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Abstract 15 

Continuous increases in atmospheric nitrous oxide (N2O) concentrations are a global 16 

concern. Both nitrification and denitrification are the major pathways of N2O production 17 

in soil, one of the most important sources of tropospheric N2O. The 17O excess (Δ17O) of 18 

N2O can be a promising signature for identifying the main pathway of N2O production in 19 

soil. However, reports on Δ17O are limited. Thus, we determined temporal variations in 20 

the Δ17O of N2O emitted from forested soil for more than one year and that of soil nitrite 21 

(NO2−), which is a possible source of O atoms in N2O. We found that N2O emitted from 22 

the soil exhibited significantly higher Δ17O values on rainy days (+0.12±0.13 ‰) than on 23 

fine days (−0.30±0.09 ‰), and the emission flux of N2O was significantly higher on 24 

rainy days (38.8±28.0 μg N m−2 h−1) than on fine days (3.8±3.1 μg N m−2 h−1). Because 25 

the Δ17O values of N2O emitted on rainy and fine days were close to those of soil NO2− 26 

(+0.23±0.12 ‰) and O2 (−0.44 ‰), we concluded that although nitrification was the 27 

main pathway of N2O production in the soil on fine days, denitrification became active 28 

on rainy days, resulting in a significant increase in the emission flux of N2O. This study 29 

reveals that the main pathway of N2O production can be identified by precisely 30 

determining the Δ17O values of N2O emission from soil and by comparing the Δ17O 31 

values with those of NO2−, O2, and H2O in the soil. 32 
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1. Introduction 34 

Nitrous oxide (N2O) is a strong greenhouse gas and an essential substance in 35 

stratospheric ozone depletion (Dickinson and Cicerone, 1986). Since pre-industrial times, 36 

the atmospheric N2O level has increased by 24 % to 335.8 ppb, with an average growth 37 

rate of 1.05 ppb yr−1 in the last decade (WMO, 2023). Terrestrial soils account for ~60 % 38 

of total N2O emissions (Tian et al., 2020). Therefore, better knowledge of the pathways 39 

of N2O production in soils is required to establish mitigation measures. 40 

Both nitrification and denitrification are representative microbial pathways of N2O 41 

production in soils (Wrage et al., 2001). Nitrification is the oxidation of ammonium 42 

(NH4+) to nitrate (NO3−) via aerobic microbial activity, during which N2O is produced as 43 

a byproduct of hydroxylamine (NH2OH) oxidation to nitrite (NO2−), while denitrification 44 

is the reduction of NO3− to NO2− and then to N2O which is further reduced to nitrogen 45 

(N2) via facultative anaerobes (Figure 1). Soil conditions such as moisture content, O2 46 

availability (Bateman and Baggs, 2005; Zhu et al., 2013), temperature (Luo et al., 2007), 47 

and fertilizer types (Zhu et al., 2013) have been proposed as parameters to determine the 48 

pathways of N2O production in soils.  49 

Techniques such as acetylene blockage (Balderston et al., 1976; Lin et al., 2019), 50 

artificial isotope tracers (15N and 18O) (Mulvaney and Kurtz, 1982; Wrage et al., 2004), 51 

and natural stable isotopes (Toyoda et al., 2013; Yu et al., 2020) are conventionally used 52 

to identify the pathways of N2O production via nitrification and denitrification. Both 53 

acetylene blockage and artificial isotope tracers are mostly performed in laboratory (in 54 

vitro) incubations because they are costly, complicated, and time-consuming in field 55 

research. Natural stable isotopes such as δ15N, δ18O, and SP (15N site preference) can be 56 
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used to identify the pathways of N2O production in soils (Decock and Six, 2013; Toyoda 57 

et al., 2017; Verhoeven et al., 2019). However, further reduction of N2O to N2 after the 58 

production of N2O until emission from soil to air results in significant changes in the 59 

