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Sunlight drives the abiotic formation of nitrous oxide
in fresh and marine waters
Elizabeth Leon-Palmero1,2*†, Rafael Morales-Baquero1, Bo Thamdrup2,
Carolin Löscher2, Isabel Reche1,3

Nitrous oxide (N2O) is a potent greenhouse gas and the main stratospheric ozone-depleting agent,
yet its sources are not well resolved. In this work, we experimentally show a N2O production pathway
not previously considered in greenhouse gas budgets, which we name photochemodenitrification.
Sunlight induces substantial and consistent N2O production under oxic abiotic conditions in fresh
and marine waters. We measured photochemical N2O production rates using isotope tracers
and determined that nitrite is the main substrate and that nitrate can also contribute after being
photoreduced to nitrite. Additionally, this N2O production was strongly correlated to the radiation
dose. Photochemodenitrification exceeded biological N2O production in surface waters. Although
previously overlooked, this process may contribute considerably to global N2O emissions through its
occurrence in fresh and marine surface waters.

N
itrous oxide (N2O) is the main strato-
spheric ozone-depleting agent (1) and
one of the strongest greenhouse gases—
about 273 times as potent as carbon di-
oxide (2). Since preindustrial times, the

concentration of atmospheric N2O has risen by
23% (2), in a trend strongly correlated to the
higher bioavailability of reactive nitrogen (N) in
the environment, largely owing to industrial N
fixation by the Haber–Bosch process (3). A con-
siderable portion of the anthropogenic N applied
to land as fertilizers enters rivers, estuaries, and
continental shelves, which boosts the produc-
tion and emission of N2O in these aquatic sys-
tems (4–6). These emissions resulting from N
inputs—estimated to 0.5 Tg of N year−1 for the
2007 to 2016 period—exceednatural emissions
from inland waters, estuaries, and coastal zones
[0.3 Tg N year−1 (7)]. The rate of increase in
atmospheric N2O during the past decade was
even faster than predicted by the Intergovern-

mental Panel on Climate Change (IPCC) (8),
which emphasizes the need for better identi-
fication of the sources of N2O to reduce un-
certainty in climate assessments and optimize
mitigation strategies (7).
Ammonia oxidation and denitrification are

the microbial processes that are assumed to
control the N2O budget in aquatic ecosystems.
Ammonia-oxidizing archaea (AOA) and bacte-
ria (AOB) releaseN2O inwell-oxygenatedwaters
as a side product during ammonia oxidation to
nitrite (NO2

−) (9). N2O is also an intermediate
product during denitrification of NO3

− andNO2
−

to N2O and N2, a process that is usually coupled
to organic matter oxidation and occurs under
oxygen-depleted conditions (10). Both microbial
processes have been extensively studied in the
water column and sediments of aquatic ecosys-
tems. Abiotic processes, such as chemodenitrifi-
cation, can also contribute to the production of
N2O in soils andmarine sediments (11, 12). Dur-

ing chemodenitrification, NO3
− and NO2

− are
abiotically reduced to N2O coupled to the oxi-
dation of metals, such as Fe (II), or organic mat-
ter (11). However, the abiotic production of N2O
within the water column of fresh waters and
marine ecosystems remains largely unexplored,
particularly in surface waters. Processes occur-
ring in the upper meters of the well-mixed layer
hold the potential for a disproportionate contri-
bution to N2O emissions owing to their close-
ness to the atmosphere, which may facilitate
the air-sea exchangeofN2Owhenoversaturated.
In this work, we describe the discovery of a pho-
tochemical source of N2O, which we named
photochemodenitrification. We detected this
reaction, mediated by sunlight, that uses NO2

−

as substrate in two freshwater reservoirs and
two coastal marine systems, demonstrating that
it may represent an unrecognized but wide-
spread process relevant to global budgets.

