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Particle-associated denitrification is the
primary source of N2O in oxic coastal waters

Xianhui S. Wan 1,2 , Hua-Xia Sheng1, Li Liu 1, Hui Shen 1, Weiyi Tang2,
Wenbin Zou1, Min N. Xu 3, Zhenzhen Zheng3, Ehui Tan3, Mingming Chen1,
Yao Zhang 1, Bess B. Ward 2 & Shuh-Ji Kao 1,3

The heavily human-perturbed coastal oceans are hotspots of nitrous oxide
(N2O) emission to the atmosphere. The processes underpinning the N2O flux,
however, remainpoorly understood, leading to large uncertainties in assessing
global N2O budgets. Using a suite of nitrogen isotope labeling experiments, we
show that multiple processes contribute to N2O production throughout the
estuarine-coastal gradient, sustaining intensive N2O flux to the atmosphere.
Unexpectedly, denitrification, rather than ammonia oxidation as previously
assumed, constitutes the major source of N2O in well-oxygenated coastal
waters. Size-fractionatedmanipulation experiments with gene analysis further
reveal niche partitioning of ammonia oxidizers and denitrifiers across the
particle size spectrum; denitrification dominated on large particles and
ammonia oxidizers on small particles. Total N2O production rate increases
with substrate and particle concentrations, suggesting a crucial interplay
betweennutrients andparticles in controllingN2Oproduction. The controlling
factors identified here may help understand climate feedback mechanisms
between human activity and coastal oceans.

Estuaries and coastal zones function collectively as a bioreactor at
the land ocean boundary where physical, biological and anthro-
pogenic activities are intense. These ecosystems are vital to humans,
sustaining nearly half of the world’s population and providing
invaluable ecosystem services1. Unfortunately, they are undergoing
unprecedented environmental degradation due to multiple stresses
from human activities (e.g., nutrient discharge, aquaculture, fishing
etc.) superimposed on global change (e.g., ocean warming, acid-
ification, deoxygenation etc.)2,3. The massive discharge of human-
induced nutrients (nitrogen (N) in particular) and erosional sedi-
ments to the coastal ocean are among the most fundamental
anthropogenic perturbations to the global coastal ecosystems. They
exert profound impacts on local ecosystems (e.g., water quality,
benthic environment) and global climate (e.g., greenhouse gas
emissions)4–7, leading to persistent consequences including eutro-
phication, harmful algal blooms, loss of biodiversity, and water

quality degradation, and are thus identified as major threats to
human sustainability8.

Numerous studies have explored the processes and rates of N
cycling in the eutrophied coastal oceans, providing a valuable baseline
understanding of the intense N dynamics in this critical system6,9,10.
However, the pathways and production rates of nitrous oxide (N2O), a
potent greenhouse gas and ozone-depleting substance, which repre-
sents an important climate feedback of the marine N cycle to anthro-
pogenic perturbation, are much less studied compared to other N
cycling processes, and have been only recently investigated in a limited
number of coastal sites such as the Chesapeake Bay11, the Baltic Sea12,13,
and the inner shelf of the East China Sea and South China Sea14,15. This
lack is probably due to the technical challenge of simultaneously dis-
entangling the complex N2O production processes and quantifying the
rates in highly dynamic coastal systems. Consequently, the source and
the air-sea flux of N2O in the coastal oceans remains highly uncertain,
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even though it is widely recognized that these eutrophied waters are
usually hotspots of N2O emissions16–18. As the increasing trend of N fer-
tilization is predicted to continue,N2Oemissions are expected to further
increase in the future19,20, raising the urgency of better understanding of
N2O sources for emission mitigation in these key regions16–18.

Delivery of sediments from land to the coastal zone, on the other
hand, represents another fundamental human perturbation to the
coastal ocean5,7,21. The intensive human perturbation superimposed by
climate change leads to dramatic changes in particle concentration
and size spectrum in coastal oceans, particularly those influenced by
large rivers5. However, the potential impacts of particle concentration
on the N cycle, and how the particles of different sizes interact with
substrate concentrations to influence N2O production, are unknown.
Two major processes contributing to N2O production are aerobic
ammonia oxidation and anaerobic denitrification (including bacterial
nitrifier-denitrification) processes. Both processes are regulated by
multiple environmental factors such as substrate, organic matter,
redox status, etc., among which the dissolved oxygen (DO) con-
centration functions as the primary control: ammonia oxidation is
considered the dominant process in the oxygenated environment and
denitrification is restricted to the DO depleted water22. The ecological
niche separation of these processes in oxygenated marine environ-
ments, however, is complicated by emerging evidence that micro-
environments created by particles facilitate multiple N transformation
processes and N2O production23–25. In the oxygenated and turbid
coastal zones, low DO microenvironments associated with particles
might thus cause an underestimation of the role of denitrification in
N2Oproduction, yet, the contribution of the anaerobic pathway toN2O
has not been quantified.

Human-induced nutrient discharge and sediment delivery exert
profound impacts on biogeochemistry and greenhouse gas flux in the
global coastal ocean. Yet, the underlying mechanism remains largely
unclear, underscoring the urgent need to expand our knowledge in
understanding the causality of human activities and N biogeochem-
istry in this critical ecosystem.The Southeast and East Asia arehome to
one third of the global population. Land use practices associated with
high population densities in the coastal areas lead to soil erosion and
high anthropogenic N loading, resulting in the prominent features of
high turbidity, hyper-eutrophication and intensive N2O emission in the
estuaries and their adjacent coastal zones26–28. These regions provide a
natural laboratory to study the effects of particle and substrate inter-
actions onN cycling and the associatedN2O generation processes, and
can improve our understanding of the climate feedback to human
perturbation in the global coastal ocean.

To address the key knowledge gaps on the sources and rates of
N2O production in these emission hotspots, we investigated the dis-
tribution, flux and production rates of N2O spanning large environ-
mental gradients in three large estuaries and the adjacent coastal
zones along the coast of China (Supplementary Fig. 1). We show mul-
tiple N2O production processes and niche-partitioning of nitrification
and denitrification along the particle spectrum, providing insights into
the source of N2O and helping to constrain and predict global N2O
emissions.

Results and discussion
Intensive N2O flux from the eutrophied and turbid
coastal waters
A total of 107 samples from various depths at 60 stations were col-
lected during six research cruises to the Changjiang Estuary and the
adjacent East China Sea (hereafter referred to as CJE), the Jiulong
Estuary and the adjacent Taiwan Strait (hereafter referred to as JLE),
and the Pearl River Estuary (PRE) (See the Methods section, and Sup-
plementary Fig. 1; Supplementary Table 1, 2 for detail). All the inves-
tigated estuaries and coastal zones contained high N concentrations
(median total dissolved nitrogen (DIN) was 130, 153, and 8μmol L−1 in

the Pearl River Estuary (PRE), Jiulong Estuary (JLE), and Changjiang
Estuary (CJE), respectively). DIN decreased seaward with increasing
salinity, indicating dilution of the highly eutrophied estuarine water by
seawater (Fig. 1a–c; Supplementary Fig. 2a; Supplementary Table 1).
Ammonium (NH4

+) concentration was highest in the freshwater end-
member of the PRE and JLE and decreased rapidly with salinity. Pro-
minent nitrite (NO2

−) accumulations occurred in these eutrophied
estuaries; themedian in the PRE (13μmol L−1) and JLE (21μmol L−1) were
at the highest end of measured NO2

− in the global marine system29,30.
Nitrate (NO3

−) was the dominant DIN species in all the investigated
regions except for two samples in the PRE in 2013 and two samples in
the CJE in 2015 (Supplementary Fig. 2b–d, Supplementary Fig. 3a–c).
These results were consistent with previous observations of nutrient
distribution in these systems across different years and seasons,
demonstrating a persistent and ubiquitous eutrophic status along the
coastal zone of China, despite the slight reduction in nutrient con-
centration in the research areas in recent years2,31.

The estuaries also featured high particle content (Fig. 1d–f; Sup-
plementary Fig. 3d–f). The median total suspended matter (TSM) was
36, 31, and 5mg L−1, and the corresponding particulate nitrogen (PN)
was 11, 8, and 2μmol L−1 in the CJE, JLE and PRE, respectively, sug-
gesting ubiquitous high turbidity and organic loading. Unlike the
consistent DIN distribution pattern in relation to salinity, high con-
centrations of TSM and PN were also observed at the mixing zone of
the estuaries, suggesting different controlling mechanisms for the
dissolved and particulate phases of N in the coastal ocean. PN con-
centrationwas highest in the PRE, andTSMwas highest in the JLE. Both
PN and TSM were lowest in the CJE. However, the PN: TSM (weight
ratio, g/g) values were higher in the CJE than PRE and JLE, partially due
to the higher contribution of autochthonous organics in the CJE
compared to the other estuaries32.

DO, N2O, and nutrients were all measured on the same sampling
depths (Supplementary Table 1–3). Themedian of DOwas 145, 147, and
183μmol L−1, corresponding to the median saturation of 63, 69, and
87% in the PRE, JLE, and CJE, respectively, and was independent of
salinity and temperature. For example, the lowest DO concentrations
were observed in both the low temperature upper PRE in 2013, and in
the high temperature lower PRE in 2020, indicating complex physical-
biological control of DO distribution (Fig. 1g–i; Supplementary
Fig. 3g–i). Taking 2mg L−1 O2 (equal to 62.5μmol L−1) as a threshold of
hypoxia33, only 6 of 107 measurements indicate hypoxia, thus, these
estuaries were overall well-oxygenated during our investigation.