δ15N, δ18O, and SP values of N2O due to the fractionation of isotopes, which makes the 60 

identification process difficult (Ostrom et al., 2007). 61 

Recent studies on the Δ17O value of NO3− (the definition detailed in Section 2.4) have 62 

reported that Δ17O is a useful natural signature for clarifying the complicated 63 

biogeochemical processes in terrestrial ecosystems (Ding et al., 2022, 2023, 2024; 64 

Michalski et al., 2004; Tsunogai et al., 2010). Although the values of δ15N, δ18O, and SP 65 

can vary during various fractionation processes of isotopes within terrestrial ecosystems, 66 

the Δ17O value remains almost stable because possible variations in δ17O and δ18O values 67 

during the processes of biogeochemical isotope fractionation follow the relation of δ17O ≈ 68 

0.5 δ18O, which cancels out the variations in the Δ17O value (Young et al., 2002). 69 

Consequently, the mixing of the same oxygen compounds with different Δ17O values is 70 

the primary cause of variations in Δ17O values throughout the biogeochemical processes 71 

in terrestrial ecosystems. 72 

Because N2O produced through nitrification is a byproduct of the oxidation reaction 73 

between NH4+ (to NH2OH) and O2, the Δ17O value of N2O produced through nitrification 74 

is expected to be close to that of tropospheric O2 (Figure 1) (Kool et al., 2007, 2011; 75 

Wrage et al., 2005), with previous studies reporting a Δ17O value of −0.44 ‰ (Sharp and 76 

Wostbrock, 2021). Conversely, the Δ17O value of N2O produced through denitrification is 77 

expected to be close to that of NO2− (Figure 1) (Kool et al., 2007, 2011; Wankel et al., 78 

2017; Wrage et al., 2005). Because O atoms in NO2− are derived from either soil NO3− 79 
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(Δ17O = from 0 to +20 ‰) or H2O (Δ17O = +0.03±0.01 ‰) (Hattori et al., 2019; 80 

Nakagawa et al., 2018; Uechi and Uemura, 2019), significant differences in Δ17O values 81 

between N2O produced through nitrification and that produced through denitrification are 82 

expected if the additional contributions of O atoms derived from soil H2O are 83 

insignificant in N2O during the processes of N2O production in soils through nitrification 84 

and denitrification (Figure 1) (Kool et al., 2007). 85 

Previous studies have identified the elevated Δ17O values in atmospheric N2O (Δ17O ≈ 86 

+0.9 ‰), observed in both stratospheric and tropospheric air (Cliff et al., 1999; Kaiser et 87 

al., 2003; Thiemens and Trogler, 1991). Komatsu et al. (2008) subsequently conducted 88 

the first Δ17O measurements of N2O emitted from a soil to assess whether soil N2O could 89 

be the source of elevated Δ17O values of atmospheric N2O. However, the temporal 90 

variations of the Δ17O values for N2O emitted from soil remain unknown. Besides, 91 

whether Δ17O values of N2O can be used to identify the pathways of N2O production in 92 

soils has not been discussed. Additionally, the advantages of Δ17O signature, relative to 93 

other natural stable isotopes, for identifying the pathways of N2O production remain 94 

unclear. To address these, in this study, we measured precise Δ17O values for N2O 95 

emitted from forested soil and those for NO2− in the soil.  Additionally, we conducted 96 

similar observations in the same soil artificially fertilized with Chile saltpeter or urea to 97 

investigate the possible contributions of O atoms derived from soil H2O in N2O during 98 

N2O production. 99 

 100 

2. Methods 101 

2.1 Study site 102 
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  The study site was located in a secondary warm-temperate forest within an urban area 103 

(35°10’N, 136°58’E, Figure 2), approximately 50 m from the common building of the 104 

Graduate School of Environmental Studies at Nagoya University. The lowest, highest, 105 

and mean monthly temperatures recorded at the nearest meteorological station (Nagoya 106 

station) were 5.2 ℃ (in January), 28.9 ℃ (in July), and 18.5 ℃, respectively, from April 107 

2022 to July 2023. The annual mean precipitation was approximately 1800 mm. The soil 108 

stratum in the forested field possessed an approximate depth of 20 cm, characterized by a 109 

bulk density of 1.12 g/cm3. Details of the forest have been described in the previous study 110 