Photochemical formation of N2O

In a previous study, we found recurrently higher
N2O emissions during the daytime versus during
the nighttime during 24-hour flux measurement
campaigns over the course of 2 years in two
freshwater reservoirs in southeast Spain (Cubillas
and Iznájar). Despite differences inmagnitude
among years and reservoirs, this pattern in N2O
emissions was consistent and significantly cor-
related to the solar cycle,withdaytimeemissions
up to one order ofmagnitude greater than night-
time emissions (13). However, that pattern was
inconsistent with classical microbial produc-
tion through ammonia oxidation, which is in-
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Fig. 1. Effect of sunlight on N2O production. Dissolved N2O concentrations
over time (i.e., daylight time/total incubation hours) in the incubation experiments
1 to 4. (A) Cubillas in June 2018, unfiltered water. (B) Cubillas in September 2018,
unfiltered water. (C) Iznájar in September 2018, unfiltered water. (D) Cubillas
in July 2021, filtered water (0.7 mm pore size). HgCl2 (1 mmol liter−1) was added in all
experiments to inhibit biological activity. Bars represent the mean values ± standard

errors over the time course (t0 to t3), including dark controls (dark gray bars)
and sunlight treatments (yellow bars). Sunlight exposure time/total incubation
hours are shown (e.g., 15/24 hours). Note the different scales in the y axes. The
significance of the sunlight treatments is included for each experiment: *P <
0.05; **P < 0.01; ***P < 0.001. Rates are presented in table S2. More statistical
details are provided in table S3.
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hibited by light (14), or through denitrification,
which requires oxygen depletion (15, 16). We
hypothesized that sunlight may induce the
photochemical production of N2O in surface
waters, boosting the fluxes during the day-
time. To investigate this hypothesis, we first
performed four incubation experiments, ex-
posing surfacewater fromCubillas and Iznájar
reservoirs to natural sunlight with inhibition
of biological activity by the addition of HgCl2
(experiments 1 to 4; table S1). We used ultra-
violet (UV)–transparent quartz vials and in-
cluded dark controls during the incubations.
All experiments were conducted under natu-
ral, oxic conditions (more details are provided
in the materials and methods and fig. S1). The
incubation experiments performed during this
study and the initial inorganic N pools are listed
in table S1.
We detected a significant, consistent, and con-

tinuous increase in the N2O concentration in
the sunlight treatments in the four incubation
experiments relative to the dark controls (Fig. 1;
experiments 1 to 4). Photochemical N2O pro-
duction was detected in both the experiments
performed using unfiltered (experiments 1 to 3)
and filtered water (0.7 mmpore size; experiment
4), with rates varying from 1.01 ± 0.22 nmol
N-N2O liter−1 day−1 in experiment 4 to 66.6 ±
15.1 nmol N-N2O liter−1 day−1 in experiment 2
(table S2). The photochemical N2O production
rate measured in experiment 4 was equivalent
to 2.6 × 10−9 ± 5.5 × 10−10 nmol-N W−1 photo-
synthetically active radiation (PAR) and to 2.3 ×
10−5 ± 4.6 × 10−6 nmol-N W−1 UVB received. In
relation to the in situ N2O concentration, the
daily relative increase varied from 3.8% (initial
concentration = 13.4 nmol liter−1) in experiment
4 to 39.3% (initial concentration = 84.6 nmol
liter−1) in experiment 2 (table S2), thus contrib-
uting substantially to the N2O pool.
Previous studies in rivers have reported higher

N2O emissions or concentrations during the
daytime versus the nighttime (17–20), although
the opposite has also been shown (21, 22). These
patterns have been attributed to changes in
N cycling by biological activity and water tem-
perature (17–21). Liu et al. (23) found that the
seasonal pattern in N2O fluxes in Antarctic
lakes was positively related to daily radiation,
concluding that the increase of daily radiation
may favor photosynthesis and thus stimulate
N2O production from the decomposition of
the algae. The experiments presented in this
work indicate that solar radiation directly drives
an abiotic production of N2O that may repre-
sent an important source of N2O to the atmo-
sphere that has not been reported previously
or considered in greenhouse gas budgets. So-
lar radiation, mostly in the UV band (280 to
400 nm), catalyzes many photochemical re-
actions in fresh and marine surface waters,
including the decomposition of chromophoric
and recalcitrant organic molecules (24); the

reduction of metals, such as iron (25, 26) or
manganese (27); the photochemical produc-
tion of climate-relevant gases, such as carbon
dioxide (28), carbon monoxide (29), and me-
thane (30); and the photolysis of NO3

