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• Gross N2O production and consumption
degree controlled the N2O dynamics.

• N2O production was dominated by bac-
teria denitrification.

• Hydroxylamine oxidation contributed
substantially to N2O production.
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Estuarine and coastal wetland ecosystems are important sources of atmospheric nitrous oxide (N2O). However,
the underlying driver of emitted N2O from estuarine and coastal wetlands remains poorly understood. Here,
natural-abundance isotope technique was applied to characterize the processes responsible for N2O emission
from the intertidal soils of the Yangtze Estuary.MeasuredN2O emission rates ranged from0.70 to 2.15 μmolm−2-

h−1, with relatively high values at the upper estuarine sites. The δ15N, δ18O and SP (intramolecular 15N site pref-
erence) of emitted N2O varied from −4.5 to 6.7‰, 42.4 to 53.2‰, and 6.7 to 15.4‰, respectively. Gross N2O
production and consumption rates were within the ranges of 3.16–14.34 μmol m−2 h−1 and 2.22–-
12.54 μmol m−2 h−1, respectively, showing a similar spatial pattern to N2O emission. N2O consumption propor-
tion varied from 69.56 to 90.31%, which was generally lower at the upper estuarine sites. The gross production
rates and consumption degree of N2O simultaneously controlled the variations in N2O emission. Bacterial deni-
trification was the dominant production pathway (78.22–97.36%), while hydroxylamine (NH2OH) oxidation
contributed 2.64–21.78% to N2O production. Soil pH, Fe2+/Fe3+, sulfide and substrate availability were probably
the main factors governing the N2O emission dynamics. Overall, these results highlight the substantial role of
NH2OH oxidation and N2O consumption in N2O release in redox-dynamic soils of estuarine intertidal wetlands.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Nitrous oxide (N2O) is an important greenhouse gas, which contrib-
utes nearly 10% of the total anthropogenic radiative forcing
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(Butterbach-Bahl et al., 2013). The global warming potential of N2O is
approximately 20 and 300 times greater compared with methane and
carbon dioxide, respectively (IPCC, 2013). In addition, N2O has a long at-
mospheric lifetime, with a half-life time of about 114 years (IPCC, 2013;
Prather et al., 2015). It is also a key chemical affecting anddestroying the
stratospheric ozone layer (Ravishankara et al., 2009). Currently, the at-
mospheric concentration of N2O is approximately 327 ppbv, with an av-
erage increasing rate of 0.77 ± 0.03 ppbv per year over the past several
decades (Butterbach-Bahl et al., 2013; Gil et al., 2017). Therefore, under-
standing the mechanisms of N2O emission is essential to advance effec-
tive management strategies for N2O mitigation in natural ecosystems
(Yang and Silver, 2016; Bourbonnais et al., 2017).

On a global scale, the dominant pathways of N2O production in nat-
ural environments are tightly associated with microbial nitrogen
(N) transforming processes such as nitrification (NIT) and denitrifica-
tion (DNF) (Wunderlin et al., 2013). In the NIT process, N2O is produced
as a byproduct through oxidation of hydroxylamine (NH2OH), an inter-
mediate of ammonia (NH3) transformation to nitrite (NO2

−) (Kozlowski
et al., 2014). Moreover, some ammonia-oxidizing bacteria and archaea
can reduce nitrite (NO2

−) to N2O, a process designated as nitrifier DNF
(Wrage et al., 2001). In DNF, N2O is produced by denitrifiers as an oblig-
atory intermediate during the reduction of nitrate (NO3

−) to dinitrogen
gas (N2) (Toyoda et al., 2011). In addition, other biotic and abiotic pro-
cesses, e.g., fungal DNF, dissimilatory nitrate reduction to ammonia and
chemo-denitrification, may contribute to N2O production (Butterbach-
Bahl et al., 2013; Duan et al., 2017). However, N2O emission is compli-
cated becauseN2O can be consumed simultaneously during the produc-
tion (Vieten et al., 2007; Toyoda et al., 2011). N2O reduction toN2 inDNF
process has been regarded as an important N2O consumption pathway,
which plays a crucial role in N2O release (Vieten et al., 2007).

Estuarine and coastal wetlands are significant natural sources of N2O
to the atmosphere (Dong et al., 2011). Until now, numerousworks have
reported N2O emission fluxes in estuarine and coastal wetlands
(Amouroux et al., 2002; Wang et al., 2007; Moseman-Valtierra et al.,
2011; Sun et al., 2013; Tong et al., 2013; Musenze et al., 2014; Yang
and Silver, 2016), but the spatio-temporal patterns and underlying
mechanisms remain largely uncertain. It is difficult to discern the
drivers of N2O dynamics only through measurements of N2O emission
fluxes and environment factors (Yang and Silver, 2016; Gil et al.,
2017). Generally, N2O production and consumption are affected mainly
by the soil water content, texture, oxidative-reductive conditions, pH,
and carbon and N substrate availability (Well et al., 2006; Liu et al.,
2010; Köster et al., 2011; Zhu et al., 2013; Yang and Silver, 2016). Opti-
mum conditions for N2O production via DNF are assumed to exist at a
higher soil water content, while its production at a lower water content
is attributed in part to NIT (Bateman and Baggs, 2005;Well et al., 2006).
N2O production through NH2OH oxidation is favored in O2- and NH4

+-
enriched environments, whereas nitrifier DNF is enhanced in environ-
ments with low O2 and high NO2

− concentrations, especially those envi-
ronments with alternating aerobic-anaerobic conditions (Wunderlin
et al., 2013; Ma et al., 2017). However, the responses of N2O production
and consumption processes to environmental factors in different eco-
systems are not consistent (Butterbach-Bahl et al., 2013; Quick et al.,
2019). Estuarine and coastal areas are influenced by land-ocean interac-
tions, such as alternations between salty and fresh water and between
exposure and flooding, which may result in a great gradient change of
physico-chemical factors and further affect the N2O dynamics (Osland
et al., 2013).