(Hiyama et al., 2005). 111 

 112 

2.2 Sampling of N2O 113 

Samples of N2O emitted from the forested soil under natural conditions were collected 114 

18 times (n = 18) from April 2022 to July 2023 in a field with an area of 5 m2 (Figure 115 

2b). Among the samples, 12 were collected on fine days, whereas 6 were collected on 116 

rainy days. A fine day is defined as a day without precipitation for 48 hours prior to the 117 

end of each sampling. The total precipitation within 12 h at the end of each sampling of 118 

the rainy days exceeded 12 mm. 119 

The sampling of N2O emitted from the artificially fertilized soil was performed during 120 

a period of fine weather in three plots (1 m2 for each located more than 5 m away from 121 

each other) within the same forested field, located approximately 3 m away from the plot 122 

where we conducted the sampling under natural conditions (Figures 2b and 2c). Either 123 

urea (CO(NH2)2, 46 % TN) or Chile saltpeter (KNO3, 14 % TN) was applied to two of 124 

the plots (U and CS plots) on 2023/7/16 at the same N amount of 250 kg N ha−1. Urea is a 125 
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synthetic N fertilizer (Sun & Hope Ltd., Japan), and Chile saltpeter (SQM Ltd., USA) 126 

contains NO3− with a high Δ17O value of +19 ‰ (determined through the internationally 127 

distributed isotope reference materials USGS-34 and USGS-35). The third plot was 128 

blank, meaning no fertilizer was added (NF plot). Sampling of N2O from each plot was 129 

performed twice on days 2 and 6 after the addition of each fertilizer. 130 

To precisely determine Δ17O of N2O, more than 60 nmol of N2O is required (Komatsu 131 

et al., 2008), which corresponds to more than 4 L of air containing N2O at atmospheric 132 

concentrations. Accordingly, in this study, a flow chamber made of polypropylene with 133 

dimensions of 0.8 m × 0.3 m × 0.18 m was deployed onto the sampling site throughout 134 

each day of sampling (Figure S1). This chamber has an inlet and outlet port with an inner 135 

diameter of 1 cm. The outlet port was connected to an air pump using Tygon tubing, and 136 

the inlet port was open to ambient air. Using the air pump, the air in the chamber was 137 

taken into a 5-L aluminum bag, along with the gases emitted by the soil, as illustrated in 138 

Figure S1. The flow rate of the air pump was set at 100 ml/min throughout the 139 

deployment of the chamber; thus, each sampling lasted 45 min until 4.5 L of gas was 140 

collected into the aluminum bag. Each gas sampling was started 2 h after deployment of 141 

the flow chamber; thus, it took more than 8 h to collect four samples. In addition to the 142 

gas samples emitted from the soil, ambient air in the forest was sampled into two 3-L 143 

vacuum stainless steel canisters (SilcoCan, Restek). 144 

 145 

2.3 Sampling and analysis of forested soil 146 

After collecting the gas samples to determine N2O, a soil sample (approximately 150 147 

g) was randomly collected from more than four places beneath the chamber. 148 
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Approximately 20 g of the soil sample was heated at 80 °C for 48 h to estimate the water 149 

content from the weight loss and water-filled pore space (WFPS; the calculation was 150 

detailed in Text S1). Using the remaining soil sample (120 g), NH4+, NO3−, and NO2− in 151 

each soil sample were extracted into 120 mL of a 2-M KCl solution, and their 152 

concentrations were determined using a high performance microflow analyzer (QuAAtro 153 

39 Autoanalyzer, BLTEC, Osaka, Japan). 154 

 155 

2.4 Concentration and isotopic compositions of N2O 156 

 The gas samples collected in aluminum bags or stainless canisters were subsampled 157 

into a 100-ml pre-evacuated glass bottle to determine the concentration ([N2O]), δ15N, 158 

and δ18O of N2O simultaneously. The remaining samples were further subsampled to 159 

either 1 or 2 L pre-evacuated glass bottles to determine the Δ17O of N2O. The 160 

concentration and isotopic compositions (δ15N, δ18O, and Δ17O) of N2O were determined 161 

using a continuous flow isotope ratio mass spectrometry (CF-IRMS; Finnigan MAT252, 162 