N2O had a spatial pattern similar to the DIN, decreasing from
upstream to the ocean. The median concentration was 47, 56, 13 nmol
L−1 in the CJE, JLE and PRE, respectively (Fig. 1j–l; Supplementary
Fig. 3j–l). The concentrations were consistently over-saturated com-
pared to air equilibration. Accordingly, the median of N2O flux from
the water to atmosphere was 27, 76, 11μmol m−2 d−1 in the CJE, JLE and
PRE, respectively. These values are at the highest end of the reported
values in the estuarine and coastal zoneglobally28,34,35, suggesting these
eutrophied and turbid coastal waters are among themost intense N2O
source regions. However, the large range (1-1592μmol m−2 d−1) of N2O
flux suggests substantial spatial-temporal variation and complex
sources of N2O in these heavily human-perturbed systems.

Both N2O concentration and N2O flux were significantly corre-
lated with DIN and DO, followed by PN, and the correlation was best
fitted using exponential regression (Supplementary Fig. 4a–f). These
results supported the broadly held idea that DIN substrates and DO
concentrations, along with organic matter supply, are fundamental
controls of N2O production in marine environments28,35,36. The rela-
tionships between N2O flux and DIN, DO and PN were less constrained
compared to N2O concentration, suggesting a more complex regula-
tion such as temperature, wind speed and air N2O concentration on
N2O flux37. Furthermore, the exponential increase of N2O concentra-
tion and flux with the decrease of DO and increase of DIN and PN
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implied a nonlinear acceleration of N2O emission during eutrophica-
tion and deoxygenation processes in the coastal ocean. These non-
linear relationships also suggest a potential bias if a simple fixed
emission factor (e.g., N2O: NO3

− ratio) is used to derive N2O budgets in
the eutrophic coastal ocean. Given the wide prediction of increasing
eutrophication and ocean deoxygenation in the global coastal ocean
due to human activities and climate change38, our results imply a
positive feedback from the coastal ocean on global warming by
enhancing N2O emission.

High N2O production sustained by multiple N transformation
pathways
A comprehensive set of isotope labeling incubation experiments was
performed at selected stations, which exhibited large environmental
gradients, to explore microbial N conversion and associated N2O
production rates. Like the DIN and N2O distribution, the rates of
ammonia oxidation, NO2

− oxidation and NO3
− reduction to NO2

−

showed a spatial distribution pattern that decreased from upstream to
the ocean in the PRE and JLE. The rates were lower and the spatial
pattern was less evident in the CJE compared to the PRE and JLE, likely
because the CJE stations were distributed in the more open shelf
region where the eutrophic fresh water was diluted by the nutrient-
depleted ECS seawater. The sampling stations in the PRE and JLE were
more concentrated upstream in the semi-closed bay area. Conse-
quently, the CJE stations were characterized by higher and narrower

salinity range, and lower substrate concentration, leading to lower N
conversion rates than the hyper-eutrophied PRE and JLE. Ammonia
oxidation was detected in all measured samples and the rates varied
over one to two orders of magnitude across the salinity gradient
(Fig. 2a; Supplementary Fig. 5a; Supplementary Table 1). The rates
measured in the PRE and JLE are at the higher end of the reported rates
in the world’s estuaries and coastal zones39,40. NO2

− oxidation in the JLE
and CJE was lower than in the PRE (Fig. 2b; Supplementary Fig. 5b).
Consequently, the two steps of the nitrification process were more
closely coupled in the PRE and CJE than in the JLE. Rates of NO3

−

reduction toNO2
−were comparable between the JLE andPRE, andwere

lowest in the CJE (Fig. 2c; Supplementary Fig. 5c). NO3
− reduction rate

was lower than ammonia oxidation rate in all the investigated stations
except for four samples in the PRE and JLE, indicating that ammonia
oxidation is the main source of NO2

− in these estuaries. Overall, the
results showed that the aerobic ammonia oxidation was more active
than anaerobic NO3

− reduction, consistent with the fundamental con-
trol of DO on N dynamics in the marine environment.

N2O production from NH4
+, NO2

− and NO3
− was detected at all

stations. Similar to the distribution of N conversion rates, all the mea-
sured N2O production rates showed a general seaward decreasing trend
in the PRE and JLE, and the rates in these estuaries were higher than in
the CJE (Fig. 2d–f; Supplementary Fig. 5d–f). Total N2O production rate
(sum of N2O production from NH4

+, NO2
− and NO3

−) ranged from
0.3–91.7, 0.4–58.1, and 0.1–2.5 nmol N L−1 d−1 in the PRE, JLE and CJE,
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Fig. 1 | Distributionofbiogeochemicalproperties includingnitrogennutrients,
dissolved oxygen (DO) and N2O vs. salinity. (a) ammonium (NH4

+); (b) nitrite
(NO2

-), (c) nitrate (NO3
-); (d) total suspendedmatter (TSM); (e) particulate nitrogen

(PN); (f) PN: TSM (weight ratio); (g) temperature; (h) DO; (i) DO saturation; (j) N2O;
(k) N2O saturation; (l) N2O flux. The blue, red and gray dots denote samples from

the Pearl River Estuary (PRE) (2013 and 2020), the Jiulong Estuary (JLE) (2016 and
2018) and the Changjiang Estuary (CJE) (2015 and 2017), respectively. The purple
dashed line in panel (h) denotesDO concentration of 62.5μmol L-1 (the threshold of
hypoxia).
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respectively (Fig. 2g; Supplementary Fig. 5g). The high N2O production
rate from all DIN species provided direct evidence that multiple biolo-
gicalN2O sources sustain thehighN2Oconcentration and its subsequent
emission to the atmosphere. Unexpectedly, N2O from ammonia oxida-
tion was frequently (37 out of the total 48 incubations) lower than from
the reductive pathway (i.e., N2O from NO2

− reduction plus NO3
− reduc-

tion),which accounted formore thanhalf (median: 51, 64, and70% in the
PRE, JLE, and CJE, respectively) of the total N2O production (Fig. 2h, i;
Supplementary Fig. 5h, i). N2O production from NO3

− alone accounted
for nearly half of N2O production in the investigated estuaries (Supple-
mentary Fig. 6; Supplementary Note 1). These high rates of N2O pro-
duction from reductive pathways indicate a higher fractional
contribution of N2O from anaerobic N processes (partial denitrification)
despite the fact that most of the stations were well-oxygenated and

ammonia oxidation rates were higher than NO3
− reduction rates. This

result was contrary to the widely held perception that ammonia oxida-
tion is the dominant source of N2O in DO replete coastal zones22,41, and
indicated a more complex source structure for N2O in oxygenated
waters, which has not been adequately recognized.

N2O yield (defined as N2O production per NO2
− produced by

oxidation of ammonia or reduction of NO3
−) was consistently higher

from NO3
− reduction than from ammonia oxidation in all three estu-

aries (Fig. 3a–c). N2O yield from ammonia oxidation (median: 0.05,
0.11, 0.06% in the PRE, JLE andCJE, respectively) was at the lower range
of reported values in the eutrophic coastal zones42,43 and the open
waters of North Pacific, North Atlantic and the Eastern Tropical
Pacific44–46. N2O yield from NO3

− reduction (median: 0.22, 0.34 and
0.25% in the PRE, JLE and CJE, respectively) was within the range

0 5 10 15 20 25 30 35

0.001

0.01

0.1

1

10

100
N

H
3

-1
 d

-1
)

0 5 10 15 20 25 30 35

0.001

0.01

0.1

1

10

100

N
O

2-
-1
 d

-1
)

0 5 10 15 20 25 30 35

0.001

0.01

0.1

1

10

100

N
O

3-
-1
 d

-1
)

a

0 5 10 15 20 25 30 35

0.001

0.01

0.1

1

10

100

N
2O

 fr
om

 N
H

4+  (
nm

ol
 N

 L
-1
 d

-1
)

0 5 10 15 20 25 30 35

0.001

0.01

0.1

1

10

100

N
2O

 fr
om

 N
O

2-   
(n

m
ol

 N
 L

-1
 d

-1
)

0 5 10 15 20 25 30 35

0.001

0.01

0.1

1

10

100

N
2O

 fr
om

 N
O

3-  (
nm

ol
 N

 L
-1
 d

-1
)

0 5 10 15 20 25 30 35
Salinity

0.001

0.01

0.1

1

10

100

To
ta

l N
2O

 ra
te

 (n
m

ol
 N

 L
-1
 d

-1
)

0 5 10 15 20 25 30 35
Salinity

30

60

90

120

150

Fr
ac

tio
na

l c
on

tri
bu

tio
n 

of
 N

O
X-  r

ed
uc

tio
n 

(%
)

0 5 10 15 20 25 30 35
Salinity

30

60

90

120

150

Fr
ac

tio
na

l c
on

tri
bu

tio
n 

of
 N

H
3 o

xi
da

tio
n 

(%
)

b c

d e f

g h i

Fig. 2 | Distribution of N conversion rates and N2O production rates from
multiple substrates. (a) ammonia (NH3) oxidation; (b) nitrite (NO2

-) oxidation; (c)
nitrate (NO3

-) reduction to nitrite; (d) N2O production from ammonia oxidation; (e)
N2O production from nitrite reduction; (f) N2O production from nitrate reduction;
(g) total N2O production rate; (h) fractional contribution of N2O production from
ammonia oxidation; (i) fractional contribution of N2O production from nitrite plus
nitrate (NOX