At present, natural-abundance isotope technique has often been ap-
plied to identify N2O production and consumption processes (Toyoda
et al., 2011; Ishii et al., 2014; Bourbonnais et al., 2017). Because N2O is
an asymmetric linear N-N-O molecule, the 15N isotope can be present
at the central N atom position (α site) or the terminal N atom position
(β site) (Toyoda and Yoshida, 1999). The δ15Nα and δ15Nβ values of
N2O are determined by the N2O formation mechanism, and several
studies have demonstrated that the intramolecular site preference (SP,
defined as the difference of δ15Nα and δ15Nβ) values can identify the
N2O production and consumption processes (Fig. S1) (Sutka et al.,
2003; Toyoda et al., 2005; Toyoda et al., 2011). This approach has
been widely applied in cropland and grassland soils (Maeda et al.,
2010; Wolf et al., 2015; Zhang et al., 2016), water bodies (Westley
et al., 2006; Breider et al., 2015; Wenk et al., 2016) and wastewater
(Wunderlin et al., 2013). Nevertheless, N2O isotopic signature and
production and consumption processes in estuarine and intertidal
wetlands remain largely unknown so far.

The Yangtze Estuary is located in one of themajor urbanized and in-
dustrialized regions in China. A large amount of anthropogenic reactive
N has been transported to the Yangtze Estuary through the river,
groundwater runoff and atmospheric deposition (Yin et al., 2017),
which can affect soil microbial N cycling and N2O dynamics. However,
the association of N2O emission with its production and consumption
in the estuarine environment remains unclear. Based on the character-
istics of the estuarine and intertidal wetlands, we hypothesize that
N2O emission would be higher in upper estuarine zones, and that
NH2OH oxidation may play a substantial role in N2O production. It is
also assumed that N2O emission dynamics may be regulated by soil sa-
linity, carbon and N substrates availabilities. Thus, the objectives of this
study are (1) to investigate the soil N2O emission rates and isotopic sig-
natures (δ15N, δ18O and SP) in the Yangtze estuarine and intertidal wet-
lands, (2) to reveal the gross N2O production and consumption as well
as their regulation on N2O emission, and (3) to identify N2O production
pathways and explore the key factors affecting the N2O dynamics. This
study improves our understanding of the mechanisms of N2O emission
in the estuarine and intertidal wetlands.
2. Materials and methods

2.1. Study area and sample collection

The Yangtze Estuary is situated in the east coast of China (30°50′00 –
31°50′N, 120°30′ – 122°00′E; Fig. 1). This area is characterized as having
a typical semitropical monsoon climate. The average annual tempera-
ture is approximately 16.0 °C, with low temperatures from December
to February (winter) and high temperatures from June to August (sum-
mer). The rainfall is abundant, with an average annual precipitation of
1144 mm (Wang et al., 2007). A large amount of suspended matter is
carried by the Yangtze River to the coast, of which a substantial propor-
tion is deposited in the estuarine area and forms a wide intertidal flat
(Yin et al., 2017). The tide in the Yangtze Estuary is irregularly semidiur-
nal with average tidal amplitudes of 2.4–4.6 m (Wang et al., 2007). The
intertidal soil is generally dominated bymud andfine sand,with amean
grain size of 23.1–102.5 μm (Zheng et al., 2015). Over the past several
decades, the excessive input of reactive N has resulted in severe eco-
environmental issues in the Yangtze Estuary and its adjacent area,
such as eutrophication and algal blooms (Yin et al., 2017).

In this study, six sites were selected for sample collection along
the intertidal zone of the Yangtze Estuary, based on the salinity gra-
dient (Fig. 1), including Luchaogang (A), Donghai (B), Bailonggang
(C), Shidongkou (D), Liuhekou (E) and Xupu (F). Field surveys
were conducted in January (winter) and July (summer) 2017. At
each site, nine undisturbed soil cores (0–5 cm) were collected
using box corers (8 cm in diameter and 10 cm in height, Fig. S2)
during the ebb periods. After collection, the cores were sealed imme-
diately with gas-tight lids, placed in a cooler at 4 °C and transported
to the laboratory within 3 h. In the laboratory, the nine soil cores
from each site were separated into two fractions: six of the cores
were immediately incubated for determination of the N2O emission
and its isotopic signatures as well as the contribution of fungi to
N2O emission (Supporting Information), and the remaining soil
cores were stored in the dark at 4 °C for later determination of soil
properties and potential NIT and DNF rates.



Fig. 1. Location of the study area and sampling sites.
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2.2. Measurement of the soil properties, and the potential NIT andDNF rates

The soil water content and bulk densityweremeasured by the oven-
drying method and cutting-ring method, respectively (Zhang et al.,
2015). The soil pH and salinity were determined using a Mettler-
Toledo pH meter and a YSI-30 portable salinity meter, respectively
(Yin et al., 2017). The total organic carbon (TOC) and N (TN) of the
soil were measured using a Vario EL CN elemental analyzer (Elementar,
Germany) after acidificationwith 1MHCl (Gao et al., 2017). The soil ex-
changeable inorganic N, including NH4

+, NO3
−, and NO2

−, was extracted
with 2M KCl, and the concentrationswere determined by an automatic
flow injection analyzer (Skalar Analytical SAN++, the Netherlands)
(Yin et al., 2017). In addition, δ15N of NH4

+ and δ15N and δ18O of NO3
−

(after NO2
− removal by sulfamic acid) were recovered by micro-

diffusion (Zhang et al., 2015) and denitrifier methods (Granger and
Sigman, 2009), respectively, and their isotope ratios were measured
on a MAT 253 Plus isotope-ratio mass spectroscopy (IRMS) facility
(ThermoFinnigan, Bremen, Germany) (McIlvin and Casciotti, 2011).
Therein, the international reference standards used for this study were
USGS25 and IAEA N1 for NH4

+, and USGS32, USGS34 and IAEA N3 for
NO3

−. The easily degradable organic carbon (EOC) of the soil was quan-
tified by the method described by Song et al. (2012). The total extract-
able Fe and ferrous oxides (Fe2+) were measured by the ferrozine
method, and ferric iron (Fe3+)was calculated by the difference between
the total Fe and Fe2+ (Yin et al., 2017). The soil sulfide was determined
by the methylene blue spectrophotometric method (Cline, 1969). The
soil particle size was measured by laser diffraction (Mastersizer 2000,
Malvern Instruments Ltd., UK).