Thermo Fisher Scientific, Waltham, MA, USA) system that consists of an original pre-163 

concentrator system, chemical traps, and gas chromatograph at Nagoya University 164 

(Komatsu et al., 2008). The analytical procedures using the CF-IRMS system were the 165 

same as those detailed in previous studies (Hirota et al., 2010; Komatsu et al., 2008).  166 

The isotopic ratios of 15N/14N, 17O/16O, and 18O/16O are expressed in the δ notations: 167 

δ15N, δ17O, or δ18O = Rsample/Rstandard – 1                                                                        (1) 168 

where R denotes 15N/14N, 17O/16O, or 18O/16O ratios of the sample and each standard 169 

reference material. 170 
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The Δ17O of N2O, including NO2−, NO3−, H2O, and O2, is defined by Eq. 2 (Kaiser et 171 

al., 2007; Miller, 2002): 172 

Δ17O = 1+ δ17O
(1+ δ18O)β

 – 1                                                                                                           (2) 173 

where β denotes the slope of the reference line in the δ17O−δ18O space. Previous 174 

studies have proposed values ranging from 0.525 to 0.5305 for β during the various 175 

processes of isotope fractionation through experimental measurements and/or theoretical 176 

calculations (Cao and Liu, 2011; Matsuhisa et al., 1978; Pack and Herwartz, 2014; Sharp 177 

and Wostbrock, 2021). In this study, we adopted a value of 0.528 for β to define Δ17O. 178 

The details of the ranges of the possible Δ17O variations due to the ranges of β are 179 

presented in Section 4.1. 180 

To calibrate the δ15N and δ18O of N2O to the international scale, N2O in a tropospheric 181 

air sample collected at Hateruma Island in 2010 (Japan) was used as the standard with a 182 

δ15N value of +6.5 ‰ and a δ18O value of +44.3 ‰ (Toyoda et al., 2013). To calibrate the 183 

Δ17O of N2O on the international VSMOW (Vienna Standard Mean Ocean Water) scale, 184 

we prepared two kinds of N2O standards with different Δ17O values calibrated using a 185 

conventional method (Thiemens and Trogler, 1991). The procedures for this calibration 186 

are presented in Section 2.6, with the details of the N2O standards. Through repeated 187 

measurements of N2O in a tropospheric air sample collected at Nagoya University, the 188 

analytical precisions (1σ) of the measurements were estimated to be ±10.0 ppb, ±0.5 ‰, 189 

±0.6 ‰, and ±0.11 ‰ for concentration, δ15N, δ18O, and Δ17O, respectively (Figure S2). 190 

To achieve higher precision, analyses of Δ¹⁷O were performed at least three times for 191 

each sample, resulting in a standard error (SE) of ±0.06 ‰. 192 

 193 



 

 

 
 

10 

2.5 Emission flux 194 

Based on the change in the concentration of N2O from the inlet to the outlet, the 195 

emission flux of N2O from the soil was calculated using Eq. 3: 196 

Flux = !	×	$	×	(&!"#$%'&$"&)	×	)	
*	×	+	×	,	×	-

                                                                                            (3) 197 

where Flux denotes the emission flux of N2O (μg N m−2 h−1), P denotes the pressure (Pa), 198 

V represents the volume of the gas sample in the aluminum bag (0.0045 m3), Cfinal 199 

denotes the concentration of N2O in the gas sample taken at the end of each deployment 200 

of the chamber (μmol mol−1), Cair denotes the concentration of N2O in the ambient air 201 

(μmol mol−1), M represents the molecular weight of N in N2O (28 μg N μmol−1), R 202 

represents the universal gas constant (8.314 m3 Pa K−1 mol−1), T represents the air 203 

temperature in the forest (K), t represents the duration of each gas sampling (45 min), and 204 