-) reduction. The blue, red and gray dots denote samples from the Pearl

River Estuary (PRE), Jiulong Estuary (JLE) andChangjiang Estuary (CJE), respectively.
Data are presented as mean rates ± standard deviation. Errors bars in panels (a–g)
are standard deviation from triplicate incubations; errors bars in panels (h, i) are
propagated standard deviations on the rates derived from triplicate incubations
(n = 3 biologically independent samples). The purple dashed lines in panel (h) and
(i) denote the value of 50%.
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reported in the main oxygen minimum zones and hypoxic coastal
waters11,46. This higher N2O yield during NO3

− reduction is responsible
for the higher N2O production rate frompartial denitrification, despite
NO3

− reduction rate being overall lower than ammonia oxidation rate.
TheN2O yield of ammonia oxidationwas positively correlatedwith the
NH4

+ and DIN concentrations, indicating that a higher substrate con-
centration not only stimulates ammonia oxidation but also enhances
N2O production as a byproduct by increasing its yield (Fig. 3d). The
yield of N2O during NO3

− reduction, on the other hand, was sig-
nificantly correlated only with TSM, indicating a direct regulation of
N2O production efficiency by the particle concentration during partial
denitrification in the turbid coastal waters. Ammonia oxidation is
widely considered the main source of N2O in oxygenated waters, and
N2O yield is widely used as a key component of biogeochemicalmodel
parametrization to assess and projectmarine N2O production47–49. Our
data demonstrate, however, that failure to include N2O production
from anaerobic N2O production pathways, in addition to ammonia
oxidation, and the varied yield under environmental gradients, would
bias the estimation ofN2O sources and rates in the turbid coastal zone.
These issues help explain the inadequacy of empirical or biogeo-
chemical models to precisely estimate the N2O budget in the coastal
ocean and contribute to the large uncertainty in constraining N2O flux
in this globally relevant N2O source region.

All six measured rates were negatively correlated with salinity,
demonstrating a consistent spatial pattern of decreasing N conversion
rates from the more eutrophied freshwater towards nutrient-poor
seawater. The rates were all positively correlated with DIN, consistent

with the fundamental regulation of N cycling rates by substrate avail-
ability (Fig. 3d). Although most of the rates were positively correlated
with their specific substrate (e.g., NO3

− reduction rate and NO3
− con-

centration), ammonia oxidation was not strongly correlated with NH4
+

in the complete dataset. This relationship was driven by an anom-
alously low rate at station P01 at extremely high NH4

+ concentration
under suboxic conditions in the PRE. No discernable interannual dif-
ference in the measured rates was found in any of the estuaries; like-
wise, no consistent relationship was found between the measured
rates and temperature, likely because the cruises in different estuaries
were carried out in different seasons, and the complex control of the
microbial activities by multiple environmental factors such as sub-
strates, DO and particle gradients, which may override the effect of
temperature andmask the interannual variability. All the rates showed
negative correlations with DO concentration. The increased rates for
both N reduction and oxidation processes under lower DO con-
centration indicate intensified N recycling accompanied by a high DO
consumption rate. Similar results havebeenwidely observed in various
marine systems, e.g., the highest N recycling rates are usually observed
in the oxycline where the steepest DO gradient is located at both
coastal and open oceans50. Only 6 out of 107 total samples (and 5 of 48
total incubations) had DO concentrations below the hypoxia thresh-
old; however, the lowest DO concentration was 16 μmol L−1, which is
above the generally recognized threshold for denitrification (e.g.,
2–10μmol L−1)51. These results implied that factors other than bulk
oxygen concentration can facilitate active N reduction processes even
in oxygenated coastal waters.
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parameters. (a–c) N2O yield in the Pearl River Estuary (PRE), Jiulong Estuary (JLE)
and Changjiang Estuary (CJE), respectively. The black and white dots denote N2O
yield during NO3

- reduction and NH3 oxidation, respectively. Data are presented as
mean rates ± standard deviation. Errors bars in panels (a–c) are standard deviation
on the rates derived from triplicate incubations (n = 3 biologically independent
samples). Thenumbers in theboxplots show themedianvalue, and theminima and
maxima values, respectively; whiskers and boxes show the 10% and 90% percentile
and 25–75% quartile of themeasurements, respectively (n = 20, 9, 19 stations in the

PRE, JLE, and CJE, respectively). (d) The Pearson’s correlation analysis for samples
from all investigated areas (n = 48 biologically independent samples). Color gra-
dient denotes the Pearson correlation coefficients. Only the significant correlations
(p <0.05, two sided) are colored, and the white squares indicate p >0.05. AO, NO,
NR, N2O-NH4

+, N2O-NO2
-, N2O-NO3

- denote the rates of ammonia oxidation, nitrite
oxidation, nitrate reduction to nitrite, N2O production from NH4

+, N2O from NO2
-

and N2O from NO3
-, respectively. N2O total, N2O yield-oxi, and N2O yield-red mean

the total N2O production rate from NH4
+, NO2

- and NO3
-, N2O yield from ammonia

oxidation, and N2O yield during NO3
- reduction, respectively.
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Themeasured rateswere all positively correlatedwithTSMandPN
(Fig. 3d), indicating a tight relationship between particle concentration
and the strength of N cycling and N2O production. Previous studies
have identified large redox gradients and low DO microenvironments
associatedwithmarine particles, creatingmultiple niches for various N
transformation pathways, including nitrification and partial deni-
trification for N2O production23,24. Particulate matter is also rich in
organic and inorganic substrates, providing valuable resources for
both chemolithotrophic and heterotrophic metabolisms49. Accumu-
lating molecular investigations show a positive correlation between
particle concentration and the abundance of nitrifiers and denitrifiers
in the coastal ocean52,53. These factors might substantially expand the
niche of anaerobic metabolism to the oxygen-replete water and
increase N removal from the global ocean54. Our results further dis-
closed a major role of anaerobic processes in contributing to N2O
production in these oxygenated and turbid coastal waters. The mea-
suredN2Oproduction rates also showed a strong relationshipwithN2O
concentration and flux, suggesting the high N2O concentrations and
fluxes were largely sustained by in-situ biological N recycling in the
water column. Together, these results indicated a significant role of
particles in regulating N recycling and N2O production pathways in
heavily human-perturbed coastal systems. They also implicate micro-
environments associated with particulate material in expanding the
niche of denitrifiers, enabling them to be major contributors to N2O
production and emission in oxygenated coastal waters.

We further compared the in-situ N2O production in the water
column to the air-sea N2O flux measured in each station (Supplemen-
taryTable 4). The depth-integratedN2Oproduction rate accounted for
4–10% (average 7%) of the air-seaN2O fluxmeasured in theCJE; and the
contribution increased to 17–114% (average 44%) in the PRE, indicating
an increased role of water column N2O production in the more
eutrophied coastal waters. Likewise, the ratio of depth-integrated N2O
production rate to sedimentary N2O production was 21–58% (average
36%), and 8–201% (average 48%) in the CJE and PRE, respectively.
Although large uncertainty remains in the estimation due to the rela-
tively low vertical sampling resolution and the high heterogeneity of
sedimentary N2O production rates14,15, these results revealed a sub-
stantial role of water column N2O production in sustaining N2O con-
centration and its subsequent emission in the coastal ocean.

Niche partitioning of N cycling by particle size
To better understand the critical role of particles in regulating N
transformation and N2O production, we conducted size-fractionated
and particle enrichment experiments at two stations in the JLE, which
were characterized by large gradients of TSM size structure and con-
centration (Supplementary Fig. 7; see Methods for details). The
recovery efficiency of the particulate matter was assessed by com-
paring in-situ PN and POC concentrations with the summed con-
centrations of all sizes. The impacts of manipulation on the
investigated rates was examined by comparing the bulk rates (the rate
measured using the in-situ water without manipulation) with the sum
of size-fractionated rates. The results showed a high particulate
recovery and limited impact on ammonia oxidation, while the
manipulation caused significant decrease in NO3

− reduction rate
(Supplementary Fig. 8; Supplementary Note 2).

N conversion andN2O production rates depended on particle size
and rates were negligible in the filtered control samples. Ammonia
oxidation and associatedN2Oproduction rateswere highest in the size
range of 3–20μm at Station JL0, the upstream station (Fig. 4a; Sup-
plementary Fig. 9a, d), and 0.2–3μm at JL27, the downstream station
(Fig. 4e; Supplementary Fig. 9g, j). The contribution of rates across the
particle size distribution was consistent regardless of the concentra-
tion factor for particle enrichments. Consequently, N2O production
from ammonia oxidation showed a unimodal pattern that peaked in a
narrow range (i.e., over 80% of the N2O was produced by fine particles

(defined as the size range of 0.2–20μm)), and decreased rapidly at
large particle sizes (>20μm). By comparison, rates of NO3

− reduction
and N2O production from NO3

− and NO2
− were less strongly related to

size; high rates of N2O production fromNO2
− and NO3

− weremeasured
in all three size fractions 0.2−160μm at both upstream (Fig. 4b; Sup-
plementary Fig. 9b, c, e) and downstream (Fig. 4f; Supplementary
Fig. 9h, i, k) stations. Accordingly, N2O production fromNO2

− andNO3
−

reduction was more evenly distributed across the size spectrum
compared to N2O from ammonia oxidation. All the investigated rates
increased with particle concentration (Fig. 4; Supplementary Fig. 9),
which is consistent with the significant correlation between POM
concentrations and the bulk rates (Fig. 3d). Thus, N cycling intensity
was stimulated by increased POM concentration, likely due to the
increased organic supply and or higher abundances of microbes
associated with the particles55,56. It should be noted, the higher mea-
sured rates on the small particles was due to the fact that the small
particles (<20μm) dominated the particle composition (i.e., small
particles accounted for 82% and 76%of the total particle concentration
in the upper and lower stations, respectively) (Supplementary Fig. 7a,
b). We examined the distribution of N2O production rates normalized
to PN content (normalized to per mol PN) at each size to compare the
rate distribution along the size spectrum. Normalized rates are higher
on large particles than small particles in sustaining N2O production
from both NH3 oxidation and NOX

− reduction, indicating the large
particles are more favorable for both nitrifiers and denitrifiers to
produce N2O. The normalized N2O production rate from NH4

+ was
higher than fromNO3

− in the small particles, and the opposite was true
for large particles (Supplementary Fig. 10), indicating a niche parti-
tioning between nitrifiers and denitrifiers along the size spectrum.