The soil potential NIT rates were determined following themodified
chlorate inhibitionmethod (Kurola et al., 2005). Briefly, fresh soil (about
20 g) was prepared in a centrifugal tube containing 100 mL of phos-
phate buffer solution (pH 7.4; g/L: NaCl, 8.0; KCl, 0.2; Na2HPO4, 0.2;
NaH2PO4, 0.2) with 0.5 mM (NH4)2SO4 and 10 mM KClO3, and then
stirred homogeneously by a magnetic stirrer for 25 min. Triplicate slur-
ries of each site were incubated at near-in situ temperature (32 °C for
the summer and 5 °C for the winter). All tubes were shaken
(150 rpm/min) continuously in the dark for 12 h, during which 5 mL
of samples were drawn at 3 h intervals for NO2

− analysis. The potential
NIT rateswere thus determined from the linear regression of NO2

− accu-
mulation over time (Kurola et al., 2005).

The soil potential DNF ratesweremeasured by slurry experiments in
combination with the isotope-tracing method (Hou et al., 2013; Deng
et al., 2015). Briefly, slurries were made by mixing fresh soil and
helium-purged tidal water in a volume ratio of 1:7 (soil/water). The
slurry was stirred homogeneously by a magnetic stirrer for 25 min
and transferred into 12-mL vials (Exetainer, Labco) and sealed with a
butyl rubber stopper. Subsequently, the vials were preincubated at
near-in situ temperature (32 °C for the summer and 5 °C for the winter)
for approximately 36 h to eliminate the background NO3

−, NO2
−, and O2.

After preincubation, the vials were spiked with 100 μL sterile anoxic so-
lutions of 12.5mM15NO3

− (15N at 99%) through the septa. The final con-
centration of 15NO3

− in each vial was approximately 100 μM. Slurry
incubation was stopped by adding 200 μL of a 50% ZnCl2 solution to
the respective vials at 3 h intervals during the total 12 h of incubation.
The concentrations of 29N2 and 30N2 in the vials were measured by
membrane inlet mass spectrometry (MIMS), and the potential DNF
rates were calculated by the 29N2 and 30N2 production during the incu-
bation period (Thamdrup and Dalsgaard, 2002; Deng et al., 2015).

2.3. Determination of the N2O emission and its isotopic signatures

The intact soil cores (three replicates for each site) were sealed with
gas-tight lids (equipped with three-way stopcocks) (Fig. S2), and these
cores were purged with high-purity air (O2:N2 = 21:79 (V:V)) through
the three-way stopcocks for 15 min to eliminate the background N2O.
The cores were then incubated in the dark at in situ temperatures
(32 °C for the summer and 5 °C for the winter) for 6 h. Gas samples
were collected using polypropylene syringes and stored in gas-tight
bags at the end of each soil core incubation period. The N2O concentra-
tion in gas samples was determined by gas chromatography (GC-2014,
Shimadzu, Kyoto, Japan), and its isotopic signatures (δ15N, δ15Nα and
δ18O) were determined using isotope ratio mass spectrometer (IRMS,
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Isoprime100, Isoprime, Cheadle, UK) (Zhang et al., 2016). Calibration
was performed using a standard reference gas produced by Air Liquide
America, Specialty Gases LLC. The typical analytical precisions of
δ15Nbulk, δ15Nα and δ18O were 0.5‰, 0.9‰, and 0.6‰, respectively. The
soil N2O emission rates were calculated as follows (Zhang et al., 2016):

N2Oemission ¼ dc
dt

� VH

AS
�MW

MV
� Tst

Tst þ T
ð1Þ

where N2Oemission is the N2O emission rate (μmol m−2 h−1);
dc
dt

denotes

the rate of increase in the N2O concentration inside the soil core during
the incubation period (μL L−1 h−1); VH is the volume of the headspace
(L); AS refers to the surface area of the soil core (m2);MWandMV denote
the molecular weight (g mol−1) and volume (L mol−1) of N2O, respec-
tively; T is the incubation temperature (°C), and Tst is the standard tem-
perature (K).

The 15Nbulk and 18O isotopic compositions of N2O were expressed in
δ notationwith respect to the atmospheric N2 (air) and Vienna standard
mean ocean water (V-SMOW), respectively (Zhang et al., 2016). The
isotope ratios were calculated as follows:

δ15Ni ¼
15Ri

sample

15Ri
standard

−1 i ¼ bulk;α;βð Þ ð2Þ

δ18O ¼
18Rsample
18Rstandard

−1 ð3Þ

δ15Rbulk ¼ δ15Nα þ δ15Nβ
� �

=2 ð4Þ

where 15Rbulk (15Rα and 15Rβ) and 18R denote 14N/15N
(14N15N16O/14N14N16O and 15N14N16O/14N14N16O) and 18O/16O, respec-
tively, and the “sample” and “standard” subscripts denote the isotope
ratios of the sample and the standard atmospheric N2 for N or Vienna
Standard Mean Ocean Water (V-SMOW) for O, respectively (Zou et al.,
2014). In addition, the 15N SP of N2O was calculated by the isotopic ra-
tios as shown below:

SP ¼ δ15Nα−δ15Nβ ð5Þ

2.4. Identification of N2O production and consumption based on the isotopic
signatures

The SP values of N2O produced by NH2OH oxidation and bacterial
DNF are approximately 35‰ and −5‰, respectively (Toyoda et al.,
2005; Sutka et al., 2006; Deppe et al., 2017). In addition, the cyclohexi-
mide addition experiments (inhibiting fungi activity, Supporting Infor-
mation) showed that the N2O production by fungi was low (Table S1),
so the contribution of fungal DNF to N2O productionwas not considered
in this study (Maeda et al., 2017). Therefore, the contributions of NH2OH
oxidation and bacterial DNF toN2O productionwere calculated fromav-
erage SP values based on two-end-member mixing models as follows
(Deppe et al., 2017):

FNH2OH oxidation %ð Þ ¼ SPsample−SPbacterial DNF
SPNH2OH oxidation−SPbacterial DNF