− and
NO2

− (31–33). The discovery presented in this
work indicates that solar radiation can also
catalyze the production of N2O in surface wa-
ters, and its importance—not only for daily
variability but also as a source of N2O to the
atmosphere—should be addressed.

Nitrite and sunlight explain N2O
photochemodenitrification

We hypothesized that NO2
− may act as a sub-

strate for photochemical N2O production based
on our data from experiments 1 to 4 (fig. S2). A
marginally significant relationship between
the in situNO2

− concentrations and the photo-
chemical N2O production rates was found (n =
4 observations, P < 0.1; fig. S2A). Additionally,
we detected a significant decrease in the NO2

−

concentration to below detection (0.5 mmol
liter−1) in the sunlight treatments compared
with the dark controls during experiment 4
(P < 0.001; fig. S2B). We tested our hypothesis
by adding 15N-NO2

− or 15N-NO3
− to trace the

formation of 15N-N2O [as 45N2O (14N15N16O)
and 46N2O (15N15N16O); experiments 5 to 7],

expanding our analysis to include two marine
systems at different latitudes (Motril coast and
Boknis Eck, experiments 6 and 7, respective-
ly) in addition to a freshwater system (Cubillas
reservoir, experiment 5; see table S1 for study
site details and fig. S1 for the experimental set-
up). We included the treatment with 15N-NO3

−

because NO3
− is generally the most abundant

form of dissolved inorganic N in these systems,
andNO2

− derived from its abiotic photolysis (31)
may serve as a substrate for photochemical pro-
duction of N2O.
We detected a significant production of 15N-

N2O from 15N-NO2
− in the sunlight treatments

in the three study systems, with longer sunlight
exposure yielding more N2O (Fig. 2, A to C, and
fig. S3). Significant production of 15N-N2O from
15N-NO3

− was also observed in experiments 5
and 6 (Fig. 2, D and E, and fig. S3), although
the rate of N2O production from 15N-NO3

−was
at least one order of magnitude lower than
that from 15N-NO2

−. These results support our
hypothesis that NO2

− is the direct and main
substrate for this reaction. In turn, NO3

− must
be photoreduced to NO2

− to later produce N2O
in a second step. On the basis of these findings,
we named the reaction photochemodenitrifica-
tion. The photochemical process generated both
single- and double-labeled N2O (45N2O and

Table 1. Summary of the rates of photochemodenitrification and biological N2O production
from ammonia oxidation. When derived from 15N labeling experiments, the total rates of N2O
production were obtained by adding the rates from 15N-NO2

− and from 15N-NO3
−. The incubation

experiments to measure biological N2O production were performed in darkness, except experiment 7,
which included darkness and natural day-night cycle treatments. More details are presented in tables S2,
S6, and S8. Dashes indicate not applicable.

Site (experiment)
Total N2O from

photochemodenitrification
(nmol N-N2O liter−1 day−1)

N2O from ammonia oxidation
(nmol N-N2O liter−1 day−1)

Cubillas and Iznájar
reservoirs
(experiments 1
to 4 and 9)

June 2018
(exp. 1, Cubillas)

2.96 (±0.20)
July 2018
(exp. 9)

0.83 (±0.00):
Iznájar;

2.08 (±0.15):
Cubillas

.. .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .

September 2018
(exp. 2, Cubillas)

66.56 (±15.11)
September 2018

(exp. 9)

0.06 (±0.00),
0.47 (±0.12):
Cubillas;

0.93 (±0.25):
Iznájar

.. .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. .

September 2018
(exp. 3, Iznájar)

47.86 (±17.44)

.. .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .

