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A B S T R A C T  24 

Increased anthropogenic input of nitrogen into coastal creeks make them potential hotspots 25 

for N2O production and emission, but they are often excluded from regional and global N2O 26 

budget, and high-resolution sampling is required to characterize the strong spatiotemporal 27 

heterogeneity within the creeks. In this study, we analyzed the N2O concentration and diffusive 28 

N2O flux within a coastal creek in the Shanyutan Wetland in southeastern China in high spatial 29 

resolution across four seasons. Ancillary hydrographical variables and N2O-related functional 30 

gene abundances were also measured. Results showed that the creek was consistently 31 

oversaturated in N2O, at a seasonal average of 5.6-14.2 nmol L-1, relative to the overlying 32 

atmosphere. The spatial distribution of N2O followed the gradient of nitrogenous substrate but 33 

was inversely related to the salinity gradient, and the coefficient of spatial variation of N2O flux 34 

ranged from 66.3% to 116.5%. Nitrite reduction (based on nirK and nirS gene abundances) and 35 

ammonia oxidation (AOA amoA and AOB amoA) appeared to outpace N2O reduction (nosZ I and 36 

nosZ II), and these were the main microbial processes that determined N2O concentration and 37 

flux. Both N2O concentration and flux were substantially higher in autumn than those in the other 38 

seasons, but that did not appear to be related to precipitation. N2O diffusive flux from the creek 39 

averaged 322.2 nmol m−2 h−1, which was over 2 times higher than the global average for lakes 40 

and reservoirs. Our results highlight that coastal creeks are strong atmospheric N2O sources with 41 

high spatiotemporal variability. 42 
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1. Introduction 

The greenhouse gas nitrous oxide (N2O) not only contributes to global warming, but it also 

depletes stratospheric ozone (Ravishankara et al., 2009; Bahram et al., 2022). In 2022, the 

global mean concentration of atmospheric N2O reached 335.8 ppbv (WMO, 2023), exceeding 

the pre-industrial level by ~24%. Microbial nitrification and denitrification within soil and 

water are the main N2O production processes in nature (Beaulieu et al., 2015; Maher et al., 

2016; Toyoda et al., 2016; Hutchins and Capone, 2022). Approximately 20% of the global N2O 

emission is believed to originate from marine habitats (Tian et al., 2020), of which ~60% is 

from the coastal regions (Bange et al., 1996). 

Coastal wetlands play key roles in nitrogen cycling (Bowden, 1986; Murray et al., 2015; 

Plummer et al., 2015; Wang et al., 2018) thanks to their high accretion rate and organic 

deposition (Chmura et al., 2003; Cloern et al., 2016; Zhang et al., 2016; Schulz et al., 2023). 

Many coastal wetlands are irrigated by creeks that channel materials (e.g., water, nutrients, 

sediments, etc.), energy and information across the land (Green and Hancock, 2012; Pieterse et 

al., 2016; Wu et al., 2020). Waste discharge from domestic, farming and industrial activities 

upstream often leads to an elevated nitrogen level within these creeks (Lu et al., 2023; Sanger 

et al., 2015; Wessel et al., 2022), making them potential hotspots for N2O production and 

emission. Different functional microbial communities may drive N2O production (Bahram et 

al., 2022; Yang et al., 2023; Zhou et al., 2023), but the relevant data for coastal creeks are rare. 

Despite its relatively small areal coverage, a meandering creek running across a wetland 

is subject to varying degrees of fresh- and salt-water input, sedimentation, biological and 

ecological activities along its length, creating a heterogeneous and biogeochemically active 



micro-geomorphological feature (Sanderson et al., 2000; Vandenbruwaene et al., 2016; Wu et 

al., 2020). Low-resolution spatial sampling commonly done in the literature therefore may not 

be sufficient to properly characterize these highly heterogeneous systems (e.g., Barnes et al., 

2006; Ferrón et al., 2007; Maher et al., 2016; Tan et al., 2021).  

We conducted high spatial resolution sampling in a coastal creek in the Shanyutan Wetland 

in southeastern China over four seasons, including dissolved N2O concentration, diffusive N2O 

flux, relevant microbial functional gene abundances, and ancillary hydrographical variables. 

The aim was to characterize the biological and environmental drivers of spatiotemporal 

distributions of N2O along the creek. We hypothesized that N2O distribution and emission were 

highly heterogeneous in time and in space within the creek, and that coastal creeks play an 

important role in N2O emissions on a per unit area basis.  