A further comparison of the fractional contribution from ammo-
nia oxidation vs. NOX

− reduction to N2O production in each size class
showed a clear transition of ammonia oxidation dominance at the fine
size to NOX

− reduction dominance at the large particles. Specifically,
over 60% of N2O was contributed by ammonia oxidation on the fine
particles (Fig. 4c, g). In contrast, NOX

− reductionwas themajor process
responsible for N2O production (>60%) for the large particles at both
stations (Fig. 4d, h), suggesting that larger particles provide more
favorable microenvironments for reductive N2O production. The
relative distribution of N2O production across the particle size spec-
trum underlines the substantial contribution of NOX

− reduction to N2O
production despite its fractional contribution likely being under-
estimated due to the loss of denitrifier activity during filtration and
particle retrieval procedures.

Analogous to the bulk rates reported above (Fig. 2), the ammonia
oxidation rate was higher than NO3

− reduction at both stations in the
particle addition incubations (Supplementary Fig. 9). The difference
between N2O production rates from the oxidative pathway and reduc-
tive pathway (Fig. 4) was less pronounced due to the lower N2O yield
from ammonia oxidation than from the partial denitrification process
(i.e.,median ofN2O yield during ammonia oxidation andNO3

− reduction
were0.03%and0.2%at theupstreamstation; andwere0.05%and0.09%
at the downstream station, respectively) (Supplementary Fig. 9f, l). The
N2O yield from the size fractionation experiment was lower than the
bulk yield at the same stations (i.e., 0.45% and0.23% at the upstreamand
downstream stations, respectively), probably due to the loss of N2O
production via partial denitrification caused by the manipulation pro-
cess (Supplementary Fig. 8). Thus, the rate measured in the manipula-
tion experiment likely represents a conservative estimate of N2O
production via NO2

− and NO3
− reduction.

In parallel, the abundance of bacterial and archaeal amoA, and
bacterial nirS and nirK genes was quantified in the size-fractionated
particles. Similar to the TSM distribution in each size, the investigated
genes were overall more concentrated in the fine-size particles at both
stations (Supplementary Fig. 11). Both bacterial and archaeal amoA
genes were detected. Bacterial amoA genes accounted for a larger
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fraction in the upstream station, while the ammonia-oxidizing archaea
(AOA) were more abundant at the downstream station. This result is
consistent with the observation of ammonia-oxidizing bacteria (AOB)
dominance in the more eutrophied conditions upstream and AOA
dominance in less eutrophied seawater in many coastal zones
globally9,57. The bacterial nir was dominated by nirS at both stations,
and the totalnir genes weremore abundant than amoA genes in all the
samples except for the 0.2-3 μm fraction at the downstream station
(Supplementary Fig. 11a, d). Greater abundance of nir genes compared
to amoA has also been widely observed in eutrophic estuaries, indi-
cating a high N reduction potential in these highly perturbed coastal
waters11,58,59. Moreover, our size-fraction manipulation revealed an
elevated nir: amoA ratio in the large particles as compared to the fine-
size, indicating an increasingly important role of denitrifiers in the
large particles (Supplementary Fig. 11b, e). A consistent positive cor-
relation between the fractional contribution of N2O from the NOX

−

reduction and nir: amoA ratio was found, supporting the increased
contribution to N2O production by N reduction relative to N oxidation
in the larger particles (Supplementary Fig. 11c, f).

Another independent particle manipulation experiment was car-
ried out at four stations in the PRE in 2020. For the bulk seawater,
consistent with the result from the PRE in 2013, the ammonia andNO2

−

oxidation rates were higher than NO3
− reduction rates at all stations

except for the hypoxic A10 station (in-situ DO of 16μmol L−1)
(Fig. 5a–c). N2O production rate from partial denitrification was higher
than the rate via ammonia oxidation in all stations (Fig. 5d–f). For the
<3 µm fraction (i.e., water from which particles over 3 µm had been
removed by filtration), nearly all the investigated processes showed
reduced rates, confirming the critical role of particles in sustaining N

conversion and N2O production. Rates of ammonia oxidation, NO2
−

oxidation and N2O production via ammonia oxidation decreased by
35%, 41% and 21%, respectively, although the difference in rates
between bulk and <3 µm samples was statistically significant only at
station A1. By comparison, rates of NO3

− reduction, N2O production
fromNO2

− and NO3
− decreased by 79%, 96% and 92%, respectively, and

the rates were significantly different at nearly all the stations,
demonstrating greater reliance of denitrifiers than nitrifiers on parti-
cles. These results were in good agreement with a similar size-
fractionatedmanipulation performed in oxygenminimumzonewaters
of the EasternTropical North Pacific, showing that nitrificationwas less
dependent on particles than were the N removal activities56. Thus, a
change in particle size structure by human perturbation or extreme
events might alter N conversion and N2O production rates even if the
particle concentration remains unchanged. Together, these results
revealed niche partitioning of ammonia oxidizers and denitrifiers on
different sizes of particles. The source structures of N2O differ along
the particle size spectrum, in which large particles sustain a substantial
fraction of N2O production through the reductive pathways.

Environmental implications
Coastal eutrophication was reported as early as a century ago, and the
record has been expanding from western Europe to North America,
then to East Asia. Eutrophication is predicted to occur in the rest of the
world (e.g., South America and Africa) in the near future, becoming
one of the most persistent and challenging global environmental
issues2,8. While the global sediment loads have concomitantly
increased7 and a dramatic spatial change of sediment flux has been
observed over the past decades5, the influences of the rapid human-
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Fig. 4 | Size-fractionated N conversion and N2O production rates in the Jiulong
Estuary (JLE) (2018). (a–d) rates measured at station JL0 (Salinity = 0), (e–h), rates
measured at station JL27 (Salinity = 27). (a, d) N2O from ammonium (NH4

+); (b, f)
N2O fromnitrite plus nitrate (NOx

-); (c,g) fractional contributionofN2Oproduction
by ammonia oxidation at each size (i.e., rate of N2O fromNH4

+: total N2O rate at the
corresponding size); (d, h) fractional contribution of N2O production by deni-
trification (i.e., rate of N2O from NOx

-: total N2O rate at the corresponding size).
Total N2O rate is the sum of N2O production from NH4

+, NO2
-, and NO3

-. At each
station, six sizes of particles are retrieved by sequential filtration. Data are

presented as mean rates ± standard deviation. Errors bars in panels (a, b, e, f) are
standard deviation from triplicate incubations (n = 3 biologically independent
samples). The gray, red and blue bars and dots denote contribution derived from
incubation with particle enrichment of 1, 5, and 10-fold compared to in-situ con-
centration at the upstream station; and 1, 10, and 50-fold compared to in-situ
concentration at the lower estuarine station. The gray shadows show the 95%
confidence intervals derived from 1-fold particle concentration incubations. Error
bars in panels (c, d, g, h) are propagated standard deviation on the rates derived
from triplicate incubations (n = 3 biologically independent samples).
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and climate-induced changes of sediment delivery on marine bio-
geochemistry andN2Oproduction have not been recognized. Not only
did our measurements support the general observation that estuaries
canbe large sources of N2O emissions to the atmosphere, but they also
revealed a crucial and interactive role for particles in controlling N
cycling, in particular, the pathways and rates of N2O production in
highly eutrophied and turbid coastal waters (Fig. 6). Our study pro-
vides a mechanism for the conventional perception that eutrophied
coastal zones are hot spots of N2O emission to the atmosphere. The
results further revealed in-situ N2O production in the water column
sustains 7% of air-seaN2O flux in theCJE, and the ratio increased to 44%
in the more eutrophied PRE, demonstrating a substantial role of the
multiple N recycling pathways that contribute to the observed high
N2O emission. Moreover, the large contribution to N2O production by
partial denitrification associated with marine particles and the niche
partitioning of nitrifiers and denitrifiers by particle size were pre-
viously underappreciated and poorly represented in biogeochemical
models. Therefore, our findings should be helpful in improving the
models that aim to constrain the global greenhouse gas budget and
devise the best mitigation efforts.

The high contribution of denitrification to N2O production
observed in all investigated estuaries and seasons spanning large
environmental gradients suggests a ubiquitous mechanism of the
particle-associated microenvironment in sustaining anaerobic N2O
production in oxygenated waters. This finding has important implica-
tions for predicting N2O emission in the emerging developing counties,
where rapid development of eutrophication20, and marked increase of
suspended particle flux5 due to urbanization and land use changes have
been witnessed and are predicted to continue. Our results reveal a
nonlinear increasing trend of N2O production rate and varied N2O
source structure in response to exacerbated eutrophication and
increased sediment delivery, identifying a positive feedbackonwarming
by human activities; and offering understanding of the pathways and
rates of N2O production in the rapidly changing coastal ocean.