� 100% ð6Þ

Fbacterial DNF %ð Þ ¼ 100−FNH2OH oxidation ð7Þ

where FNH2OH oxidation and Fbacterial DNF denote the soil N2O contributions
derived from NH2OH oxidation and bacterial DNF processes, respec-
tively; SPsample is the measured SP-N2O value; and SPNH2OH oxidation and
SPbacterial DNF represent the respective average SP values of NH2OH oxi-
dation (35‰) and bacterial DNF (−5‰) processes reported by previous
studies (Toyoda et al., 2005; Sutka et al., 2006). However, Eqs. (6) and
(7) are not always applicable to soil environments, especially under
redox-dynamic conditions, because isotopic signatures are enriched by
N2O reduction. Here, N2O reduction was estimated based on the SP
and δ15N values of N2O (Toyoda et al., 2011) (Fig. 2). To simplify the
model, we assumed that N2O dynamics followed the Mixing-
Reduction scenario (Verhoeven et al., 2019). In brief, δ15N of the emitted
N2O is a function of δ15N of the substrate and the isotope enrichment
factor (ε(15N)pro) of the production process (δ15N-N2O = δ-
15Nsubstrate + ε(15N)pro, Toyoda et al., 2011). Therefore, the range of
δ15N-N2O produced by NH2OH oxidation and bacterial DNF in this
study was estimated according to δ15N of the substrate and the corre-
sponding enrichment factor (ε), while the SP range was based on re-
ported literature values (Yoshida, 1988; Sutka et al., 2003, 2004, 2006,
2008). Moreover, the mixing line shown in Fig. 2 was calculated from
the average values of SP-N2O and δ15N-N2O from NH2OH oxidation
and bacterial DNF, respectively (Sutka et al., 2006; Ishii et al., 2014).
SP-N2O is known to increase along with δ15N-N2O at a slope of
1.15 ± 0.12 when N2O reduction occurs (Ostrom et al., 2007; Toyoda
et al., 2011). The slope is the ratio of the fractionation factors for SP
and δ15N during N2O reduction. Therefore, N2O reduction to N2 was
taken into account using the average reduction slope and the SP and
δ15N values of N2O as the origin of the reduction line. The intersection
between the sample-specific reduction and mixing lines gave the esti-
mated initial isotope values (SP⁎ and δ15N⁎) of N2O before reduction
(Fig. 2). Then, the SP⁎ and δ15N⁎ values of N2O were compared with
each end-member of the SP-δ15N space, and the relative contributions
of N2O derived from NH2OH oxidation and bacterial DNF were calcu-
lated bymodified Eqs. (6) and (7), respectively. In addition, the approx-
imate proportion of N2O reduction was estimated as follows (Toyoda
et al., 2011):

N2Oconsumption proportion %ð Þ ¼ 1−e

−SPsample þ SP�sample

ε SPð Þred

0
BB@

1
CCA� 100% ð8Þ

where N2Oconsumption proportion denotes the proportion of N2O reduction
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to N2; SPsample denotes the measured SP-N2O value, while SPsample
∗ de-

notes the initial SP-N2O value before reduction; and ε(SP)red denotes
the SP enrichment factor of N2O reduction (average of −5.9‰)
(Toyoda et al., 2011). Furthermore, the gross N2O production and con-
sumption rateswere calculated by theN2O emission rate and consump-
tion proportion, respectively, as follows (Toyoda et al., 2011):

N2Ogross production ¼ N2Oemission

100%−N2Oconsumption proportion
ð9Þ

N2Oconsumption ¼ N2Ogross production−N2Oemission ð10Þ

where N2Ogross production and N2Oconsumption represent the gross N2O pro-
duction and consumption rates (μmol m−2 h−1), respectively;
N2Oemission is the N2O emission rate (μmolm−2 h−1), and N2Oconsumption

proportion(%) is the N2O consumption proportion.

2.5. Statistical analysis

The data were checked for normality and homogeneity of variances,
and the data were cube root- or log-converted to satisfy the assump-
tions for statistical testing. Repeated-measures ANOVA based on SPSS
19.0 software package (SPSS, Inc., Chicago, IL, USA) was to test the ef-
fects of sites and seasons and their interactions on all measured soil var-
iables. Linear mixed models were performed to explore the effects of
measured soil environmental parameters on N2O emission dynamics.
Soil environmental parameters were treated as fixed effects while site
and season were taken as random effects (Gong et al., 2019). The
Table 1
Soil physicochemical characteristics (means ± standard deviation; n = 3).

A B C

Winter Summer Winter Summer Winter Summ

Water content
(%)

62.06
± 1.64

49.99
± 0.41

67.31
± 4.08

62.66
± 2.25

51.01
± 1.79

36.27
± 5.85

Bulk density
(g cm−3)

1.41
± 0.04

1.44
± 0.06

1.35
± 0.02

1.39
± 0.02

1.44
± 0.02

1.50
± 0.03

Mean particle
size (μm)

19.45
± 1.45

16.51
± 1.14

17.61
± 0.73

10.97
± 2.77

18.97
± 1.54

26.16
± 2.63

pH 8.46
± 0.10

8.65
± 0.08

8.27
± 0.07

8.35
± 0.12

8.30
± 0.03

8.33
± 0.06

Salinity (‰) 6.61
± 0.28

4.85
± 0.54

5.11
± 0.18

4.62
± 0.23

0.40
± 0.06

0.23
± 0.04

Fe2+/Fe3+ 2.83
± 0.30

2.93
± 0.46

2.63
± 0.21

2.64
± 0.50

2.28
± 0.16

2.14
± 0.62

TOC (g kg−1) 8.97
± 0.23

9.33
± 0.94

13.20
± 0.86

14.89
± 1.60

10.67
± 1.44

9.48
± 0.61

EOC (g kg−1) 0.89
± 0.05

0.88
± 0.04

1.21
± 0.19

1.18
± 0.10

1.60
± 0.08

1.75
± 0.17

TN (g kg−1) 1.23
± 0.07

1.26
± 0.04

1.32
± 0.03

1.38
± 0.02

1.19
± 0.09

1.29
± 0.03

NH4
+ (mg kg−1) 36.22

± 6.41
44.37
± 7.90

70.54
± 2.14

63.53
± 6.41

43.10
± 5.57

31.45
± 10.4

NO3
− (mg kg−1) 11.95

± 1.38
12.94
± 0.95

12.24
± 0.58

13.09
± 0.75

12.90
± 0.32

13.28
± 0.70

NO2
− (μg kg−1) 79.81

± 6.38
58.71
± 9.09

93.77
± 6.52

76.21
± 9.10

93.19
± 4.92

71.55
± 6.93

Sulfide
(mg kg−1)