2. Materials and methods 

2.1. Study area and water sampling 

This research took place in a coastal creek (Figure 1c) within the Shanyutan Wetland of 

southeastern China (coordinates: 26°00′36′′N to 26°03′42′′N, 119°34′12′′E to 119°41′40′′E; 

Figure 1b). The dominant vegetation includes Phragmites australis, Scirpus triqueter and 

Cyperus malaccensis. The region is influenced by a subtropical monsoonal climate, 

characterized by an average yearly air temperature of 19.6 oC and annual rainfall of 1,350 mm 

(Yang et al., 2021a). The creek is 4.05 km long and 50-150 m wide, with an average diurnal 

tidal range of 2.5–6.0 m. Substantial quantities of organic matter and nutrients are channeled 

into the creek from upstream through embankments equipped with sluices (Figure 1c). 

Field sampling was conducted on 22nd October 2022 (autumn), 23rd February 2022 



(winter), 23rd April 2023 (spring) and 21st June 2023 (summer). All the sampling work was 

done between 8:00 a.m. and 10:00 a.m. at flood (slack) tide when the water depth was 

sufficiently deep to navigate through and water flow was minimal. A total of 27 sites at an 

interval of ~150 m were sampled in each of the seasons. At each site, water sample from 20-

cm depth was collected in triplicates using 150-mL polyethylene bottles for measuring total 

dissolved nitrogen (TN), NO3
--N and NH4

+-N and N2O-related functional gene abundances. To 

measure dissolved N2O concentration, additional triplicate water samples were taken at each 

site using a syringe fitted with a three-way valve into 55-mL pre-evacuated air-tight serum glass 

bottles (Tan et al., 2021). Atmospheric gas samples were also collected at each location and 

stored in 50 mL aluminum-foil bags for gas sampling (Dalian Delin Gas Packing Co., Ltd., 

China). These samples were transported back to the laboratory in a cooler within 4-6 h and 

analyzed within 72 h.  

2.2. Physical and chemical measurements  

At each site, we measured at 20-cm depth the water temperature (TW) and dissolved 

oxygen (DO) with a multiparameter probe (550A YSI, USA), salinity with a salinity meter 

(Eutech Instruments-Salt6, USA), and pH with a pH meter (Orion-868, USA). 

In the laboratory, water subsamples were passed through 0.45-μm cellulose acetate filters 

(Biotrans™ nylon membranes), and the filtrates were analyzed for TN, NH4
+-N and NO3

—N 

using a flow injection analyzer (Skalar Analytical SAN++, The Netherlands). The detection 

limits for TN, NH4
+-N and NO3

—N were 3.0, 0.6 and 0.6 μg L-1, respectively; the relative 

standard deviation ranged from 2.0% to 3.0%. 

2.3. DNA extraction and quantitative PCR 



We filtered 100 mL of each water sample through a 0.22-μm cellulose nitrate membrane. 

Afterward, we used the FastDNA™ Spin Kit for Soil (MP Biomedicals, USA) to extract DNA 

from the membrane, following the manufacturer’s instructions. DNA quantity and quality were 

checked using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). 

The CFX384 Optical Real-Time Detection System (Bio-Rad Laboratories Inc., Hercules, 

CA, USA) was used to measure the essential functional genes for N2O dynamics, including 

those responsible for nitrite reduction (nirK, nirS), ammonia oxidation (AOA amoA, AOB 

amoA), and the reduction of nitrous oxide (nosZ Ⅰ and nosZ Ⅱ). Standard curves were obtained 

by employing plasmid DNA from a single representative clone that carried each specific gene. 

In every reaction, the 10 µl mixture contained 5 µl of SYBR qPCR master mix (Vazyme, China), 

0.25 µl for each primer utilized, and 1 µl of the DNA template (approximately 1–10 ng of DNA). 

Sterilized distilled water was run as the negative control. Details of the gene-specific primers 

and thermal settings are shown in Table S1. Amplification consistently produced a single peak, 

and the efficiency of amplification ranged from 80% to 102%, accompanied by R2 values 

spanning from 0.993 to 0.999. 

2.4. Measurement of N2O concentrations   

The concentrations of dissolved N2O (CN2O) were determined via the headspace 

equilibration technique (e.g., Davidson et al., 2015; Zhang et al., 2023). Briefly, subsurface 

water at 20-cm depth was collected bubble-free with a syringe, immediately placed into 55-mL 

pre-evacuated serum glass bottles, which were then sealed airtight. Afterward, approximately 

~0.5 mL of saturated HgCl2 solution was added to stop microbial processes (Davidson et al., 

2015; Liang et al., 2023). In the laboratory, nitrogen gas (>99.999% purity) was injected into 



each bottle to displace 25 mL of the water. The bottles were shaken on an oscillator (IS-RDD3, 