Methods
Field sampling and on-deck incubations
Samples were collected along the Pacific coastal zone of China during
six research cruises conducted from 2013 to 2020 to the Changjiang
Estuary and the adjacent East China Sea (hereafter referred to as CJE)
(2015 and 2017), the Jiulong Estuary and the adjacent Taiwan Strait
(hereafter referred to as JLE) (2016 and 2018), and the Pearl River
Estuary (PRE) (2013 and 2020) (Supplementary Fig. 1). A total of
107 samples from various depths at 60 stations that spanned a wide
range of temperature, salinity, DO, TSM,DIN (includingNH4

+, NO2
− and

NO3
−) andorganicmatter gradientswere collected forN2Odistribution

and flux measurements. On-board isotope labeling incubation
experiments were performed at 48 depths for 31 selected stations
(Supplementary Table 2).

Temperature and salinity were measured using the Seabird 911
CTD sensor package in the CJE and PRE cruises, and were measured
using YSI6600D sensors in the JLE cruises. DO concentration was
measured using theWinkler titrationmethod in the PRE (2013) andCJE
(2015) cruises, and using the electrode microsensor (Unisense, Den-
mark) in the remaining cruises. Discrete seawater samples were col-
lected using twelve 12-liter Niskin bottles mounted to the CTD rosette
in the CJE, and PRE cruises, and were collected using a 5-liter Perspex
hydrophore water sampler in the JLE cruises.

Samples for chemical, biological and rate measurements were
collected from the same casts. Triplicate 150-mL high-density poly-
ethylene (HDPE) Nalgene bottles were used for nutrient collection;
250-mL glass serum bottles (Wheaton, USA) were used for subsequent
N2Omeasurements in the 2015 cruise, and 120-mL glass serum bottles
(CNW,Germany)wereused for N2O sample collection in the remaining
cruises. Seawater for subsequent analyses of TSMandPNwas collected
into 0.5 to 4-L polycarbonate Nalgene bottles depending on the par-
ticle content in the research area. All bottles and equipment were acid-
washed and rinsed with in-situ seawater at least three times prior to
sample collection. The glass bottles were pre-combusted at 450 °C for

Fig. 5 | Comparison of N conversion and N2O production rates of in-situ water
and particle-removed (>3μm) samples at four stations (A1, A8, A9, A10) in the
Pearl River Estuary (PRE) (2020). The blue and red bars denote rates of bulk and
particle-removed samples. (a–f) show the rates of ammoniaoxidation, nitrite (NO2

-)
oxidation, nitrate (NO3

-) reduction, N2O from NH4
+, N2O from NO2

- and N2O from

NO3
-, respectively. Data are presented as mean rates ± standard deviation. Errors

bars are standard deviation from triplicate incubations (n = 3 biologically inde-
pendent samples). The numbers show the significance levels when p <0.05 (t test,
two sided).
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4 h before use. For N2O concentration and incubations, serum bottles
were overfilled two to three times before sealing with 20-mm butyl
stoppers and aluminum crimp seals (Wheaton, USA). One mL of the
sample was then removed using a syringe to allow HgCl2 and tracer
injection. Samples were preserved by adding 0.1–0.2mL saturated
HgCl2 and were stored at 4 °C. For TSM and PN samples, seawater was
gently (<200mm Hg) filtered through a pre-combusted (450 °C for
4 h) and pre-weighed Whatman GF/F filter (25mm diameter). After
filtration, the filters were folded and wrapped in pre-combusted
(450 °C for 4 h) aluminum foil and stored at −80 °C.

A comprehensive set of incubations was carried out using 15NH4Cl
(99% 15N, Cambridge), Na15NO2 (98%

15N, Cambridge) and K15NO3
− (99%

15N, Cambridge) tracers in parallel to measure the N conversion
(ammonia oxidation, NO2

− oxidation, NO3
− reduction) and N2O pro-

duction rates (Supplementary Table 3). All incubations were per-
formed in the dark at near in situ temperatures (±2 °C) in 120-mL glass
serumbottles, except on the 2020 PRE cruise when 60-mL glass serum
bottles were used. Tracer from different stocks was injected
(0.1–0.2mL) into each bottle. The actual enrichment of the tracer was
later calculated based on the measured NH4

+, NO2
− and NO3

− con-
centration at each incubation depth. Overall, the final tracer con-
centration accounted for 38 ± 20%, 31 ± 24%, and 14 ± 18% of the final
substrate pool in the 15NH4

+, 15NO2
− and 15NO3

− labeling incubations,
respectively. On the 2015 cruise, both N2O production rate and N
conversion rate were derived from the same incubation bottle.
Immediately after tracer injection, ~10mL of the sample was replaced
by pure N2 and filtered through a 0.2μm syringe filter to represent the
initial condition (t0) for the N conversion rate incubations. The
remaining water was preserved with 0.1mL saturated HgCl2 for N2O

production measurement. The remaining bottles were incubated in
the dark for 12 and 24 h on the 2015 cruise. At each timepoint, 10mL of
water was sampled from duplicate or triplicate bottles and then fil-
tered for subsequent N conversion rate measurements, and the
remaining water was preserved using HgCl2 for subsequent determi-
nations of N2O. The filtrate was stored at −20 °C for subsequent ana-
lyses. During the remaining cruises, the N2O production rate and the N
conversion rate were incubated in independent serum bottles. The
same procedures were used for onboard incubation, except that the
N2O rate incubation was terminated by adding 0.1mL HgCl2 without
replacing by N2, and the N conversion rate incubation was terminated
by filtration through 0.2μm PC filters. Time course incubations were
conductedwith five timepoints (0, 3, 6, 12, 24 h) in the 2013 PRE cruise;
three timepoints (0, 12, 24 h) in the 2015 CJE cruise; three timepoints
(0, 6, 12 h) in the 2016 JLE, 2017 CJE, and 2020 PRE cruises. All incu-
bations were carried out in triplicate except the 2015 CJE cruise
(duplicates at each timepoint).

Two sets of size-fractionated particle manipulation experiments
were performed in the 2018 JLE and 2020 PRE cruises. In 2018, samples
were collected at two stations in the upstream (Salinity = 0, JL0) and
downstream (Salinity = 27, JL27) with distinct TSM size structure and
concentration (Supplementary Fig. 7 a, b). Immediately after sample
collection, the in-situ N2O production and N conversion rate incuba-
tionswere conducted following themethoddescribed above. The size-
fractionatedparticleswere collected for rate incubation and functional
gene analysis by sequential filtration of seawater through nylon filters
(~47mm, 1000, 500, 160, 20μm pore size) (Millipore, USA) and PC
filters (47mm, 3, 0.2μm pore size) (Millipore, USA) via vacuum pump
(<200mmHg) to produce a total of 6 size fractions for the incubations
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(Supplementary Fig. 7c). For molecular samples, 5 L of water in the
upstream station and 10 L in the downstream station were filtered by
sequential filtration as described above. The particles on the nylon
filters were then suspended using a Vortex (~1000 rpm for ~1min) into
200mL of particle free seawater and then filtered onto a 0.2μm PC
filter. For rate incubation samples, particle-free seawater at the cor-
responding site was prepared in parallel by filtration through PC disk
filters (0.2μm pore size) (Millipore, USA). The particle-free seawater
was thendispensed into 250-mLHDPEbottleswith 180mLofwater per
bottle. One size-fractionated filter was added to eachHDPE bottle, and
the particles on the filter were released from the filters using a Vortex
(~1000 rpm for 1–2min). After removing the filter, the seawater with
released particles was aliquoted into three 120-mL serum bottles
(60mL per bottle). Different particle concentration was achieved by
adjusting the ratio ofwater used for particle collectionandfiltrate used
for particle retrieval. In the upstream station (Salinity = 0), three par-
ticle concentrations (1, 5, and 10-fold of the in-situ concentration) were
used for the incubation; the concentrations were set to 1, 10, and 50-
fold of the in-situ concentration for the downstream station (Sali-
nity = 27). Particle-free seawater (60-mL in 120-mL serum bottles)
without particle additionswasused as the control incubation. After the
size-fractionated particles were dispensed into the particle-free
seawater, 15NH4

+, 15NO2
− and 15NO3

− tracers were introduced into the
serum bottles to reach a final concentration of 5, 5, and 20μmol L−1,
and 2, 2, and 10μmol L−1 for the upstream and downstream station,
respectively (Supplementary Table 3). Immediately after tracer injec-
tion, ~5mL of the sample was replaced by air and then filtered through
a 0.2 μm syringe filter to represent the initial condition (t0) for the N
conversion rate incubations, and the remaining water in the bottle was
preserved with 0.1mL saturated HgCl2 for N2O production measure-
ment. The remaining bottles were incubated in the dark for 3 and 6 h
(triplicates at each timepoint). The filtrate for rate determination was
stored at −20 °C for subsequent analyses. The PC filters for DNA ana-
lysis were stored at −80 °C until analysis.

In the 2020 PRE cruise, the size-fractionation experiment was
carried out by removing particles (>3μm) at four stations via inline
filtration of seawater through 3μm filters. The filtered seawater was
dispensed into 60-mL serum bottles and purged with an O2/He gas
mixture to simulate the in-situ DO concentration. The incubation was
conducted with three time points (0, 6, 12 h) with triplicates at
each time.