July 2021
(exp. 4, Cubillas)

1.01 (±0.22) – –
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Cubillas reservoir
(experiment 5)

July 2021 2.32 (±0.22) – –
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Motril coast
(experiment 6)

July 2021 1.41 (±0.06) – –
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Boknis Eck
(experiment 7)

July 2022 0.03 (±0.00) July 2022

0.015 (±0.002)
(darkness);

0.007 (±0.002)
(day-night cycle)

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
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46N2O) fromboth tracers (fig. S3). This is broadly
consistent with the isotope pairing expected
from the production of N2O from a mixture of
added 15NO2

− and unlabeled nitrite (14N-NO2
−)

from either the initial in situ pool or formed, for
example, fromNO3

− photolysis (fig. S4). The con-
tribution of other forms of in situ organic or
inorganic N compounds as sources of 14N to
the formation of 45N2O cannot be excluded (see
the supplementary text for further explanation).
Photochemodenitrification depended lin-

early on the sunlight radiation received (Fig. 3
and table S5). We found similar radiation nor-
malized rates (i.e., the slope in the increase in
N2O per radiation dose) across experiments,
whether based on UVB or PAR (Fig. 3 and
table S5). In experiment 4, in which we did
not add any tracer (Fig. 3A), the slopes for
PAR (SPAR = 5.9 × 10−6 ± 1.2 × 10−6) and UVB

radiation (SUVB = 0.051 ± 0.010) were not sig-
nificantly different from the slopes calculated
for the 15NO2

− additions in experiments 5 to
7 (Fig. 3B; SPAR = 6.3 × 10−6 ± 2.4 × 10−7 and
SUVB = 0.054 ± 0.002). In agreement with our
previous results, the slopes were one order
of magnitude lower for the 15NO3

− additions
(Fig. 3C).
Rates of photochemical production of 15N-

N2O in the 15N-NO2
− addition experiments

varied from 0.03 ± 0.00 nmol-N liter−1 day−1 in
Boknis Eck (experiment 7) to 2.03 ± 0.18 nmol-
N liter−1 day−1 in the Cubillas reservoir (experi-
ment 5; table S6). Photochemical production
rates from 15N-NO3

−were similar in theMotril
coast (0.26 ± 0.02 nmol-N liter−1 day−1) and the
Cubillas reservoir (0.29 ± 0.04 nmol-N liter−1

day−1) (experiments 5 and 6; table S6). With
both 15N-NO2

− and 15N-NO3
−, the photochemical

N2O production rates measured in the Cubillas
reservoir (experiment 5) and the Motril coast
(experiment 6) were larger than in Boknis Eck
(experiment 7; Fig. 2 and table S6). The higher
substrate availability and higher radiation
doses in experiments 5 and 6 versus those in
experiment 7 couldhave caused thesedifferences.
We used higher concentrations of 15N-labeled
tracers in experiments 5 and 6 compared with
experiment 7 (i.e., 2 to 5 mmol liter−1 versus
0.5 mmol liter−1) to reflect the natural differ-
ences in NO3

− and NO2
− concentrations found

in these systems (table S1). In addition, the
lower production detected in experiment 7
compared with experiments 5 and 6 may also
be related to the lower radiation received in this
experiment (Fig. 3), which was incubated in
Odense, Denmark (~55°N, 57-m altitude),
whereas the others were incubated in Granada,

Experiment 6 - 
Motril coast (July 2021) 

Experiment 7 - 
Boknis Eck (July 2022) 
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Fig. 2. Photochemical production of 15N-N2O from 15N-NO2
− and 15N-NO3

−.
(A to F) 15N-N2O excess (in nanomoles of N per liter) calculated with respect
to t0, over incubation time (sunlight hours/total hours) in the experiments in the
Cubillas reservoir (filtered water, 0.7 mm pore size) [(A) and (D)], the Motril
coast (filtered water, 0.7 mm pore size) [(B) and (E)], and Boknis Eck (unfiltered
water) [(C) and (F)], from 15N-NO2

− [(A) to (C)] and 15N-NO3
− [(D) to (F)].