4.35
± 0.76

5.85
± 0.39

3.34
± 0.35

5.35
± 0.61

7.25
± 0.88

12.43
± 2.51

δ15N-NH4
+ (‰) 9.52

± 0.17
8.76
± 0.22

7.24
± 0.91

7.49
± 0.46

7.91
± 0.74

7.20
± 0.36

δ15N-NO3
− (‰) 16.22

± 0.14
16.29
± 0.35

16.33
± 0.05

16.19
± 0.12

16.59
± 0.75

16.10
± 0.21

δ18O-NO3
− (‰) −1.93

± 0.59
−2.46
± 0.80

−1.51
± 0.63

−2.40
± 0.41

−2.12
± 0.22

−2.66
± 0.78

δ15N-N2O (‰) 6.65
± 0.33

2.62
± 0.38

−0.69
± 0.51

−3.03
± 0.62

0.70
± 0.24

1.43
± 0.26

δ18O-N2O (‰) 43.67
± 0.72

43.28
± 0.74

44.63
± 0.67

48.54
± 1.75

42.52
± 0.34

47.46
± 0.37

SP-N2O (‰) 7.97
± 1.48

7.56
± 1.11

7.26
± 0.92

9.31
± 0.39

8.27
± 1.36

14.10
± 2.67
collinearity between explanatory parameterswas tested by the variance
inflation factor (VIF). If VIF N 3 for an explanatory parameter, we re-
moved that variable from the model (Zuur et al., 2010). Linear mixed
models were conducted using the “lme” function in the “nlme” package
of the R software version 3.2.2 (R Core Team, 2015).

3. Results

3.1. Soil properties and potential NIT and DNF rates

Significant spatial variabilities among the sampling sites were ob-
served for all measured soil properties (except for δ18O-NO3

−), but sig-
nificant seasonal differences were only found for the water content,
grain size, salinity, TN, NH4

+, NO3
−, and NO2

− (p b 0.05, Tables 1 and
S2). Soil water content and bulk density ranged from 36.27 ± 5.85 to
67.31±4.08% and from1.35±0.02 to 1.50±0.03 g cm−3, respectively.
The soils were generally characterized by a high content of fine fractions
with a mean particle size of b63 μm (Table 1). Soil pH and salinity
ranged from 7.31 ± 0.22 to 8.65 ± 0.08 and from 0.11 ± 0.01 to
6.61 ± 0.28, respectively, and both showed a decreasing trend from
sites A to F (Table 1). The ratio of Fe2+/Fe3+ varied from 2.14 ± 0.62
to 4.21 ± 1.19, and the maximal ratio appeared at site D (Table 1).
The soil TOC and EOC concentrations varied from 8.97 ± 0.23 to
25.44±3.06 g kg−1 and from0.57±0.05 to 2.15±0.31 g kg−1, respec-
tively, and generally increased from sites A to F. A spatial distribution
pattern similar to those of TOC and EOC was also observed for the soil
TN (1.23 ± 0.07 to 2.39 ± 0.18 g kg−1), NH4

+ (31.45 ± 10.48 to
188.96 ± 9.88 mg kg−1), NO3

− (11.95 ± 1.38 to 19.63 ±
D E F

er Winter Summer Winter Summer Winter Summer

54.71
± 1.27

66.38
± 4.40

62.86
± 2.43

52.32
± 2.50

61.41
± 2.07

57.11
± 2.11

1.43
± 0.02

1.36
± 0.02

1.42
± 0.05

1.38
± 0.02

1.45
± 0.07

1.38
± 0.03

16.51
± 2.89

13.98
± 2.32

26.15
± 2.68

15.60
± 1.13

16.23
± 1.18

16.57
± 0.86

8.13
± 0.08

7.72
± 0.16

7.31
± 0.22

7.45
± 0.07

7.92
± 0.09

7.65
± 0.11

0.21
± 0.01

0.27
± 0.06

0.14
± 0.04

0.15
± 0.05

0.12
± 0.02

0.11
± 0.01

4.21
± 1.19

4.02
± 0.14

2.24
± 0.14

2.42
± 0.33

2.21
± 0.11

2.47
± 0.27

25.44
± 3.06

24.72
± 3.01

20.72
± 1.57

14.53
± 0.81

16.64
± 1.77

16.45
± 1.16

0.62
± 0.12

0.57
± 0.05

1.88
± 0.09

2.15
± 0.31

1.35
± 0.09

1.12
± 0.11

2.39
± 0.18

2.10
± 0.40

2.20
± 0.11

1.75
± 0.43

1.98
± 0.11

1.31
± 0.04

8
106.32
± 1.33

188.96
± 9.88

89.54
± 7.21

93.90
± 6.07

82.66
± 0.27

95.07
± 8.93

16.46
± 0.12

19.63
± 2.30

13.49
± 0.73

14.83
± 1.43

12.91
± 0.39

14.61
± 0.80

183.73
± 9.09

209.13
± 32.04

149.61
± 5.65

125.55
± 10.38

137.35
± 8.31

132.21
± 6.80

94.40
± 3.06

105.73
± 25.30

2.39
± 0.80

3.03
± 0.80

1.55
± 0.70

5.43
± 0.98

4.94
± 0.49

5.17
± 1.09

4.77
± 1.58

5.98
± 0.87

6.27
± 1.04

5.68
± 0.07

17.01
± 0.37

17.44
± 0.47

18.57
± 0.69

17.75
± 0.60

18.08
± 0.13

18.07
± 0.09

−2.42
± 1.01

−3.60
± 0.99

−3.09
± 1.72

−1.32
± 0.82

−2.04
± 0.27

−2.13
± 0.17

−2.41
± 0.99

−2.43
± 0.26

−0.19
± 0.16

−4.49
± 0.75

−0.57
± 0.54

−2.95
± 0.35

43.71
± 0.27

49.29
± 0.59

42.58
± 0.73

51.59
± 1.43

44.15
± 0.41

53.17
± 1.23

8.78
± 1.59

6.66
± 0.78

5.68
± 0.49

11.26
± 1.39

8.69
± 1.78

15.43
± 2.35
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2.30 mg kg−1), NO2
− (58.71 ± 9.09 to 209.13 ± 32.04 μg kg−1) and

δ15N-NO3
− (16.10 ± 0.21 to 18.57 ± 0.69‰) in the study area

(Table 1). The soil sulfide concentrations were in the range of 1.55 ±
0.70 to 105.73 ± 25.30 mg kg−1, and the maximal concentration oc-
curred at site D (Table 1). The δ15N value of soil NH4

+ (4.77 ± 1.58 to
9.52 ± 0.17‰) was significantly lower than that of NO3

− and showed a
decreasing trend from sites A to F. However, no significant spatial vari-
ation occurred for δ18O-NO3

− (−3.60 ± 0.99 to −1.51 ± 0.63‰) in
the study area (Table 1). The soil potential NIT and DNF rates ranged
from 0.08 ± 0.02 to 0.94 ± 0.04 nmol N g−1 h−1 and from 1.94 ±
0.20 to 29.87 ± 2.44 nmol N g−1 h−1, respectively. Both the NIT and
DNF potential rates were significantly higher in summer than in winter
and increased from sites A to F (Fig. 3 and Table S3).