Nutrient, PN and N2O concentration measurements
NH4

+ concentration wasmeasured on board the research vessels using
the indophenol blue spectrophotometric procedure, with a detection
limit of 0.5 μmol L−1 (ref. 60). NO3

− and NO2
− were measured using an

AA3 Auto‐Analyzer (Bran+Luebbe Co., Germany). The detection limits
for NOx

− (NO3
− + NO2

−) and NO2
− were 0.03μmol L−1 and 0.02μmol L−1,

with precision better than 1% and 2.8%, respectively. TSM concentra-
tions were obtained by dividing the dry weight of particles on the
filters by the volume of water filtered. After TSM measurement, PN
concentration was measured using a modified wet digestion method
for samples collected from 2017 CJE cruise61,62. Briefly, the PN (with
filters) was oxidized to NO3

− by using 1mL of purified persulfate oxi-
dizing reagent (POR) and 4mL of deionized water (DIW) in a 12mL
450 °C pre-combusted boro-silicate glass tube. NO3

− concentration
after digestion was measured by chemiluminescence63. For the
remaining four cruises, PN concentration was measured using an EA-
IRMS (Thermo Finnigan Flash EA 2000 interfaced to a Delta VPLUS iso-
topic ratio mass spectrometer) system. The precision for PN con-
centration is <1%62.

N2O concentrations were measured using two independent
methods. During 2013, N2O concentrations were measured using a
purge and trap system coupled with a gas chromatograph (Hewlett-
Packard Model 6890 equipped with a micro-electron capture

detector). Calibration of N2O concentrations was determined from
peak areas with standard gases of 1.0 to 5.0 ppmv N2O/N2 (Research
Institute of China National Standard Materials), which were run at
6 sample intervals. The precision of this method was estimated to be
better than ±5% (ref. 25). For the remaining cruises, N2O concentration
was derived from ion peak area [m/z = 44] during isotope analysis
using the GC-IRMS system (see below).

Isotopic analyses of NO2
−, NO3

− and N2O
δ15N of NO2

− was measured by chemical conversion (sodium azide,
Sigma-Aldrich) of NO2

− to N2O
64. For δ15N of NO3

− determination, the
NO2

− was initially removed from samples by adding sulfamic acid
(≥99% sulfamic acid, Sigma-Aldrich)65 and the δ15N of NO3

− was deter-
mined using the bacterial denitrifier method66. Briefly, NO3

− was
quantitatively converted to N2O using the bacterial strain Pseudomo-
nas aureofaciens (ATCC No. 13985). The δ15N of N2O converted from
NO2

− and NO3
− was measured using a Thermo Finnigan Gasbench

system (including cryogenic extraction and purification) interfaced to
aDelta VPLUS isotopic ratiomass spectrometer. δ15N of NO2

− valueswere
calibrated against three in-house NO2

− standards (δ15N of the three in-
house NO2

− standards were determined using the bacterial method,
with values of 0.5 ± 0.3‰, 22.1 ± 0.5‰ and 96.3 ± 0.6‰, respectively).
δ15N of NO3

− values were calibrated against NO3
− isotope standards

USGS34, IAEAN3 andUSGS 32,whichwere runbefore, after, and at ten
sample intervals. Accuracy (pooled standard deviation) was better
than ±0.4‰ and ±0.2‰ for the chemical and bacterial methods,
respectively.

Concentrations and isotopes of N2O were measured using a
modified GC-IRMS (Thermo Finnigan Gasbench interfaced to a Delta
VPLUS isotopic ratio mass spectrometer) with large volume purge and
trap system67. Briefly, two needles were used for sample transfer and
He pressurization; sample was transferred into a sparging flask (Pyrex,
USA) using ultra-high purity He (>99.999%) and purged with He.
Sample was purged for 30min at a flow rate of 50mLmin−1. The
extracted gaseswerepassed through an ethanol trapwith dry ice and a
chemical trap filled with magnesium perchlorate and Ascarite to
remove H2O and CO2. N2O was trapped by liquid nitrogen twice for
purification and concentration and then injected into the GC-IRMS
with He as carrier gas. N2O concentrations were determined by ion
peak area [m/z = 44]. Calibration of N2O concentration was calculated
from ion peak areas [m/z = 44] with standard gases of 199.6 and
501.0 ppmv N2O/He (Research Institute of China National Standard
Materials), whichwere run at ~10 sample intervals. The precision of this
method was estimated to be better than ±3%. δ15N and δ18O were
calibrated against two reference tanks (R1: 199.6 ppmv N2O/He,
δ15N = −3.2 ± 0.1‰ relative to air N2, δ18O = 36.6 ± 0.1‰ relative to
Vienna Standard Mean Ocean Water (VSMOW); R2: 501.0 ppmv N2O/
He, δ15N = −1.6 ± 0.1‰, δ18O = 36.6 ± 0.3‰). The precision of δ15N and
δ18O measurements with 2 nmol N2O reference gas was better than
0.3‰ and 0.4‰, respectively25.

Functional gene abundance measurement
Four functional genes, bacterial amoA, archaeal amoA, bacterial nirS
and nirK were quantified by quantitative PCR (qPCR) using a CFX96
Real-Time System (Bio–Rad Laboratories, Singapore) as described in
Dai et al. (2022)59. The AOA shallow cluster was targeted with the pri-
mer set Arch-amoAFA and Arch-amoAR68. AOB are mostly affiliated
with two groups: Betaproteobacteria (β-AOB) and Gammaproteo-
bacteria (γ-AOB). Since the latter was below detection limit in estuaries
along China59, only β-AOB was targeted with the primer set amoA-1F
and amoA-r New69,70. BacterialnirS and nirK geneswerequantifiedwith
the primer sets nirS-1F and nirS-3R71 and nirK876 and nirK104072

(Supplementary Table 5). The presence of PCR inhibitors in DNA
extractswas testedbyqPCRwith different dilutions ofDNA (1-, 10-, and
100-fold dilutions). Based on these tests, we concluded that our
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samples were not inhibited. Standard curves were constructed for the
six genes using serial dilutions of quantified, linearized plasmid DNA
from clone libraries generated from the PCR products. qPCR was
performed in triplicate for each sample and negative controls without
template were also included to test for contamination. The amplifica-
tion efficiencies ranged from90% to 100%withR2 > 0.99 for eachqPCR
run. The specificity of qPCR products was verified by melting curves,
agarose gel electrophoresis, and sequencing. The quantification limit
of qPCR was one gene copy per reaction according to the estimates
from maximum Ct-values generated by quantifiable samples (at least
two of the three replicates were amplified).

Surface N2O saturation and air-sea flux
Surface N2O saturation was calculated using Eq. (1).

R=
Cobs

Ceq
× 100 ð1Þ

where R (%) is the saturation of surface N2O; Cobs represents N2O
concentration measured at the surface layer; Ceq is the expected
equilibrium concentration, which is computed using the Henry’s Law73

and the solubility dependence on temperature and salinity74. The air
N2O concentration is the average atmospheric N2O concentration at
Mauna Loa of the sampling month (NOAA/ESRL program).

Air-sea N2O flux was computed using Eqs. (2–3).

F = k × ðCobs � CeqÞ ð2Þ

k =0:251 ×u2 ×
Sc
660

� ��0:5

ð3Þ

whereF (μmolm−2 d−1) is air-seafluxofN2O, k (cmh−1) is the gas transfer
velocity depending on wind and water temperature; u is mean wind
speed at 10m above sea surface during the cruise, as measured by the
on-board meteorological station; Sc is the Schmidt number calculated
from temperature74.

N conversion and N2O production rates
NO2

− production from ammonia oxidation and NO3
− reduction was

determined by the net accumulation of 15N in the NO2
− pool during

15NH4
+ and 15NO3

− labelling incubations. NO2
− oxidation rate was

determined by the accumulation of 15N in the NO3
− pool during 15NO2

−

labelling incubations. For each process, the rate was computed based
on Eqs. (4–6).

RAO =
d½15NO�

2 �
dt

×
14NH +

4

� �
+ ½15NH +

4 �
½15NH +

4 � ð4Þ

RNO =
d½15NO�

3 �
dt

×
14NO�

2

� �
+ ½15NO�

2 �
½15NO�

2 �
ð5Þ

RNR =
d½15NO�

2 �
dt

×
14NO�

3

� �
+ ½15NO�

3 �
½15NO�

3 �
ð6Þ

where RAO, RNO and RNR are the ammonia oxidation, NO2
− oxidation

and NO3
− reduction rate, respectively, t is the incubation time, [15NO2

−]
and [15NO3

−] are the concentrations of 15N in NO2
− and NO3

− pool in the
sample, and [14NH4

+], [14NO2
−], [14NO3

−] and [15NH4
+], [15NO2

−], [15NO3
−]

are the observed natural substrate concentrations and tracer con-
centrations, respectively.

Similarly, rates of N2O production fromNH4
+, NO2

− andNO3
− were

derived based on the accumulation of 45N2O and 46N2O. The produc-
tion of 44N2O from a particular substrate was calculated according to

the 15N% after tracer addition (Supplementary Table 3). E.g., for N2O
production by ammonia oxidation, N2O production rate was derived
based on Eqs. (7–10).

