic reactions [Stieglmeier et al., 2014; Kozlowski et al., 2016].

In the euphotic zone, ammonium oxidizing activity (NH1
4 oxidation to NO–

2) is partially inhibited by light and
may be reduced due to competition with phytoplankton for NH1

4 [Ward, 2008]. Thus, highest rates of NH1
4

oxidation to NO–
2 generally occur near the bottom of or below the euphotic zone and lower rates occur in

the surface and deep layers, as observed in this study (Figures 2g and 2h) and others [e.g., Newell et al.,
2013; Fripiat et al., 2015]. Both N2O and NO–

2 production from NH1
4 showed subsurface maxima at both sta-

tions, although the two rate maxima were at different depths.

Rates of N2O production from NH1
4 oxidation reported here are comparable to those measured in the sur-

face layer of upwelling regions from the Eastern Tropical South Pacific [Ji et al., 2015]. Although direct detec-
tion of N2O production in tracer experiments demonstrates the potential for N2O production, the rates
reported here may not reflect in situ rates. Incubations were performed in the dark, during which ammonia
oxidizers from the euphotic zone may have recovered from photo-inhibition and reduced competition for
NH1

4 with phytoplankton. The linearity of the time courses over 1.5 days, however, suggests that recovery
from light inhibition was either immediate or unnecessary. The added tracer concentrations (500 nM of
15NH1

4 and 15NO–
2) exceeded ambient substrate concentrations (�300 nM) in most of the samples, which

might have stimulated the measured rates. However, previous work on the substrate dependence of the
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Figure 1. Concentration profiles of NH1
4 (open diamonds) and NO–

2 (filled squares).
Data from (left) Station 1 and (right) Station 2. Shaded area represents euphotic
layer (>1% surface light intensity).
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rate of NH1
4 oxidation to nitrite reported a half saturation constant of �100 nM NH1

4 [Horak et al., 2013;
Newell et al., 2013], suggesting NH1

4 oxidation activity may be substrate saturated under in situ conditions.
The dependence of N2O production on NH1

4 concentration is not well characterized and may not be
the same as for NH1

4 oxidation to nitrite. The possible dependence of N2O production on NO–
2 concentra-

tion has not been characterized. Thus, it is not possible to correct the measured rates reported here
to account for perturbation of the in situ substrate concentrations.

In addition to light and substrate concentration, oxygen concentration is another environmental factor that
controls NO–

2 and N2O production via NH1
4 oxidation [Codispoti and Christensen, 1985]. In particular, the ratio

of N2O production to NO–
2 production during NH1

4 oxidation (i.e., N2O yield) is higher when oxygen concen-
tration is lower, as demonstrated in cultures of ammonia oxidizing bacteria [Goreau et al., 1980], ammonia
oxidizing archaea [L€oscher et al., 2012] and in the marine environment [Ji et al., 2015]. The experimental set-
up, which involved creating 5 mL helium headspace in the incubation bottles and equilibration with seawa-
ter, reduced the oxygen concentration in the water phase by �75% with respect to in situ oxygen
concentrations. The actual oxygen concentrations during the all the incubation experiments were 61–73
lM, rather than the in situ values 230–290 mM (supporting information Table S1). Thus, the measured N2O
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Figure 2. (a, b) Vertical concentration profiles of dissolved oxygen (solid line) and N2O (diamonds). (c, d) Rates of N2O production from
NH1

4 . (e, f) Rates of N2O production from NO–
2. (g, h) Rates of NH1

4 oxidation to NO–
2. Data from (top) Station 1 and (bottom) Station 2.

Shaded areas represent euphotic layer (>1% surface light intensity). Error bars in rates represent standard deviation of the slope from
linear regression of the time course measurements (n 5 9).
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production rate and the N2O yield could be higher than would be expected at in situ oxygen conditions.
The relationship between N2O yield and oxygen concentration [Goreau et al. 1980; Ji et al. 2015], however,
implies low and constant yield at oxygen concentrations above 50 mM, suggesting that the reduced oxygen
concentrations in our incubations should not have affected the N2O yield compared to ambient conditions.

N2O yield in the surface samples was high (�1.7%) and similar to that found in upwelling zones with water
column anoxia [Ji et al., 2015]. Below the euphotic zone where high rates of NH1

4 oxidation to NO–
2 occurred,

the N2O yield was <0.1%, similar to estimates from Cohen and Gordon [1979].