A represents the surface area of soil covered by the chamber (0.24 m2). 205 

 206 

2.6 Calibration of the Δ17O values of N2O 207 

To determine the Δ17O values of N2O in the samples on the VSMOW scale, we 208 

prepared two standards (STD1 and STD2) containing N2O. The Δ17O values of N2O in 209 

the standards were calibrated to the VSMOW scale using the conventional method 210 

reported in (Thiemens and Trogler, 1991), where N2O was quantitatively converted to O2 211 

using BrF5 and a Ni catalytic container. The details are presented below. 212 

A calibrated quantity of N2O (50–170 μmol) was subsampled and transferred into a 213 

nickel tube (approximately 60 cm3) under liquid N2 temperature. The coexisting 214 

components of N2O, such as helium in the case of STD2, were evacuated from the nickel 215 

tube after N2O was trapped in the nickel tube under liquid N2 temperature. The nickel 216 
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tube was then heated at 725 °C for 2.5 h to convert N2O to NiO and N2. After evacuating 217 

N2 from the nickel tube, a 10-fold quantity of BrF5 was introduced into the nickel tube 218 

and heated at 725 °C for 12 h to convert NiO to O2 and NiF2. After the purification of O2, 219 

both δ18O and Δ17O of O2 were determined on the VSMOW scale using IRMS, with the 220 

quantity of O2 evolved from N2O. Details on the procedures of O2 purification and the 221 

measurement of O2 using IRMS on the VSMOW scale have been described in previous 222 

studies (Sambuichi et al., 2021, 2023). STD1 is pure N2O gas prepared from N2O in a gas 223 

cylinder (more than 99.9 %; Koike Medical Ltd., Japan). The yield ratio of O2 and Δ17O 224 

of STD1 were 103±7 % and −0.22±0.07 ‰, respectively (Figure S3). The N2O in STD2 225 

is a mixture of helium and N2O (N2O/He ≈ 1.5) produced from NO2− that had been under 226 

oxygen isotope exchange equilibrium with H2O with a Δ17O value of +1.2 ‰ originally, 227 

under a pH of 1.2. NO2− was then converted to N2O through a reaction with hydrazoic 228 

acid (N3H), as described by (Tsunogai et al., 2008). The reaction product (N2O) was 229 

purged from the vial using pure helium (more than 99.9 %). After the removal of H2O by 230 

passing a trap under the temperature of dry ice + ethanol, N2O was captured in a trap at 231 

the temperature of liquid O2 and then transported into a 1-L stainless steel canister 232 

together with helium. The yield of O2 and Δ17O of STD2 were 97±5 % and 233 

+1.13±0.02 ‰, respectively (Figure S3). To calibrate the Δ17O values of the samples 234 

measured using CF-IRMS, approximately 1 mL of each STD was subsampled into a 200-235 

mL pre-evacuated glass bottle and diluted using pure helium to 1 atm. The Δ17O values of 236 

N2O in the diluted standards were then determined using CF-IRMS like the procedure 237 

used on the samples before the sample measurements by introducing 30–60 nmol of N2O. 238 
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This allowed us to calibrate the Δ17O values of the samples to the VSMOW scale (Figure 239 

S4). 240 

 241 

2.7 Isotopic composition of NO2− 242 

To determine the δ18O and Δ17O values of soil NO2− that had been extracted in the KCl 243 

solution, the NO2− in the KCl solution was chemically converted to N2O using the 244 

method originally developed to determine the δ18O of NO2− (McIlvin and Altabet, 2005), 245 

with several modifications for Δ17O (Xu et al., 2021), as explained below. Approximately 246 

40 mL of each solution was pipetted into a glass vial (66.7 mL) and sealed with a butyl 247 

rubber septum cap. After purging the solution using high-purity helium for 45 min, 248 

1.8 mL of an azide-acetic acid buffer (0.1 mol L−1 NaN3 in 1 vol. % acetic acid), which 249 

had been purged using pure helium as well, was added to the solution to convert NO2− to 250 