3.2. Soil N2O emission rates and isotopic compositions

The soil N2O emission rates varied from 0.70 ± 0.04 to 2.15 ±
0.12 μmol m−2 h−1 in the study area (Fig. 4), with relatively higher
rates in summer and lower rates in winter (p b 0.01, Table S3). A re-
markable spatial difference was observed in the N2O emission rates, es-
pecially in summer (a site sequence of A b B≈ C b E b F b D) (p b 0.01,
Table S3 and Fig. 4).

The δ15N and δ18O values of emitted N2O ranged from−4.49 ± 0.75
to 6.65 ± 0.33‰ and from 42.52 ± 0.34 to 53.17 ± 1.23‰, respectively
(Fig. 4). Relatively higher δ15N-N2O valueswere observed at sites A (av-
erage of 4.63‰) and C (average of 1.06‰), while lower δ15N-N2O values
were observed at sites B (average of−1.86‰), D (average of−2.42‰),
E (average of−2.34‰) and F (average of−1.76‰). The values of δ18O-
N2O were significantly higher in summer than in winter (p b 0.05). An
increasing trend of δ18O-N2Owas observed from sites A to F in summer,
but the values were not significantly different in winter (Fig. 4). The SP-
N2O values varied from 7.26± 0.92 to 8.78± 1.59‰ in winter and from
6.66 ± 0.78 to 15.43 ± 2.35‰ in summer, and relatively higher SP
values were observed at sites C and F (Fig. 4). The δ18O-N2O value was
positively correlated with the SP-N2O value and negatively correlated
with δ15N-N2O (p b 0.01), while no significant correlation was observed
between δ15N-N2O and SP-N2O (Fig. S3).

3.3. Soil gross N2O production and consumption rates

The gross N2O production and consumption rates varied from
3.16 ± 0.09 to 14.34 ± 3.92 μmol m−2 h−1 and from 2.22 ± 0.08 to
12.54 ± 3.95 μmol m−2 h−1, respectively, with significant spatial vari-
ability among the sampling sites (Fig. 5 and Table S3). In the summer,
the gross N2O production and consumption rates were generally higher
at sites C, D, E and F than at sites A and B, but the rates did not signifi-
cantly differ among the sites in the winter (Fig. 5). The N2O consump-
tion proportion ranged from 69.56 ± 2.25 to 90.31 ± 4.11% and
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Fig. 3. Soil potential nitrification (NIT) anddenitrification (DNF) rates. Error bars represent stand
differences (p b 0.05), and the asterisks denote significant seasonal differences (p b 0.05).
exhibited a significant spatial difference (p b 0.01, Fig. 5 and Table S3).
In the winter, the N2O consumption proportion was generally lower at
sites D, E and F than at sites A, B and C, although some differences
were not significant (Fig. 5). Similarly, in the summer, a lower N2O con-
sumption proportionwas also observed at sites D and E, except for site F
(Fig. 5).

3.4. Soil N2O production pathways

Natural-abundance isotope signature indicated that the majority of
N2O derived frombacterial DNF in the study area,which contributed ap-
proximately 78.22 to 97.36% of the grossN2O production (Fig. 6). In con-
trast, NH2OH oxidation contributed 2.64 to 21.78% of N2O production
(Fig. 6). A significant spatial variability among the sites was observed
for the N2O production pathways (Table S3). The contribution of
NH2OH oxidation to N2O production generally showed an increasing
trend from sites A to F, while the contribution of bacterial DNF showed
a decreasing trend from sites A to F (Fig. 6).

4. Discussion

This study revealed new interesting details on the soil N2O emission
dynamics aswell as their driving factors in estuarine and intertidal wet-
lands. The soil N2O emission from estuarine and coastal wetlands is an
important source of atmospheric N2O (Usui et al., 2001; Dong et al.,
2011). The magnitudes of N2O emission (0.70 to 2.15 μmol m−2 h−1)
detected in the Yangtze estuarine and intertidal soils are comparable
to those from other estuarine and coastal wetlands (Usui et al., 2001;
Allen et al., 2011; Adams et al., 2012). In the present study, the N2O
emission rates varied significantly with the spatial location, and higher
N2O emissions were observed in the upper estuarine zones (sites D, E
and F), especially in summer (Fig. 4). In general, the N2O dynamics is
mediated by both N2O production and consumption processes, so it is
difficult to discern the drivers only through the measurement of the
N2O emission rates (Yang and Silver, 2016). Here, we calculated the
gross N2O production and consumption rates based on emitted N2O iso-
topic analysis (Toyoda et al., 2011; Ishii et al., 2014). It was actually
found that the gross N2O production and consumption rates in summer
were higher at sites C, D, E and F than at sites A and B, while the rates did
not significantly differ among the sites in winter (Fig. 5). N2O consump-
tionwasquite pronounced, indicating that N2O emission in such ecosys-
tems accounts for only a small fraction of the total production (Vieten
et al., 2007). Unlike gross N2O production and consumption rates,
lower consumption proportions generally occurred at the upper estua-
rine sites, although somedifferenceswere not significant (Fig. 5). There-
fore, we can deduce that increased N2O emission in the upper estuarine
zones in the summerwas primarily caused by higher gross N2O produc-
tion and lower N2O consumption degree. Also, the small variations in
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gross N2O production in the winter could explain why the spatial N2O
emission patterns were less pronounced compared with the summer.
Notably, site C in the summer exhibited a higher gross N2O production
rate, and the unexpectedly lower N2O emission at this site was mainly
due to the larger N2O consumption proportion (Fig. 5). These results in-
dicated that gross N2O production and consumption simultaneously
drove the N2O emission patterns across the estuarine and intertidal
wetland (Park et al., 2011).