China) for 10 min to facilitate an equilibrium between the gaseous and liquid phases (Yang et 

al., 2022a). After a 30-min delay, 5 ml of the headspace gas was extracted with a syringe and 

injected into a Shimazu GC-2014 gas chromatograph (Kyoto, Japan) fitted with an electron 

capture detector to measure N2O. Atmospheric gas samples collected on site were injected 

directly into the gas chromatograph. The in situ dissolved N2O concentration (nmol L−1) was 

calculated from the measured headspace N2O concentration and the Bunsen solubility 

coefficient for N2O based on temperature and salinity (Weiss and Price, 1980; Yang et al., 

2022a). Saturation of N2O (SN2O, %) in the creek’s surface water was calculated as: 

)1(                                                  %100)α/( AWN2O = CCS
 

where CN2O was the measured concentration of dissolved N2O (CN2O, nmol L-1) in the 

surface water; CA was the concentration of atmospheric N2O (nmol L-1) at the sampling site; α 

was the Bunsen coefficient. 

2.5. Calculations of water-to-air diffusive N2O fluxes     

Diffusive N2O fluxes (FN2O, nmol m-2 h-1) were calculated from the thin boundary-layer 

model (Liss and Slater, 1974; Que et al., 2023), based on the water-air N2O concentration 

gradient and the N2O transfer velocity (Liang et al., 2023; Musenze et al., 2014; Wang et al., 

2020), as follows: 

)2(                                                  )( eqwaterN2O CCkF x −=
 

where Cwater was the measured concentration of dissolved N2O (CN2O, nmol L-1) in the 

surface water; Ceq was the concentration of dissolved N2O (nmol L-1) at equilibrium with the 

atmosphere calculated from the on-site atmospheric N2O concentration and Bunsen coefficient. 



kx was the transfer velocity of N2O (m h-1) based on the model of Raymond and Cole (2001) 

because of their study environment (estuary) being the most comparable to our coastal creek:   

)3(                                               )600/(91.1 2/135.0 10 −= Scek
U

x  

where U10 was the wind velocity at a 10 meter height above the creek (m s-1) devoid of 

friction effects (Crusius and Wanninkhof, 2003). Sc was the Schmidt number for N2O calculated 

as (Wanninkhof, 1992): 

)4(                            059431.07364.41.1511.2301 32

N2O tttSc −+−=
 

where t was the temperature of the surface water (oC). 

2.6. Statistical analysis 

Two-way analysis of variance (ANOVA) was conducted in SPSS 25.0 (IBM, Armonk, NY, 

USA) to test for the effects of sampling locations, seasons and their interactions on various 

environmental variables, dissolved N2O concentration and N2O diffusive flux. Significant 

differences in various functional genes abundances over seasons were tested using Kruskal-

Wallis test non-parametric methods. The relationships among the different variables were 

explored using Spearman correlation analysis in the R vegan package (R Foundation for 

Statistical Computing, 2013). Redundancy analysis (RDA) was conducted using CANOCO 5.0 

(Microcomputer Power, Ithaca, USA) to assess the relative influence of different environmental 

parameters on dissolved N2O concentration and N2O diffusive flux. Partial least square 

structural equation modeling (PLS-SEM) was employed using the R ‘semPLS’ package (R 

Foundation for Statistical Computing, 2013) to identify the direct or indirect influences of 

different environmental variables on dissolved N2O concentration and N2O diffusive flux. 

Spatial interpolation of field data was done using the Kriging method in the software ArcGIS 
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10.2 (ESRI Inc., Redlands, CA, USA). Results were reported as the average ± standard error 

(SE), unless specified differently. A significance level of p < 0.05 was applied for all statistical 

evaluations.         

3. Results 

3.1. Spatiotemporal distributions of N2O  

The concentrations of N2O in the creek’s surface water (CN2O) exhibited significant spatial 

variability, with the coefficient of variation ranging from 28.3% to 105.1%. Overall, the mean 

CN2O in the creek was significantly higher near the sluice gate, and decreased significantly 

toward the sea (p<0.001; Figure 2a–d). CN2O also varied significantly between seasons 

(Fdf=3=7.927, p<0.001). The seasonal average CN2O varied between 5.6 ± 0.3 nmol L−1 and 14.2 

± 2.5 nmol L−1, with the highest concentration recorded in autumn, followed by summer, winter 

and spring (Figure 3a).  

Across all seasons and sites, the surface water was oversaturated in dissolved N2O relative 

to the air (Figure S1), making the creek a net source of atmospheric N2O. The diffusive N2O 

flux (FN2O) varied between 6.6 nmol m−2 h−1 and 2698.6 nmol m−2 h−1, and averaged 322.2 ± 

163.8 nmol m−2 h−1 throughout the study.  