HgCl2 (1 mmol liter−1) was added in all experiments to inhibit biological activity.

Bars represent the mean values ± standard errors over the time course (t0 to
t2), including dark controls (dark gray bars) and sunlight treatments (yellow
bars). Note the different scales in the y axes. The significance of the sunlight
treatments is included for each experiment: a indicates P < 0.1; **P < 0.01;
***P < 0.001. Photochemical production rates as a function of the bottle area,
volume, and radiation doses are presented in table S6, and the statistical
details are provided in table S4.
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Spain (~37°N, 738-m altitude). Despite the lower
radiation dose received, which determined
the lower 15N-N2O production, the radiation-
normalized rates were similar in the three
systems at different latitudes (Fig. 3 and table
S5). UV radiation, which may be causing this
reaction, tends to increase as we approach the
equator and ascend in altitude. Sunlight hours
per day also change with the time of the year
and latitude, but this variation was accounted
for by considering the exact number of sun-
light hours in the rate calculations. In addition
to the experimental evidence, we also found
that the photochemical N2O production rates
were a function of in situ NO2

− concentration
(P < 0.05), following an exponential fit [N-N2O
production = 0.32e0.23(nitrite) (where e is Euler’s
number), adjusted coefficient of determina-
tion (R2) = 0.65; Fig. 4]. This finding supports
the hypothesis that NO2

− plays an active role
in the photochemical formation of N2O.
We performed a final experiment to rule out

the potential impact of the biocide HgCl2 on
the photochemical production of N2O (exper-
iment 8; fig. S5 and table S7).Water was gently
prefiltered once (1.0 mm), and sterile filtered
twice (0.2 mm) to remove the organisms present
in the sample. Then, parallel treatments were

incubatedwith andwithout HgCl2.We detected
a significant increase in the 15N-N2O concentra-
tion after sunlight exposure in both treatments.
N2O production in sunlight conditions was 54%
larger (P < 0.05) in the treatment without HgCl2
than in the treatment with HgCl2, and no pro-
duction was detected in dark conditions. Al-
though unlikely, we cannot exclude that the
difference may be the result of biological re-
actions by cells smaller than 0.2 mm. However,
if that were the case, we would likely have de-
tected production in the dark controls without
HgCl2, butwe did not detect any production in
those controls. Based on these results, it is very
unlikely that HgCl2 causes the photochemical
N2O production. If anything, HgCl2 addition
may reduce photochemical N2O production
rather than increase it.
Our data show experimental (experiments 1 to

7; Figs. 1 and 2) and in situ evidence (Fig. 4) that
NO2

− and NO3
− are substrates for the photo-

chemical production of N2O and that this pro-
cess significantly depends on sunlight exposure
(Fig. 3). NO2

− and especially NO3
− are abun-

dant compounds in eutrophic aquatic systems,
such asmany freshwater bodies and wetlands,
as well as coastal areas and estuaries, which
are strongly influenced by N loading from

their watersheds (34, 35) and act as global
hotspots for N2O production (4, 6, 36). For
instance,NO2

−andNO3
− concentrations reached

up to 11 mmol liter−1 and >300 mmol liter−1, re-
spectively, in the surface water column of Me-
diterranean reservoirs (34) and >2 mmol liter−1

in the surface waters of the Chesapeake Bay
estuary (37). In the open ocean, inorganic N
concentrations in surface waters vary from
region to region. They are typically low in
oligotrophic tropical and subtropical regions,
where nutrient uptake by phytoplankton is
high and upwelling is less common. However,
concentrations are higher in upwelling zones
andpolar regions, where annual average surface
values of NO3

− are ~5 to 25 mmol liter−1 (38).
Therefore, photochemical N2O production

rates are expected to be substantial in regions
with greater availability of inorganic N and
lower in oligotrophic waters, which generally
correlates with patterns in N2O concentration
and biological N2O production (4, 6, 7, 36, 39).
We hypothesize that other biological reactions,
such as ammonia oxidation, and/or abiotic pro-
cesses, such as the photodegradation of dis-
solved organicmatter, which release NO2

− and
other forms of inorganic N (40), may enhance
photochemical N2O production. If production

Fig. 3. Photochemical pro-
duction of N2O as function
of UVB and PAR dose.
Linear increases in the con-
centrations of (15)N in the
N2O pool relative to the initial
abundance (N2O excess, in
nanomoles of N per liter) in
experiments 4 to 7. (A) No
tracer addition. (B) 15NO2

−

addition. (C) 15NO3
− addition.