4.2. N2O Isotopic Signature and Associated Production Pathways
The pattern of isotope pairing in N2O revealed that 60–100% of the N2O produced in the tracer experiments
was singly 15N-labeled N2O, i.e., 15N14N16O (Table 1). This ratio of 15N14N16O to 15N15N16O is not consistent

with the binomial distribution of labeling from a single
substrate. The fraction of singly labeled N2O
(15N14N16O) was similar (within 7% difference) in the
same water samples incubated with 15NH1

4 1 14NO–
2

and 15NO–
2 1 14NH1

4 , even though the 15N fraction (sub-
strate labeled) for NH1

4 varied from 0.4 to 0.7 and for
NO–

2 from 0.55 to 0.75 (Table 1). This consistent isotope
pairing pattern, together with the observation that the
production of 15N14N16O was not due to the binomial
distribution of random isotope pairing, suggests that
NH1

4 and NO–
2 each contribute one nitrogen atom to

N2O formation, termed ‘‘hybrid formation’’ by Stieglme-
ier et al. [2014]. If N2O production follows the binomial
distribution, the process of coupled NH1

4 oxidation and
NO–

2 reduction (as well as nitrifier denitrification) could
not produce only singly 15N-labeled N2O. With the 15NH1

4

tracer, the newly oxidized 15NO–
2 produced from 15NH1

4

(<10 nM in 1.5 days) will be mixed into a much larger pool
of 14NO–

2 (in situ NO–
2 plus 500 nM 14NO–

2 during incuba-
tion). Therefore the amount of 15N14N16O produced via
15NH1

4 !
15NO–

2 1 14NO–
2 !

15N14N16O will be too small
to detect. This was not observed. Rather, most of the N2O
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Figure 3. N2O yield, the ratio of N2O production to NO–
2 pro-

duction from NH1
4 oxidation, at all sampling depths. Data

from Station 1 (open square) and Station 2 (filled circle).

Table 1. The 15N Fraction Labeled of Substrates (NH1
4 and NO2

2 ) and the Measured/Predicted Fraction of Singly 15N Labeled N2O in
15NH1

4 and 15NO2
2 Treatments at All Sampling Depths

Station Depth (m)

Substrate Fraction
Labeled With 15N

Measured Fraction of
Singly 15N Labeled N2O

Predicted Fraction of
Singly 15N Labeled N2O in

15NO2
2 Treatmenta15NH1

4
15NO2

15NH1
4 Treatment 15NO2

2 Treatment

1 25 0.51 0.73 0.81 0.87 0.43
37 0.37 0.72 - 1.00 0.44
60 0.61 0.56 0.76 0.78 0.61
80 0.99 0.62 - - 0.55
100 0.99 0.62 - - 0.55
300 0.99 0.97 - 0.82 0.05
1000 0.99 0.99 - - 0.02

2 30 0.57 0.93 - - 0.14
45 0.53 0.88 - - 0.22
60 0.45 0.72 0.63 - 0.43
80 0.47 0.66 0.66 0.73 0.50
125 0.99 0.99 0.83 0.81 0.02
200 0.99 0.99 - - 0.02
534 0.99 0.99 0.82 - 0.02
1000 0.99 0.99 - - 0.02

aFraction of singly 15N labeled N2O in 15NO2
2 treatment was predicted assuming NO2

2 reduction follows the binomial distribution,

that is
23 12F NO2

2ð Þð Þ
22F NO2

2ð Þ . Shaded row represents N2O production measured from both 15NH1
4 and 15NO2

2 tracers. ‘‘-’’ denotes insignificant

N2O production rate (p> 0.05).
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was singly labeled, similar to the
finding of Trimmer et al. [2016] in
the eastern North Pacific.

In the 15NO–
2 tracer experiments,

the definition of R45 in equation
(1) was corrected for the binomial
distribution; and the production
of 15N14N16O was much higher
than the predicted contributions
based on the binomial distribu-
tion (Table 1). This ‘‘hybrid forma-
tion’’ has been demonstrated in a
culture of ammonia oxidizing
archaea [Stieglmeier et al., 2014];
however, no direct evidence sug-
gests ‘‘hybrid formation’’ of N2O
by ammonia oxidizing bacteria.
The two pathways for N2O pro-
duction in ammonia oxidizing
bacteria involve either hydroxyl-
amine decomposition or nitrite
reduction, rather than combining

both substrates to form N2O [Frame and Casciotti, 2010]. The isotope pairing data are consistent with the
idea that both NH1

4 oxidation and N2O production in the North Atlantic are carried out by archaeal
ammonia oxidizers, which are much more abundant than their bacterial counterparts [Wuchter et al.,
2006]. The isotope pairing data are also consistent with the N2O formation pathway proposed by Kozlow-
ski et al. [2016], who suggested that N2O production by ammonia oxidizing archaea could be a coupling
between enzymatic processes and abiotic reactions. Both ammonium oxidation and nitrite reduction
form nitric oxide, which reacts with nitrite, hydroxylamine (an intermediate of ammonium oxidation), and
metals in the medium to form N2O.