Similar to CN2O, FN2O exhibited remarkable spatial variations, with highest values near the 

sluice gate and it decreased along the creek toward the sea (Figure 2e–h). Seasonally, the highest 

FN2O was observed in autumn with a mean value of 813.4 ± 182.4 nmol m−2 h−1 (Figure 3b), 

which was more than four times higher than the other seasons (Fdf=3=12.578, p<0.001). 

3.2. Nitrogenous substrates and functional gene abundances  

The spatial data on nitrogenous substrates (TN, NH4
+-N and NO3

--N) and abundances of 



functional genes related to N2O dynamics (AOA amoA, AOB amoA, nirK, nirS, nosZ I, and 

nosZ II) in the creek’s surface water are shown in Figure 4 and Figure 5, respectively. Both the 

concentrations of nitrogenous substrates and copy numbers of functional genes decreased along 

the direction from land to sea in all four seasons. 

The seasonal variations in nitrogenous substrates concentrations and functional gene 

abundances during the study period are shown in Table 1 and Table 2. TN, NH4
+-N and NO3

--

N concentrations decreased in the order of autumn > spring > winter > summer (Table 1). For 

N2O-related functional genes, we observed generally higher AOA amoA, AOB amoA and nosZ 

II in winter (p<0.05 or <0.01; Table 2), and higher nirK, nirS, nosZ I in autumn and winter 

(p<0.05 or <0.01; Table 2).     

3.3. Physicochemical properties of surface water    

The physicochemical characteristics of the creek’s surface water varied by location and 

season (Figure S2). While TW and pH showed no significant variation across the different 

sampling locations (p>0.05), DO concentration and salinity increased noticeably along the 

creek from land to sea.  

Across the four seasons, TW was highest in summer (30.4 oC), followed by autumn (22.1 

oC), spring (21.3 oC) and winter (12.6 oC) (Figure S2). We observed generally higher DO in 

winter (8.4 mg L-1) and spring (8.5 mg L-1), and higher salinity in winter (8.8‰) (Figure S2). 

The mean pH did not show significant seasonal variation (p>0.05; Figure S2).  

3.4. Environmental drivers of N2O concentration and diffusive flux  

CN2O and FN2O correlated positively with TW, nitrogenous substrates and N2O-related 

functional gene abundances (p<0.01), but negatively with DO and salinity (p<0.01) (Table S2). 



pH did not correlate significantly with either CN2O or FN2O (Table S2). 

We used RDA and PLS-SEM analyses to identify the main environmental drivers of the 

spatiotemporal variations in CN2O or FN2O. Overall, environmental parameters explained 96.1% 

of the variances in CN2O or FN2O among all data (Figure 6a). nirS, nitrogenous substrates and 

salinity together explained 87.6% of the variations (Figure 6b). According to PLS-SEM 

analysis, CN2O was influenced positively by nirS and NO3
--N and negatively by salinity (Figure 

7a); nirS had the largest magnitude of influence on CN2O and FN2O (Figure 7b).  

4. Discussion 

4.1. Coastal creek as an atmospheric N2O source  

The surface water was oversaturated in N2O relative to the atmosphere along the entire 

creek, making it a net source of atmospheric N2O (Figure S1). N2O diffusive flux from the creek 

ranged from 6.6 to 2698.6 nmol m−2 h−1 with a mean of 322.2 nmol m−2 h−1 (Figure 3b), which 

was substantially lower than that observed in salt marshes (629.5–3947.8 nmol m−2 h−1; Wang 

et al., 2018; Yang et al., 2022b) and the nearby aquaculture ponds (975.0 nmol m−2 h−1; Yang et 

al., 2022b). However, it was much higher than that from mangrove wetlands (e.g., Wang et al., 

2015; Murray et al., 2018; Comer-Warner et al., 2022; Ma et al., 2023) and eutrophic estuaries 

in the temperate and subtropical regions (Burgos et al., 2017; Li et al., 2022; Huertas, 2018; 

Wells et al., 2018; Sturm et al., 2017). More broadly, the average N2O flux from our creek was 

over 2 times higher than the global mean value for lakes and reservoirs in the tropical and polar 

regions (Hu et al., 2016). Similar to previous findings (e.g., Barnes et al., 2006; Ferrón et al., 

2007; Tan et al., 2021), our results suggest that coastal creeks are strong N2O emitters per unit 

area, but they are often excluded from regional and global N2O budgets.       



4.2. Spatial distributions of N2O and relevant microbial processes  

Microbial production of N2O in situ can be stimulated by the supply of substrates (Bahram 

et al., 2022; Li et al., 2021; Yang et al., 2023), subsequently increasing N2O emission to the 

atmosphere (Amaral et al., 2021; Liang et al., 2023; Xiao et al., 2019a; Yang et al., 2021b). Soil 

N2O production alongside the creek can also be influenced by vegetation types, adding to the 

spatial variability in dissolved N2O along the creek (Chen et al., 2007; Espenberg et al., 2024). 