Gross N2O production is mainly associated with soil NIT and/or DNF
processes (Wrage et al., 2001; Bateman and Baggs, 2005). In this study,
the potential rates of both NIT and DNF generally showed an increasing
trend from sites A to F, especially in the summer (Fig. 3). Additionally,
the availability of soil carbon and N substrates was also higher at sites
D, E and F than at sites A, B and C (Table 1), likely because there were
higher loadings of freshwater-derived terrestrial substrates at the
upper estuarine sites (Maie et al., 2006). The increased concentrations
of these substrates at sites D, E and F might enhance the NIT and/or
DNF processes and thus contributed to the greater N2O production
(Usui et al., 2001; Park et al., 2011). Linear mixed models showed
N2Oemission was significantly related to TOC and potential DNF rates,
and N2Ogross production was also associated with DNF rates (Table S4). In
addition, N2O consumption plays a vital role in controlling N2O emis-
sion, and it is favored in low-oxygen environments (Yang and Silver,
2016; Bourbonnais et al., 2017). Although we did not measure the
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Fig. 5. Gross N2O production and consumption rates as well as consumption proportion. Error
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oxygen availability, soil Fe2+/Fe3+ ratios (2.14 ± 0.62 to 4.21 ± 1.19)
implied that the study area was generally subjected to low-oxygen con-
ditions (Battistuzzi et al., 2002; Li et al., 2003),whichmight lead to a rel-
atively higherN2O consumption. In the present study, N2O consumption
proportions were generally lower at the upper estuarine sites as noted
above (Fig. 5). However, no similar spatial patterns of the Fe2+/Fe3+ ra-
tios were observed in this study, indicating that N2O consumption was
also influenced in part by other factors. For instance, the highest soil
Fe2+/Fe3+ ratios were observed at site D in both winter and summer
(Table 1). This result might be because site D, located near the sewage
outlet, experienced a highly concentrated wastewater input, which fur-
ther affected the water quality and local redox conditions (Zhang et al.,
2001). Based on the principles mentioned above, N2O consumption de-
gree at site D should be higher due to the strong reducing environment
(Dalsgaard et al., 2014; Yang and Silver, 2016). Paradoxically, the lowest
N2O consumption proportionwas observed here,whichmight be attrib-
uted to the inhibition of N2O reduction by sulfide. It has been reported
that high sulfide concentrations can directly inhibit N2O reduction to
N2 (Sørensen et al., 1980; Brunet and Garcia-Gil, 1996). Indeed, the
highest soil sulfide contents were observed at site D (Table 1), which
likely explained the aforementioned phenomenon. Additionally, some
studies have reported that low pH can suppress N2O reductase activities
and favor N2O accumulation (Liu et al., 2010; Pan et al., 2012). In our
study, the soil pH generally showed a decreasing trend from sites A to
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F, which could also regulate the variations in N2O consumption. How-
ever, no environmental variables were correlatedwith N2Oconsumtion, al-
though N2Oconsumption proportion was only related to mean particle size
(Table S4). The lack of significant relationships likely implied that the
underlying factors influencing N2O consumption varied greatly among
the Yangtze estuarine and intertidal wetlands (Yang and Silver, 2016).
Seasonally, theN2O emission rateswere generally higher in the summer
than in the winter (Fig. 4), likely because the high temperatures in the
summer (approximately 32 °C) stimulated the NIT and DNF processes
and led to higher N2O production, compared with the winter (approxi-
mately 5 °C) (Schindlbacher et al., 2004; Allen et al., 2011). Overall,
these environmental factors comprehensively affected the gross N2O
production and consumption in the estuarine and intertidal wetlands,
and further regulated the variations of N2O emissions.

The natural-abundance isotopes of the emitted N2O (δ15N and δ18O)
can also shed light on the N2O production processes (Toyoda et al.,
2011; Zou et al., 2014). Our study indicated that the δ15N values
(−4.49 ± 0.75 to 6.65 ± 0.33‰) of the emitted N2O in the Yangtze es-
tuarine wetland were generally higher than those in cropland, grass-
land, forestland and peatland (Table S5), which can improve our
understanding of the observed trends in the isotopic composition of
the tropospheric N2O (Toyoda et al., 2011). The δ15N-N2O values varied
considerably among the sites, and lower valueswere observed at sites B,
D, E and F (Fig. 4). In general, the δ15N value of the emitted N2O was af-
fectedmainly by the substrate availability, precursor isotopic signatures
and microbial processes of N2O production and consumption (Pérez
et al., 2001; Park et al., 2011). It has been reported that NIT process
would lead to a greater depletion of 15N in the produced N2O, while
N2O reduction can enrich the isotopic signatures (Yoshida et al., 1984;
Ostrom et al., 2000; Toyoda et al., 2011). Therefore, the decreased
δ15N-N2O values at sites B, D, E, and F might be attributed to a lower
δ15N-NH4

+ value and lessN2O reduction or a higher contribution of nitri-
fication to N2O production. Notably, the δ15N-NH4

+ values were similar
at sites B and C, but the δ15N-N2O signatures were quite different at
these two sites (Table 1 and Fig. 4). This result might be because larger
N2O reduction at site C caused the enrichment of 15N in N2O (Toyoda
et al., 2011; Köster et al., 2013). Pérez et al. (2001) estimated the key
N2O production pathways by comparing the calculated enrichment fac-
tors ε(15N) (the difference between δ15N values of the emitted N2O and
the substrate NH4

+ or NO3
−)with published values for different N2O pro-

duction processes. We also calculated ε(15N) for N2O of each site, as-
suming that N2O was produced either from NIT, DNF, nitrifier DNF or
fungal DNF. Most of the calculated ε(15N) values were within the
range of the published DNF enrichment factors, suggesting that DNF
was the dominant pathway of N2O production in the study area
(Fig. S4). Nevertheless, the quantitative estimation of N2O production
based on the enrichment factors of δ15N alone remains difficult because
several uncertain processes occur simultaneously in natural ecosystems
(Toyoda et al., 2011).

In addition, the variation of δ18O-N2O is more complicated than
δ15N-N2O, because it is affected not only by the original O-atoms
(NO2

−, NO3
−, soil water and O2) and related N transformation processes,

but also by O-isotope exchange with the soil water (Zou et al., 2014;
Lewicka-Szczebak et al., 2016). In this study, the observed δ18O values
of N2O varied from 42.39 to 53.17‰ and were higher than those of
NO3

− (−3.60 to 1.61‰). This result primarily resulted from O exchange
with water and the enrichment of 18O during N2O reduction process
(Lewicka-Szczebak et al., 2014; Zou et al., 2014). However, we only
measured δ18O of the substrate NO3

−, and the information on the enrich-
ment factors ε(18O) is limited. Therefore, the uncertainty remains for
the identification of the O sources in the emitted N2O (Park et al., 2011).