The combined slopes (SPAR
and SUVB) are shown in the
figure, and the individual
slopes for each experiment
are provided in table S5.
Note the zoom-in plot in (B)
and the different scales in
the y axes. We did not
measure UVB or PAR during
experiments 1 to 3.
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and consumption are tightly coupled, they
might create a cryptic cycle in which the NO2

−

remains undetected. This effect may be par-
ticularly important in oligotrophic waters. The
contribution of other sources of NO2

− or forms
of Nmay contribute to explain the results found
in Boknis Eck (experiment 7), in which a higher
production of 45N2O compared with 46N2Owas
detected, despite in situ NO2

− and NO3
− con-

centrations being below detection levels. This
result suggests that other forms or sources of
organic or inorganic in situ N compounds may
contribute 14N to the formation of 45N2O (fig. S3
and supplementary text).
The photochemical reduction of NO2

− to N2O
duringphotochemodenitrificationmaybecoupled
to the oxidation of organic matter or metals,
such as Fe orMn, similar to chemodenitrification
(11, 12, 41). These metals experience photore-
duction in surface waters (25, 27, 42). Alterna-
tively, N2O may also be produced through UV
light–catalyzed photolysis (33, 43, 44). Additional
research is needed to elucidate the ultimate
mechanism of this process.
Photochemical processes rely mostly on UV

radiation, including UVB (280 to 315 nm) and
UVA (315 to 400 nm), which is rapidly atten-
uated in the water column. For instance, NO3

−

photolysis occurs in the UVB band, centered at
302 nm, whereas NO2

− photolysis occurs in the
UVB and UVA bands, with an absorption max-
imum at 354 nm (33). Longer wavelengths
carry less energy and penetrate deeper into
the water column. Vanderploeg et al. found that
1% of the UV radiation penetrated from 2 to
4 m for UVB (305 nm) and between 11 and
22 m for UVA (395 nm) in Lake Michigan (45).
By contrast, there is still about 10% of the sur-
face radiation at depths between 6 and 31 m
(UVB) and between 15 and 104 m (UVA) in the
oligotrophic ocean (46). In more eutrophic water
bodies, sunlight attenuation is typically high;
yet, the likely greater availability of inorganic

N in these systems may compensate for the
total depth-integrated photochemical produc-
tion rates (Fig. 4). Solar radiation also changes
with latitude and altitude. Therefore, N2O pro-
duction by photochemodenitrification may
present a latitudinal pattern in the global ocean
and fresh waters related to the differences in
solar radiation and influenced by NO2

− and
NO3

− concentrations around the globe.

Photochemodenitrification versus biological
N2O production

The N2O production rates from photochemo-
denitrification exceeded the biological N2O pro-
duction from ammonia oxidation, which has
been classically considered the key N2O pro-
duction process in surface waters (Table 1).
Biological production of 15N-N2O from ammo-
nia oxidation varied from 0.06 ± 0.00 nmol N-
N2O liter−1 day−1 in Iznájar to 2.08 ± 0.15 nmol
N-N2O liter−1 day−1 in Cubillas (experiment 9;
Table 1). These biological rateswere determined
by incubating the samples indarkness. InBoknis
Eck, biological production of 15N-N2O reached
up to 0.015 ± 0.002 nmol N-N2O liter−1 day−1

when the samples were incubated in darkness
and 0.007 ± 0.002 nmol N-N2O liter−1 day−1