R45N2O =
d½45N2O�

dt
ð7Þ

R46N2O =
d½46N2O�

dt
ð8Þ

R44N2O =R46N2O ×
14NH +

4

� �
× ½14NH +

4 �
15NH +

4

� �
× ½15NH +

4 � ð9Þ

RN2O�NH4+ =R45N2O +R46N2O +R44N2O ð10Þ

where R44N2O, R45N2O, R46N2O and RN2O-NH4+ are
44N2O,

45N2O,
46N2O and

gross N2O production rates during the 15NH4
+ labeling incubation,

respectively. [45N2O] and [46N2O] are the concentrations of measured
45N2O and 46N2O. N2O production rates in 15NO2

− and 15NO3
− labeling

incubation are calculated from the analogous equations. All rates were
derived from the slopes of time course incubations with 2–3 replicates
at each timepoint. For all six measured rates, the accumulation of 15N
product showed an overall significant linear increase over the time
course incubation, suggesting a reliable rate estimation and minimal
impact of any potential processes such as isotope dilution, N2O con-
sumption, etc., in biasing the rate in the short-term incubations.

Statistical analyses
The comparisons of reaction rates were examined by using the Stu-
dent’s t-test. A p-value of <0.05 was considered significant. The ana-
lyses were performed using SPSS Statistics 26.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are deposited
in Zenodo database that can be accessed through https://doi.org/10.
5281/zenodo.8092113.

References
1. Winther, J. G. et al. Integrated oceanmanagement for a sustainable

ocean economy. Nat. Ecol. & Evol. 4, 1451–1458 (2020).
2. Dai, M. et al. Persistent eutrophication and hypoxia in the coastal

ocean. Camb. Prism. Coast. Futur. 1, e19 (2023).
3. Doney, S. C. et al. Climate change impacts on marine ecosystems.

Ann. Rev. Mar. Sci. 4, 11–37 (2012).
4. Cai, W. J. et al. Acidification of subsurface coastal waters enhanced

by eutrophication. Nat. Geosci. 4, 766–770 (2011).
5. Dethier, E. N., Renshaw, C. E. & Majilligan, F. J. Rapid changes to

global river suspended sediment flux by humans. Science 376,
1447–1452 (2022).

6. Paerl, H. W. & Piehler, M. F. Nitrogen and marine eutrophication. In
Nitrogen in the marine environment, 2nd ed. (eds Capone, D. G.
et al). (Academic, Burlington, Netherlands, 2008).

7. Syvitski, J. et al. Earth’s sediment cycle during the Anthropocene.
Nat. Rev. Earth Environ. 3, 179–196 (2022).

8. IOC-UNESCO. State of the ocean report 2022: pilot edition. IOC
Technical Series, 173 (edited by IOC, UN Educational, Scientific and
Cultural Organization, Paris) (2022).

9. Damashek, J. & Francis, C. A.Microbial nitrogen cycling in estuaries:
from genes to ecosystem processes. Estuar. Coast. 41,
626–660 (2018).

Article https://doi.org/10.1038/s41467-023-43997-3

Nature Communications |         (2023) 14:8280 11

https://doi.org/10.5281/zenodo.8092113
https://doi.org/10.5281/zenodo.8092113


10. Herbert, R. A. Nitrogen cycling in coastal marine ecosystems. FEMS
Microbiol. Rev. 23, 563–590 (1999).

11. Tang, W. et al. Nitrous oxide production in the Chesapeake Bay.
Limnol. Oceanogr. 67, 2101–2116 (2022).

12. Aalto, S. L., Asmala, E., Jilbert, T. & Hietanen, S. Autochthonous
organic matter promotes DNRA and suppresses N2O production in
sediments of the coastal Baltic Sea. Estuar. Coast. Shelf Sci. 255,
107369 (2021).

13. Hylén, A. et al. Enhanced benthic nitrous oxide and ammonium
production after natural oxygenation of long‐term anoxic sedi-
ments. Limnol. Oceanogr. 67, 419–433 (2021).

14. Tan, E. et al. Organic matter decomposition sustains sedimentary
nitrogen loss in the Pearl River Estuary, China. Sci. Total. Environ.
648, 508–517 (2019).

15. Tan, E. et al. Quantitatively deciphering the roles of sediment
nitrogen removal in environmental and climatic feedbacks in two
subtropical estuaries. Water Res. 224, 119121 (2022).

16. Canadell, J. G. et al. Global carbon and other biogeochemical
cycles and feedbacks. In Climate Change 2021: The Physical Sci-
ence Basis. Contribution of Working Group I to the Sixth Assess-
ment Report of the Intergovernmental Panel on Climate Change
(edited by Masson-Delmotte, V. et al. Cambridge Univ. Press,
Cambridge, U. K.) (2021).

17. Tian, H. et al. A comprehensive quantification of global nitrous
oxide sources and sinks. Nature 586, 248–256 (2020).

18. Wilson, S. T. et al. Ideas and perspectives: a strategic assessment of
methane and nitrous oxide measurements in the marine environ-
ment. Biogeosci. 17, 5809–5828 (2020).

19. Gruber, N. & Galloway, J. N. An Earth-system perspective of the
global nitrogen cycle. Nature 451, 293–296 (2008).

20. Tian, H. et al. History of anthropogenic Nitrogen inputs (HaNi) to the
terrestrial biosphere: a 5 arcmin resolution annual dataset from
1860 to 2019. Earth Syst. Sci. Data 14, 4551–4568 (2022).

21. Turner, A. & Millward, G. E. Suspended particles: their role in
estuarine biogeochemical cycles. Estuar. Coast. Shelf Sci. 55,
857–883 (2022).

22. Stein, L. Y. & Yung, Y. L. Production, isotopic composition, and
atmospheric fate of biologically produced nitrous oxide.Annu. Rev.
Earth Planet Sci. 31, 329–356 (2003).

23. Klawonn, I., Bonaglia, S., Bruchert, V. & Ploug, H. Aerobic and
anaerobic nitrogen transformation processes in N2-fixing cyano-
bacterial aggregates. ISME J. 9, 1456–1466 (2015).

24. Stief, P., Kamp, A., Thamdrup, B. & Glud, R. N. Anaerobic nitrogen
turnover by sinking diatom aggregates at varying ambient oxygen
levels. Front. Microbiol. 7, 98 (2016).

25. Wan, X. S. et al. Epipelagic nitrous oxide production offsets carbon
sequestration by the biological pump. Nat. Geosci. 16,
29–36 (2023).

26. Milliman, J. D. & Farnsworth, K. L. River discharge to the coastal
ocean: a global synthesis. (Cambridge Univ. Press, Cam-
bridge) (2011).

27. Seitzinger, S. P., Harrison, J. A., Dumont, E., Beusen, A. H. W. &
Bouwman, A. F. Sources and delivery of carbon, nitrogen, and
phosphorus to the coastal zone: An overview of Global Nutrient
Export from Watersheds (NEWS) models and their application.
Glob. Biogeochem. Cycles 19, GB4S01 (2005).

28. Zheng, Y. et al. Global methane and nitrous oxide emissions from
inland waters and estuaries. Glob. Chang. Biol. 28,
4713–4725 (2022).

29. Casciotti, K. L. Nitrite isotopes as tracers of marine N cycle pro-
cesses. Philos. Trans. A Math. Phys. Eng. Sci. 374, 20150295
(2016).

30. Zakem, E. J. et al. Ecological control of nitrite in the upper ocean.
Nat. Commun. 9, 1206 (2018).

31. Wang, J. J. et al. Spatially explicit inventory of sources of nitrogen
inputs to the Yellow Sea, East China Sea, and South China Sea for
the period 1970–2010. Earth’s Future 8, e2020EF001516 (2020).

32. Wang, H. et al. Eutrophication-driven hypoxia in the East China Sea
off the Changjiang Estuary. Environ. Sci. Technol. 50,
2255–2263 (2016).

33. Diaz, et al. Hypoxia in estuaries and semi-enclosed seas. In Ocean
deoxygenation: everyone’s problem, 2nd ed. (edited by Laffoley, D.
& Baxter, J. M., Gland, Switzerland) (2019).

34. Murray, R. H., Erler, D. V. & Eyre, B. D. Nitrous oxide fluxes in
estuarine environments: response to global change. Glob. Chang.
Biol. 21, 3219–3245 (2015).

35. Yang, S. et al. Global reconstruction reduces the uncertainty of
oceanic nitrous oxide emissions and reveals a vigorous seasonal
cycle. Proc. Natl. Acad. Sci. USA 117, 11954–11960 (2020).

36. Bange, H. W. et al. A harmonized nitrous oxide (N2O) ocean obser-
vation network for the 21st century. Front. Mar. Sci. 6, 157 (2019).

37. Wan, X. S., Lin, H., Ward, B. B., Kao, S. J. & Dai, M. Significant sea-
sonal N2O dynamics revealed by multi‐year observations in the
Northern South China Sea. Glob. Biogeochem. Cycles 36,
e2022GB007333 (2022).

38. Breitburg, D. et al. Declining oxygen in the global ocean and coastal
waters. Science 359, eaam7240 (2018).

39. Damashek, J., Casciotti, K. L. & Francis, C. A. Variable nitrification
rates across environmental gradients in turbid, nutrient-rich estuary
waters of San Francisco Bay. Estuar. Coast. 39, 1050–1071 (2016).

40. Ward, B. B. Nitrification in marine systems. InNitrogen in themarine
environment, 2nd ed. (edited by Capone, D. G. et al. Academic,
Burlington, Netherlands) (2008).

41. de Wilde, H. P. J. & de Bie, M. J. M. Nitrous oxide in the Schelde
estuary: productionbynitrification andemission to the atmosphere.
Mar. Chem. 69, 203–216 (2000).