Our high-resolution sampling revealed a strong spatial heterogeneity in N2O concentration, % 

saturation and flux along the creek (Figure 2). N2O concentration tended to be higher upstream 

matching the spatial distribution of nitrogenous substrates (Figure 4), similar to the findings in 

estuaries (Amaral et al., 2021; Huertas et al., 2018; Liu et al., 2022; Xiang et al., 2023), and 

was likely caused by waste discharge through the sluice gate at the head of the creek. Some 

previous studies sampled only one or a few fixed points along a creek (e.g., Barnes et al., 2006; 

Ferrón et al., 2007; Maher et al., 2016; Tan et al., 2021), which would have mischaracterized 

the true extent of N2O production and emission, especially in creeks strongly influenced by 

terrestrial discharge. 

Nitrite reduction and ammonia oxidation are two important steps in microbial production 

of N2O (Bahram et al., 2022; Kozlowski et al., 2014; Zhou et al., 2023). While we did not have 

in situ N2O production data, we may use the abundances of the relevant function genes (AOA 

amoA and AOB amoA for ammonia oxidation; nirK and nirS for nitrite reduction) as proxies 

(Figure 5a-p). Overall, their spatial distributions along the creek tracked the distributions of 

nitrogenous substrates quite closely (Figure 4). Nitrite reduction is favored in low-oxygen 

environment (Murray et al., 2015; Venterea et al., 2007); therefore, it is no surprise that higher 



abundances of nirK and nirS genes were found upstream where DO was substantially lower 

(Figure S2b). Both ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA) 

can produce N2O from NH3 (Prosser et al., 2020). While it may seem counterintuitive that amoA 

gene abundances were higher in the low-oxygen part of the creek (Figure 5a-h), both field and 

laboratory studies by others have shown that N2O production via ammonia oxidation actually 

increased when dissolved oxygen decreased to near anoxia (Prosser et al., 2020; Zhu-Barker et 

al., 2013). Between nitrite reducers and ammonia oxidizers, our RDA and PLS-SEM analyses 

suggested that the former played a much stronger role in determining N2O production along the 

creek (Figures 7, 8).  

Conversely, microbial reduction of N2O to N2 could decrease N2O in the water, and the 

process is driven by enzymes encoded by nosZ I and nosZ II genes. Because this enzymatic 

process is favored by low-oxygen condition, the spatial distributions of nosZ genes (Figure 5q-

x) also followed the distribution of DO and were strongly correlated to N2O (Table S2). Despite 

the fact that the copy numbers of the nosZ genes were of similar magnitudes to the genes for 

N2O production, the large accumulation of dissolved N2O upstream suggests that microbial N2O 

production rate still outpaced N2O reduction rate. 

The coastal creek was directly affected by terrestrial freshwater discharge on one end and 

saltwater intrusion on the other, creating a salinity gradient along the creek (Figure S2d). Other 

studies have shown that high salinity induces ionic stress (Chambers et al., 2013; Neubauer et 

al., 2013) or inhibits microbial and enzymatic activities (Francis et al., 2003; Wang et al., 2010; 

Yang et al., 2022b), thereby reducing N2O production from sediment and water column 

(Rysgaard et al., 1999; Xiang et al., 2023; Wang et al., 2018) and subsequent emission. Likewise, 



our results showed a significantly negative correlation between N2O concentration (and flux) 

and salinity (Table S2). The abundance of microbial functional genes (Figure 5) and salinity 

(Figure S2d) also showed opposite spatial gradients. These observations suggest that salinity 

played a key role in regulating N2O biogeochemical processes in the coastal creek, as was 

confirmed by our PLS-SEM analysis (Figure 7).    

4.3. Temporal distributions of N2O flux and their regulating factors   

N2O diffusive flux from the creek exhibited distinct seasonal variations, with a 

substantially higher emission in the autumn (Figure 3b). Although previous studies have shown 

a positive correlation between temperature and N2O production in aquatic systems (Tian et al., 

2017; Hinshaw and Dahlgren, 2013; Yang et al., 2021b; Shrestha and Wang, 2018), we found 

that water temperature had an insignificant effect on N2O concentration and flux (Table S2). 

This perhaps reflects the fact that nitrogenous substrate availability outweighed the effect of 

water temperature (Xiao et al., 2019b; Davidson et al. 2015; Capodici et al., 2018), similar to 

observations in other water bodies under strong anthropogenic influences (Xiao et al., 2019b; 

Audet et al., 2017; Hama-Aziz et al., 2017).  