Doubly labeled N2O (15N15N16O) contributed up to 37% of the total N2O produced among all samples with
active N2O production (Table 1). The production of 15N15N16O can be interpreted as follows: (1) In 15NH1

4

tracer experiments, hydroxylamine decomposition during ammonia oxidation could combine two 15N
atoms for N2O [see Nicholls et al., 2007]. (2) In 15NO–

2 tracer experiments, N2O formation via nitrifier denitrifi-
cation has isotope pairing similar to canonical denitrification, during which two nitrogen atoms from NO–

2

reduction (via NO) combine to form N2O, thus the production of 15N15N16O [Dalsgaard et al., 2012]. High in
situ NO–

2 availability may favor such a process [Frame and Casciotti, 2010; Wilson et al., 2014]. At Station 1,
NO–

2 concentrations were >100 nM in the upper 60 m (Figure 1), coinciding with detectable rates of NO–
2

reduction to N2O (Figure 2e). At Station 2, the highest rate of NO–
2 reduction to N2O occurred at 80 m, coin-

ciding with peak NO–
2 concentration (250 nM).

At depths where N2O production was detected from only one substrate (e.g., from NO–
2 reduction at 37 m

at Station 1; from NH1
4 oxidation at 60 m at Station 2), no definitive conclusions can be made for N2O pro-

duction pathways. At these depths, the majority (>60%) of N2O production was from singly 15N-labeled
N2O. The N2O production rates were very low and close to detection limit (�0.001 nM d21), which may be
why it was not possible to detect significant rates in the paired incubations. Detecting N2O production from
only one substrate might also imply coupled NH1

4 oxidation and NO–
2 reduction or even nitrifier

denitrification.

4.3. The Midlatitude North Atlantic as a Potential N2O Source
The midlatitude North Atlantic is assumed to be an insignificant N2O source because N2O concentration in
the surface layer is essentially at equilibrium with the atmosphere [Walter et al., 2006]. Freing et al [2009]
concluded, however, that in situ equilibrium concentrations of N2O had been overestimated, leading to an
underestimate of N2O efflux from oxygenated ocean to the atmosphere. Direct detection of N2O production
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Figure 4. Ambient NH1
4 concentrations are plotted against N2O yield (in %) during NH1

4

oxidation. Data from Station 1 (open squares) and Station 2 (filled circles). Error bars
represent propagation of standard deviation from time course measurements of N2O
production rates and NO–

2 production rates (n 5 9).
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in the North Atlantic supports the possibility that these waters could be a net source. The potential for N2O
consumption in oxygenated surface waters has been suggested but not directly measured [Wyman et al.
2013].

Taken at face value, the volumetric N2O production rates reported here (0–0.015 nM-N d21) are within
the range of model estimates in the North Atlantic by Freing et al. [2009] but substantially lower than
measurements from the sub-Arctic (�0.1–3 nM-N d21) [Rees et al., 2016]. These rates result in an average
flux density within the top 120 m of 0.06 mmol-N2O m22 d21, yielding an N2O flux of �0.01 Tg yr21 from
the midlatitude North Atlantic (assuming an area of 1013 m2). Thus, although the flux is small, it could
make the midlatitude North Atlantic a net N2O source, rather than a sink. This finding may also extrapo-
late to other midlatitude and high-latitude oceans where surface nitrogen nutrients are not depleted.
Should N2O production in the surface waters be a common feature in the ocean, the oceanic N2O budget
should be reexamined.

5. Conclusion

Active NH1
4 oxidation and NO–

2 reduction are associated with N2O production in the surface layer of the
midlatitude North Atlantic, a region previously assumed to have an insignificant N2O efflux. Higher concen-
trations of NH1

4 and NO–
2 in the surface layer could potentially favor the production of N2O. Rates of N2O

production from NH1
4 oxidation were generally higher than those of NO–

2 reduction. Based on nitrogen sta-
ble isotope pairing, the major N2O production pathway is hypothesized to be ‘‘hybrid formation,’’ i.e., NH1

4

and NO–
2 each contribute one nitrogen atom to N2O formation. This finding is consistent with previous stud-

ies showing N2O production via ‘‘hybrid formation’’ by ammonia oxidizing archaea, which outnumber
ammonia oxidizing bacteria in the ocean. These findings suggest the midlatitude North Atlantic Ocean
could be a small source of N2O to the atmosphere.
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