In contrast to δ15N and δ18O of N2O, SP does not depend on the pre-
cursor isotope signatures, but on the microbial production and con-
sumption processes of N2O (Sutka et al., 2003). Numerous studies
have confirmed that the SP value is a promising indicator for the identi-
fication of N2O production pathways (Maeda et al., 2010; Zou et al.,
2014; Gil et al., 2017). The SP values (6.66 ± 0.77 to 15.43 ± 2.53‰)
of the emitted N2O at our study sites are in the range of those obtained
from other ecosystems (−39.8 to 58.0‰) (Table S5). In general, we
would expect a positive correlation between δ15N-N2O and δ18O-N2O
with SP-N2O in the case of a pronounced N2O reduction (Well et al.,
2006). In this study, δ18O-N2O was positively related to SP-N2O (r =
0.58, p b 0.05), but no correlation was observed between δ15N-N2O
and SP-N2O (r = −0.22, p N 0.05) (Fig. S3). These relationships indi-
cated that the imprint from N2O reduction might be masked by the
N2O production processes and its precursor isotope (Well et al., 2006).
N2O reduction often occurs in redox-dynamic environments, which af-
fects the estimation of the N2O production processes (Park et al.,
2011; Ishii et al., 2014). To overcome this problem, the effect of N2O re-
duction was considered based on SP and δ15N of N2O (Toyoda et al.,
2011). In addition, the cycloheximide (CYH) addition experiments sug-
gested that theN2Oproduction by fungiwas low (Table S1).We thus as-
sumed that the contribution of fungal DNF to N2O production was
negligible. Our results show that bacterial DNF was the dominant path-
way (approximately 78 to 97%), and NH2OH oxidation also contributed
substantially to N2O production (approximately 3 to 22%) (Fig. 6),
which supports an earlier report suggestingN2Oproduction in intertidal
soil was not only derived from DNF, but also from other N transforma-
tion processes (Wang et al., 2007). At present, it is difficult to distinguish
the relative contributions of the nitrifier DNF and DNF processes to N2O
production based on SP values (Toyoda et al., 2011; Zou et al., 2014), so
further studies should be conducted to solve this question and consider
these processes separately to more robustly reveal their potential con-
tributions to N2O production.
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The spatial variability of N2O production processes was observed in
intertidal wetlands of the Yangtze Estuary (Fig. 6), which could also be
explained in part by soil environmental factors (Well et al., 2006;
Köster et al., 2011; Park et al., 2011). Our results showed that FNH2OH ox-

idation increased slightly across the Yangtze Estuary (from sites A to F),
especially in the summer (Fig. 6). Theoretically, higher NH4

+ concentra-
tions can provide substrates for ammonia oxidation process and en-
hance N2O production via NH2OH oxidation pathway (Wunderlin
et al., 2013; Ma et al., 2017). Indeed, higher NH4

+ concentrations were
observed at the upper estuarine sites (Table 1), which might lead to
an increasing trend of FNH2OH oxidation from sites A to F. Due to the kinetic
isotope fraction effects, ammonia oxidation can result in an enrichment
of 15N in the residual NH4

+ (Casciotti et al., 2003;Well et al., 2006). Base
on this principle, higher δ15N-NH4

+ signatures should also be observed
at the upper estuarine sites, but it was not the case (Table 1). One pos-
sible explanation for this result was that soil NH4

+ in upper estuarine
zones derived greatly from organic matter mineralization (Wu et al.,
2015; Murray et al., 2018). In addition, the highest FNH2OH oxidation was
not observed at site D, although the maximal NH4

+ concentration was
detected there, which might be attributed to the limitation of the oxy-
gen level (Ma et al., 2017). The mechanism of the pH influence on am-
monia oxidation contribution to N2O production is not well
understood, but previous studies show that the potential NIT rates are
negatively related to the pH (Hu et al., 2015). Thus, an increasing ten-
dency of FNH2OH oxidation along the decreasing soil pH gradient (from
sites A to F) can be postulated. In this study, only soil bulk density was
found to be associated with FNH2OH oxidation (Table S4), which also indi-
cated that the factors influencing FNH2OH oxidation were various. In con-
trast, Fbacterial DNF generally showed a decreasing trend from sites A to
F (Fig. 6). However, we did not distinguish the relative importance of ni-
trifier DNF and DNF to N2O production, and the underlyingmechanisms
affecting the variations in bacterial DNF should be further explored.

Notably, the results of our experiment represent a snapshot of soil
N2O emission dynamics in the estuarine and intertidal wetlands. How-
ever, the environmental conditions in these ecosystems vary greatly
due to the tidal action, which could affect the N dynamic on a time
scale of several hours (Capooci et al., 2019). Meanwhile, a relatively
long-term incubation (such as 6 h) in this study might change the pres-
sure within the static chambers, which could also influence the N2O
emission (Lund et al., 1999). Considering these limitations, our future
efforts should be improved by in situ field experiments and increasing
temporal coverage, which may help discern the high variability of N2O
emission under the tidal cycle. In addition, N2O source partitioning
based on isotopic signatures is probably approximate, and the future
study is required to combine with other complementary approaches
(Ishii et al., 2014; Duan et al., 2017). Nevertheless, natural-abundance
isotopes provide valuable information about the N2O dynamics in estu-
arine and coastal wetlands, which helps us understand the drivers of
N2O emission.

5. Conclusion

This study revealed the N2O emission dynamics in the soils of estua-
rine and intertidal wetlands. The N2O emission rates were driven by the
gross N2O production and consumption processes simultaneously, with
a significant spatio-temporal variation. N2O consumption was quite
pronounced in such ecosystems, indicating that N2O emission accounts
for only a small fraction of the total production. NH2OH oxidation
(2.42–26.23%) was of substantial importance in N2O production, even
though bacteria DNF (78.22–97.36%) was the dominantmicrobial path-
way. Soil pH, Fe2+/Fe3+, and sulfide and substrate availability were the
underlying factors influencing the N2O production and consumption
processes. Overall, this study provides a valuable perspective on the
mechanisms controlling N2O cycling and illustrates that the natural iso-
tope analyses are promising tools for identifying the N2O dynamics in
estuarine and intertidal ecosystems.
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