Some researchers suggested that intense rainfall may lead to an increased transfer of 

nutrients and greenhouse gases from the catchment to the water bodies (Xiao et al., 2021; Einola 

et al., 2011; Sinha et al., 2017; Dinsmore et al., 2013), with the consequence of increasing 

microbial greenhouse gas production and subsequent emissions (Natchimuthu et al., 2014; Yu 

et al., 2017; Stanley et al., 2016). To explore this possibility, we used precipitation data from 

an automated weather station situated at the Min River Estuary as a part of the China Wetland 

Ecosystem Research Network, and plotted it against N2O concentration and flux, which showed 



opposite relationships to what was expected (Figure S3). Therefore, we posit that higher 

precipitation may have diluted the substrates (Figure 4) and microbes (Figure 5) that drove in 

situ biogeochemical reactions, similar to observations in riverine (He et al., 2017) and lentic 

systems (Holgerson, 2015; Outram and Hiscock, 2012.Yang et al., 2021b). 

5. Conclusions and recommendations 

A recent synthesis study has raised the estimate of global contribution of N2O emission 

from coastal waters (Tian et al., 2020). However, the global N2O budget remains highly 

uncertain due to the limited types of systems being studied and low data resolution. Along with 

previous findings (Barnes et al., 2006; Ferrón et al., 2007; Tan et al., 2021), this study showed 

that coastal creeks are important habitats for N2O production and emission, and should be 

included in the regional and global N2O budget. Meanwhile, our data revealed a strong spatial 

heterogeneity in N2O concentration and flux (coefficient of variation 66.3–116.5%) as well as 

distinct seasonal variations. As such, low-resolution sampling in space and in time would 

grossly mischaracterize N2O contributions from coastal creeks, especially those under strong 

anthropogenic influences.  

While our data showed that the coastal creek was a strong N2O emitter, we may have 

underestimated the magnitude of N2O emission for several reasons. The water level in the creek 

was influenced by the tidal cycle. Due to logistical constraints, we were only able to do our 

field sampling at high water during the day. The literature has shown that release of N2O from 

sediment is stronger at low tide when hydrostatic pressure drops (Barnes et al., 2006). Similarly, 

some researchers observed higher N2O emission from rivers at night than in the day (Laursen 

and Seitzinger, 2004). Therefore, our measurements may have underestimated N2O emission 



from the creek. Additional sampling during low-water and at night would further improve the 

spatial and temporal resolutions of N2O distribution within the creek. 

In addition to N2O, the substrate-rich, low salinity and low oxygen conditions especially 

upstream may also promote methanogenesis. However, denitrifiers and methanogens may 

compete against each other for electron donors (Achtnich et al., 1995), and some research has 

shown anaerobic methane oxidation coupled with nitrite reduction as a methane sink in coastal 

environments (Shen et al., 2016). While we did not collect methane data in the present study, 

this inhibitory effect on methanogenesis, if proven, may partially mitigate the overall climate 

impact of the creek.  
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Table 1  

Summary of ANOVAs examining the seasonal effect on nitrogenous substrate in the 

surface water at a coastal creek in the Shanyutan Wetland, southeastern China. Within 

each column, different letters indicate significant differences (p<0.05) between seasons. 

Seasons 
Nitrogenous substrate (mg L-1) 

TN NO3
--N NH4

+-N 

Autumn 2.81±0.31a 1.46±0.05a 1.35±0.26a 

Winter 1.84±0.05bc 0.94±0.03c 0.56±0.05b 

Spring 2.12±0.07b 1.24±0.01b 0.76±0.05b 

Summer 1.62±0.10c 0.84±0.05c 0.44±0.04b 
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Table 2  1 

Summary of non-parametric methods examining the seasonal effect on microbial functional 2 

gene abundances in the surface water at a coastal creek in the Shanyutan Wetland, southeastern 3 

China. Within each column, different letters indicate significant differences (p<0.05) between 4 

seasons. 5 

Seasons 

Microbial functional gene abundances (copies L-1) 

AOA amoA 

(× 105) 

AOB amoA (× 

107) 
nirK (× 107) nirS (× 107) nosZ I (× 109) 

nosZ II (× 

107) 

Autumn 4.18±0.29a 4.13±0.31a 34.3±3.93a 25.2±4.04a 6.17±0.42a 4.18±0.47a 

Winter 2.52±0.18b 3.14±0.23b 17.2±2.60b 12.8±1.52b 4.86±0.39b 2.57±0.29b 

Spring 3.00±0.39b 2.26±0.13c 6.47±0.29c 6.64±0.31c 0.39±0.02c 2.47±0.17b 

Summer 3.17±0.20b 2.63±0.21bc 6.56±0.82c 9.09±0.75bc 0.42±0.05c 3.57±0.26a 

 6 

  7 
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 8 

Figure 1. Map of study area in southeastern China (a) showing the coastal creek within the 9 