when the samples were incubated in natural
day-night conditions (Table 1).We did not find
a significant relationship between N2O produc-
tion rates by ammonia oxidation and the in situ
N2O concentration in the study reservoirs (fig.
S6). However, we found that in situ N2O con-
centration was a function of the photochemical
N2O production rates (n = 5, P < 0.01; fig. S6).
Therefore, the production of N2O by photo-
chemodenitrification may contribute substan-
tially to sustaining the recurrent surface N2O
supersaturation found in freshwaters (34) and
potentially in marine ecosystems, including
coastal areas (37) and the openocean (47), where
the production of N2O from ammonia oxidation
in surface waters is typically low.

The rates of N2O photochemodenitrification
detectedwere higher than theN2O production
by ammonia oxidation in coastal and open
ocean regions (37, 47) but lower than those
found for N2O production by denitrification in
rivers (48). They were similar to the N2O pro-
duction rates by phytoplankton cultures (49).
Moreover, ammonia oxidation rates are typi-
cally measured in the dark, which eliminates
possible contributions with photochemical pro-
cesses. Because ammonia oxidizers are sensitive
to light (14), this may overestimate the biolog-
ical N2O production rates in surface waters, as
illustrated by our finding of higher rates in dark-
ness comparedwith natural day-night conditions
(experiment 7; Table 1). Still, the photochem-
ical N2O production rate was at least twice the
biological N2O production in darkness.
N2O production by photochemodenitrifica-

tion represents a substantial contribution to
the N2O pool in freshwater reservoirs andmay
also represent a considerable contribution
in coastal marine waters. The fact that N2O
production by photochemodenitrification exhib-
its its maximum at the very surface of the water,
which is in direct contact with the atmosphere,
suggests that this reaction may have a dispro-
portionate effect on N2O fluxes. This is because
the newly formedN2Omay diffusemore quickly
to the atmosphere when oversaturated com-
pared with the N2O produced and stored deeper
in the water column. Our findings could also
imply that the emission of N2O from surface
waters may be larger than previously estimated,
particularly by biogeochemical models (36, 50).
The recent global synthesis on N2O fluxes by
Resplandy et al. (36) showed that global ocean
biogeochemical model emission estimates for
coastal waters are lower than those based on
observations (39). Thismay indicate that these
biogeochemical models underestimate emis-
sions because they do not account for all N2O
sources. We suggest that this underestimation
could be, at least partially, related to photochem-
ical N2O production.
The N2O production pathway presented in

this work (fig. S7) represents a previously un-
recognized but potentially relevant source of
N2O for future emission budgets. This reaction
may be particularly important for eutrophic
freshwater bodies, coastal areas, and upwelling
marine regions, which are global N2O emission
hotspots (4, 6, 7, 36). In the coming decades,
N2O emissions may be further amplified by the
projected increase in global N export to fresh
waters and coastal environments resulting from
the growing population (35). This increase may
lead to higher rates of photochemical N2O for-
mation. Therefore, it is crucial to include this
pathway in future assessments. This discovery
represents a breakthrough in the study of global
sources of N2O, helping to reduce the current
uncertainties in the bottom-up estimates high-
lighted in the last global N2O inventories (7) and
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Experiment 3 (Iznájar reservoir) 

Experiment 5 (Cubillas reservoir) 

Experiment 6 (Motril coast) 

Experiment 7 (Boknis Eck) 

Experiments 1, 2, 4 (Cubillas reservoir) 

Fig. 4. Total N2O photochemical production rates as a function of the in situ nitrite concentration.
N2O photochemical production rates (in nanomoles of N per liter per day) ± standard errors are represented.
Note the log scale in the y axis. The N2O photochemical production rate measured in the Cubillas
reservoir in June 2018 (sampling performed on 22 June) was related to the nitrite concentration measured
in the Cubillas reservoir on 4 July 2018. In experiments 5 to 7, we added the nitrite used as tracer to
the in situ nitrite concentration.
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to explain accelerating emissions, which exceed
some of the highest projected scenarios (8).
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