42. Punshon, S. & Moore, R. M. Nitrous oxide production and consump-
tion in a eutrophic coastal embayment.Mar. Chem. 91, 37–51 (2004).

43. Frey, C. et al. Kinetics of nitrous oxide production from ammonia
oxidation in the Eastern Tropical North Pacific. Limnol. Oceanogr.
68, 424–438 (2023).

44. Ji, Q. &Ward, B. B. Nitrous oxide production in surfacewaters of the
mid-latitude North Atlantic Ocean. J. Geophys. Res. Oceans 122,
2612–2621 (2017).

45. Santoro, A. E. et al. Nitrification and nitrous oxide production in the
offshore waters of the Eastern Tropical South Pacific. Glob. Bio-
geochem. Cycles 35, e2020GB006716 (2021).

46. Ji, Q. X., Buitenhuis, E., Suntharalingam, P., Sarmiento, J. L. &Ward,
B. B. Global nitrous oxide production determined by oxygen sen-
sitivity of nitrification and denitrification.Glob. Biogeochem. Cycles
32, 1790–1802 (2018).

47. Buitenhuis, E. T., Suntharalingam, P. & Le Quéré, C. Constraints on
global oceanic emissions of N2O from observations and models.
Biogeosciences 15, 2161–2175 (2018).

48. Martinez-Rey, J., Bopp, L., Gehlen, M., Tagliabue, A. & Gruber, N.
Projections of oceanic N2O emissions in the 21st century using the
IPSL Earth system model. Biogeosciences 12, 4133–4148 (2015).

49. Battaglia, G. & Joos, F. Marine N2O emissions from nitrification and
denitrification constrained by modern observations and projected
in multimillennial global warming simulations. Glob. Biogeochem.
Cycles 32, 92–121 (2018).

50. Lam, P. & Kuypers, M. M. M. Microbial nitrogen cycling processes in
oxygen minimum zones. Ann. Rev. Mar. Sci. 3, 317–345 (2011).

51. Brandes, J. A., Devol, A. H. & Deutsch, C. New developments in the
marine nitrogen cycle. Chem. Rev. 107, 577–589 (2007).

52. Hsiao, S. S. Y. et al. Nitrification and its oxygen consumption along
the turbid Chang Jiang River plume. Biogeosciences 11,
2083–2098 (2014).

Article https://doi.org/10.1038/s41467-023-43997-3

Nature Communications |         (2023) 14:8280 12



53. Zheng, Y. et al. Overlooked contribution of water column to nitro-
gen removal in estuarine turbidity maximum zone (TMZ). Sci. Total.
Environ. 788, 147736 (2021).

54. Stocker, R. Marine microbes see a sea of gradients. Science 338,
628–633 (2012).

55. Bianchi, D., Weber, T. S., Kiko, R. & Deutsch, C. Global niche of
marine anaerobic metabolisms expanded by particle micro-
environments. Nat. Geosci. 11, 263–268 (2018).

56. Ganesh, S. et al. Size-fraction partitioning of community gene
transcription and nitrogen metabolism in a marine oxygen mini-
mum zone. ISME J. 12, 2682–2692 (2015).

57. Hou, L. et al. Niche differentiation of ammonia and nitrite oxidizers
along a salinity gradient from the Pearl River estuary to the South
China Sea. Biogeosciences 16, 5169–5187 (2018).

58. Zhang, Y., Xie, X., Jiao, N., Hsiao, S. S. Y. & Kao, S. J. Diversity and
distribution of amoA-type nitrifying and nirS-type denitrifying
microbial communities in the Yangtze River estuary. Bio-
geosciences 11, 2131–2145 (2014).

59. Dai, X. F. et al. Potential contributions of nitrifiers and denitrifiers to
nitrous oxide sources and sinks in China’s estuarine and coastal
areas. Biogeosciences 19, 3757–3773 (2022).

60. Pai, S.C., Tsau, Y. J. & Yang, T. I. pHandbuffering capacity problems
involved in the determination of ammonia in saline water using the
indophenol blue spectrophotometric method. Anal. Chim. Acta.
434, 209–216 (2001).

61. Knapp, A. N., Sigman, D. M. & Lipschultz, F. N isotopic composition
of dissolved organic nitrogen and nitrate at the Bermuda Atlantic
Time-series Study site. Global Biogeochem. Cy. 19, GB1018 (2005).

62. Wan, X. S. et al. Ambient nitrate switches the ammonium consump-
tion pathway in the euphotic ocean. Nat. Commun. 9, 915 (2018).

63. Braman, R. S. & Hendrix, S. A. Nanogram nitrite and nitrate deter-
mination in environmental andbiologicalmaterials by vanadium (III)
reduction with chemiluminescence detection. Anal. Chem. 61,
2715–2718 (1989).

64. McIlvin, M. R. & Altabet, M. A. Chemical conversion of nitrate and
nitrite to nitrous oxide for nitrogen and oxygen isotopic analysis in
freshwater and seawater. Anal. Chem. 77, 5589–5595 (2005).

65. Granger, J. & Sigman, D. M. Removal of nitrite with sulfamic acid for
nitrate N and O isotope analysis with the denitrifier method. Rapid
Commun. Mass Spectrom. 23, 3753–3762 (2009).

66. Weigand, M. A., Foriel, J., Barnett, B., Oleynik, S. & Sigman, D. M.
Updates to instrumentation and protocols for isotopic analysis of
nitrate by the denitrifier method. Rapid Commun. Mass Spectrom.
30, 1365–1383 (2016).

67. McIlvin, M. R. & Casciotti, K. L. Fully automated system for stable
isotopic analyses of dissolved nitrous oxide at natural abundance
levels. Limnol. Oceanogr.: Method 8, 54–66 (2010).

68. Beman, J. M., Popp, B. N. & Francis, C. A. Molecular and biogeo-
chemical evidence for ammonia oxidation by marine Crenarch-
aeota in the Gulf of California. ISME J. 2, 429–441 (2008).

69. Rotthauwe, J. H., Witzel, K. P. & Liesack, W. The ammonia mono-
oxygenase structural gene amoA as a functional marker: molecular
fine-scale analysis of natural ammonia-oxidizing populations. Appl.
Environ. Microb. 63, 4704–4712 (1997).

70. Hornek, R. et al. Primers containing universal bases reducemultiple
amoA gene specific DGGE band patterns when analysing the
diversity of beta-ammonia oxidizers in the environment. J. Micro-
biol. Methods 66, 147–155 (2006).

71. Braker, G., Zhou, J., Wu, L., Devol, A. H. & Tiedje, J. M. Nitrite
reductase genes (nirK and nirS) as functional markers to investigate
diversity of denitrifying bacteria in Pacific northwest marine sedi-
ment communities. Appl. Environ. Microbiol. 66,
2096–2104 (2000).

72. Henry, S., Bru, D., Stres, B., Hallet, S. & Philippot, L. Quantitative
detection of the nosZ gene, encoding nitrous oxide reductase, and

comparison of the abundances of 16S rRNA, narG, nirK, and nosZ
genes in soils. Appl. Environ. Microbiol. 72, 5181–5189 (2006).

73. Weiss, R. F. & Price, B. A. Nitrous oxide solubility in water and sea-
water. Mar. Chem. 8, 347–359 (1980).

74. Wanninkhof, R. Relationship between wind speed and gas
exchange over the ocean revisited. Limnol. Oceanogr.: Method 12,
351–362 (2014).

Acknowledgements
We greatly appreciate Y. Wu, M. He, X. Zhang, S. Wu’s contributions
during on board sampling and incubation in the research cruises. We
also thank T. Huang, Q. Li for the on-board measurement of NH4

+, L.
Wang for NO3

− and NO2
− measurements and X. Yan for measuring the

TSM, POC and PN concentrations. We are also grateful for the crew of
the R/VOcean II, R/V Yuke and R/V Yanping II for the onboard assistance
and providing the CTD data. This work was supported by the National
Natural Science Foundation of China through grants 92251306 and
41721005. X.S.W. and B.B.W. acknowledge funding from the Simons
Foundation through award No. 675459 to B.B.W.

Author contributions
X.S.W., B.B.W. and S.J.K. conceived the study and designed the
experiment. X.S.W., H.X.S., L.L., H.S., W.Z., M.N.X., Z.Z., E.T., M.C. and
Y.Z. performed the experiment and measured the samples. X.S.W.,
H.X.S., W.T., B.B.W. and S.J.K. analyzed the results and structured the
manuscript. All authors contributed to the discussion of the results and
editing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43997-3.

Correspondence and requests for materials should be addressed to
Xianhui S. Wan or Shuh-Ji Kao.

Peer review information Nature Communications thanks Sanni Aalto
and the other, anonymous, reviewer for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-43997-3

Nature Communications |         (2023) 14:8280 13

https://doi.org/10.1038/s41467-023-43997-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Particle-associated denitrification is the primary�source of N2O in oxic coastal�waters
	Results and discussion
	Intensive N2O flux from the eutrophied and turbid coastal�waters
	High N2O production sustained by multiple N transformation pathways
	Niche partitioning of N cycling by particle�size
	Environmental implications

	Methods
	Field sampling and on-deck incubations
	Nutrient, PN and N2O concentration measurements
	Isotopic analyses of NO2−, NO3− and N2O
	Functional gene abundance measurement
	Surface N2O saturation and air-sea�flux
	N conversion and N2O production�rates
	Statistical analyses
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