Shanyutan Wetland (b) and the sampling sites (c).10 
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 11 

Figure 2. Spatial distributions of surface-water dissolved N2O concentration (CN2O; a-d) and 12 

water-to-air diffusive N2O flux (FN2O; e-h) in different seasons along the coastal creek in the 13 

Shanyutan Wetland, southeastern China.14 
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 15 

Figure 3. Box plots of seasonal data for (a) dissolved N2O concentration and (b) water-to-air diffusive N2O flux in the coastal creek. 16 

The boxes, square, and whiskers represent the 25th–75th percentiles, mean and standard deviations, respectively. Number underneath 17 

each box is the seasonal mean value. Different letters above the boxes indicate significant differences between seasons (p<0.05).18 
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 19 

Figure 4. Spatial distributions of nitrogenous substrates: TN (a-d), NH4
+-N (e-h) and 20 

NO3
--N (i-l) in the surface water of the coastal creek in the Shanyutan wetland, 21 

southeastern China.22 
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 23 

Figure 5. Spatial distributions of gene abundances: AOA amoA (a-d), AOB amoA (e-h), nirK (i-l), nirS (m-p), nosZ I (q-t) and nosZ II (u-x) in the 24 

surface water of the coastal creek in the Shanyutan Wetland, southeastern China.25 
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(a) (b)

 26 

Figure 6. Results of redundancy analysis (RDA) between dissolved N2O concentration 27 

(CN2O), diffusive N2O flux (FN2O) and environmental variables (a). The pie chart (b) 28 

shows the percentages of variance in CN2O and FN2O explained by the different variables.29 
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30 

Figure 7. Partial least square structural equation modeling (PLS-SEM) assessing the 31 

direct and indirect effects of environmental variables on dissolved N2O concentration 32 

(CN2O) and N2O diffusive flux (FN2O). Blue and red arrows indicate significantly positive 33 

and negative effects, respectively. Numbers adjacent to the arrows are standardized path 34 

coefficients indicating the effect size of the relationships. R2 represents the variance 35 

explained for the target variables. Bar graph shows the relative influence of the 36 

environmental variables on CN2O and FN2O. * p < 0.05; ** p < 0.01. 37 
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Figure S1 Spatial distributions of surface-water N2O % saturation (SN2O) in the coastal creek in the 75 

Shanyutan Wetland, southeastern China.76 
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Figure S2 Spatial distributions of surface-water temperature (Tw; a), dissolved oxygen (DO, b), salinity (c) and pH (d) in the coastal creek in the Shanyutan 78 
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Wetland, southeastern China. Data are after Yang et al. [unpublish] for reference and review only.79 Commented [KT3]: Dr Yang, do you intend to remove it 

from the final (published) version? Because the 

environmental data are a key part of the data analysis and 

Figure S2 is mentioned multiple times in the text, I think it is 

necessary to keep this figure in the final (published) version. 



 

 S48 

80 160 240 320 400 480

4

8

12

16

20

80 160 240 320 400 480

0

300

600

900

1200

N
2
O

 c
o

n
c
e
n

tr
a
ti

o
n

 (
n

m
o

l 
L

-1
)

Precipitation (mm)

(a)

y = -0.0193x + 13.686

R2 = 0.55, p<0.01

N
2
O

 f
lu

x
 (

n
m

o
l 
m

-2
 h

-1
)

Precipitation (mm)

(b)

y = -434.6ln(x) + 2695.2

R2 = 0.62, p<0.01

80 

Figure S3 Relationship between dissolved N2O concentration, diffusive N2O flux and precipitation in the 81 

coastal creek in the Shanyutan Wetland, southeastern China. N2O concentration and flux data are from this 82 

study; precipitation data are taken from the Min River Estuary weather station as a part of the China Wetland 83 

Ecosystem Research Network.84 
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Table S1  85 

PCR primers and thermal cycling conditions used for gene quantification. 86 

Gene Primer Sequence Thermal conditions References 

AOA amoA Arch-

amoAF 

STAATGGTCTGGCTTAGACG 95°C, 3min；35×（95°C for 10 s, 55°C for 30 s, 72°C for 

45 s+ plate read）；Melt curve：65.0°C to 95.0°C, 

increment 0.5°C, 0:05+ plate read 

Francis et al., 2005 

Arch-

amoAR 

GCGGCCATCCATCTGTAT GT 

AOB amoA amoA-1F GGGGTTTCTACTGGTGGT 95°C, 3min；35×（95°C for 10 s, 55°C for 30 s, 72°C for 

45 s+ plate read）；Melt curve：65.0°C to 95.0°C, 

increment 0.5°C, 0:05+ plate read 

Rotthauwe et al., 1997 

amoA-2R CCC CTC KGS AAA GCCTTCTTC 

nirS nirSCd3aF GTSAACGTSAAGGARACSGG 95°C, 3 min；35×（95°C for 10 s, 56 °C for 30 s, 72°C 

for 20 s+ plate read）；Melt curve：65.0°C to 95.0°C, 

increment 0.5°C, 0:05+ plate read 

Throbäck et al., 2004 

nirSR3cd GASTTCGGRTGSGTCTTGA 

nirK nirKF1aCu ATCATGGTSCTGCCGCG 95°C, 3 min；35×（95°C for 10 s, 56 °C for 30 s, 72°C Throbäck et al., 2004 
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nirKR3Cu GCCTCGATCAGRTTGTGGTT 

for 20 s+ plate read）；Melt curve：65.0°C to 95.0°C, 

increment 0.5°C, 0:05+ plate read 

nosZ I 

nosZ1840F 

CGCRACGGCAASAAGGTSMSS

GT 

95°C, 3 min；35×（95°C for 10 s, 58 °C for 25 s, 72°C 

for 20 s+ plate read）；Melt curve：65.0°C to 95.0°C, 

increment 0.5°C, 0:05+ plate read 

Henry et al., 2006 

nosZ2090R CAKRTGCAKSGCRTGGCAGAA 

nosZ II nosZ-II-F CTIGGICCIYTKCAYAC 95°C, 3 min；35×（95°C for 10 s, 54 °C for 30 s, 72°C 

for 40 s+ plate read）；Melt curve：65.0°C to 95.0°C, 

increment 0.5°C, 0:05+ plate read 

Jones et al., 2013 

nosZ-II-R GCIGARCARAAITCBGTRC 

87 
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Table S2 88 

Spearman correlation coefficients between dissolved N2O concentration (CN2O), diffusive N2O flux (FN2O) and environmental variables for the coastal 89 

creek in the Shanyutan Wetland, southeastern China. The symbols * and ** denote significant correlations at p < 0.05 and p < 0.01, respectively. TW, DO 90 

and TN represent water temperature, dissolved oxygen and total dissolved nitrogen, respectively.  91 

 TW DO pH salinity 

Nitrogenous substrates N2O-related functional gene abundances 

TN NO3
--N NH4

+-N 

AOA 

amoA 

AOB amoA nirK  nirS  nosZ I  nosZ II 

CN2O 0.478** 

-

0.921** 

-

0.361 

-

0.744** 

0.594** 0.514** 0.654** 0.752** 0.709** 0.604** 0.692** 0.350** 0.918** 

FN2O 0.300** 

-

0.797** 

-

0.242 

-

0.455** 

0.632** 0.602** 0.656** 0.735** 0.738** 0.748** 0.777** 0.526** 0.757** 

92 



 

 S52 

References 93 

Francis, C.A., Roberts, K.J., Beman, J.M., Santoro, A.E., Oakley, B.B., 2005. Ubiquity and 94 

diversity of ammonia oxidizing archaea in water columns and sediments of the ocean. P. Natl. 95 

Acad. Sci. USA 102, 14683–14688. https://doi.org/10.1073/pnas.0506625102 96 

Henry, S., Bru, D., Stres, B., Hallet, S., Philippot, L., 2006. Quantitative detection of the nosZ 97 

gene, encoding nitrous oxide reductase, and comparison of the abundances of 16S rRNA, narG, 98 

nirK, and nosZ genes in soils. Appl. Environ. Microb. 72, 5181–5189. 99 

https://doi.org/10.1128/AEM.00231-06 100 

Jones, C.M., Graf, D.R.H., Bru, D., Philippot, L., Hallin, S., 2013. The unaccounted yet 101 

abundant nitrous oxide-reducing microbial community: a potential nitrous oxide sink. ISME J. 102 

7, 417–426. https://doi.org/10.1038/ismej.2012.125 103 

Rotthauwe, J.H., Witzel, K.P., Liesack, W., 1997. The ammonia monooxygenase structural gene 104 

amoA as a functional marker: molecular fine-scale analysis of natural ammonia-oxidizing 105 

populations. Appl. Environ. Microb. 63, 4704–4712. https://doi.org/10.1128/aem.63.12.4704-106 

4712.1997 107 

Throbäck, I.N., Enwall, K., Jarvis, Å., Hallin, S., 2004. Reassessing PCR primers targeting nirS, 108 

nirK and nosZ genes for community surveys of denitrifying bacteria with DGGE. FEMS 109 

Microbiol. Ecol. 49, 401–417. https://doi.org/10.1016/j.femsec.2004.04.011 110 

 111 

https://doi.org/10.1128/AEM.00231-06
https://doi.org/10.1128/aem.63.12.4704-4712.1997
https://doi.org/10.1128/aem.63.12.4704-4712.1997