N2O: 251 

HNO2 + HN3 → N2O + H2O + N2                                                                             (R1) 252 

After the vials were shaken for 1 h at a rate of 2 cycles s−1, 0.9 mL of 6-M NaOH was 253 

added to each vial and shaken for 15 min. 254 

The δ18O and Δ17O of N2O converted from NO2− in each vial were determined using 255 

the CF-IRMS system. We repeated the analyses for each solution sample at least three 256 

times to obtain better precision for Δ17O.  257 

The δ18O values of NO2− were calibrated to the VSMOW scale using three in-house 258 

nitrite standards (STD10, STD11, and STD12), the δ18O values of which had been 259 

determined using a thermal conversion/elemental analyzer IRMS system, where oxygen 260 

atoms in each nitrite/nitrate had been converted into CO using a glassy carbon tube at 261 
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1400 °C (Xu et al., 2021) and calibrated to the VSMOW scale using the international 262 

nitrate standards USGS34 (δ18O = −27.9 ‰) and IAEA-NO-3 (δ18O = +25.6 ‰) as the 263 

primary standards. Isotope fractionations during chemical conversion into N2O were 264 

corrected by measuring the nitrite standards in the same way as samples were measured 265 

using the CF-IRMS system. In addition, the extent of oxygen isotope exchange between 266 

NO2− and H2O during the conversion was quantified using the relation between δ18O of 267 

the nitrite standards and that of N2O (Xu et al., 2021). The Δ17O values of NO2− were 268 

calibrated to the VSMOW scale by comparing N2O derived from NO2− with N2O 269 

standards (STD1 and STD2) while assuming that the changes in Δ17O were negligible 270 

during the conversion from NO2− into N2O, except for the oxygen isotope exchange 271 

reaction between NO2− and H2O during the conversion to N2O. The progress of oxygen 272 

isotope exchange between NO2− and H2O was calibrated from the Δ17O values of NO2− 273 

using the exchange rate estimated by calculating δ18O values while assuming that the 274 

Δ17O value of H2O was 0 ‰. 275 

While the KCl solutions were widely used for the extraction of soil NO₂⁻ (e.g., 276 

Lewicka-Szczebak et al., 2021; Shen et al., 2003), Homyak et al. (2015) raised the 277 

concerns that the recovery of soil NO₂⁻ could be low when using KCl solutions compared 278 

to deionized water. Therefore, we conducted a comparative experiment to evaluate this 279 

potential issue and concluded that the use of KCl solution introduced negligible bias in 280 

terms of soil NO₂⁻ recovery or Δ¹⁷O measurements compared to deionized water 281 

extraction for the soil type and experimental conditions in this study. The details are 282 

described in the supplement (Text S2). 283 
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 284 

3. Results 285 

3.1 Flux and isotopic compositions of N2O emitted from forested soil 286 

Almost all of the concentrations of N2O ([N2O]) in the samples collected in aluminum 287 

bags were higher than that of N2O in ambient air (Figures 3a and S5), implying that N2O 288 

in the aluminum bags was a mixture of N2O in ambient air and N2O emitted from the 289 

forested soil. To determine the isotopic compositions (δ15N, δ18O, and Δ17O) of N2O 290 

emitted from the soil, N2O derived from ambient air was excluded using the linear 291 

correlation between 1/[N2O] and the isotopic compositions (δ15N, δ18O, and Δ17O) during 292 

mixing (Figures 3b, 3c, 3d, and S5), also was known as Keeling plot approach (Keeling, 293 

1958; Tsunogai et al., 1998, 2003). This method assumes that the concentrations of N2O 294 

(N2O/(N2O + N2)) in the gases emitted from the soil were more than 3 %, allowing 295 

1/[N2O] to be approximated to be 0 (Text S3). The uncertainties associated with the 296 

isotopic compositions of N2O emitted from soil (i.e., the intercept) were estimated by 297 

applying the York method (Tsunogai et al., 2011; York et al., 2004) to the obtained 298 

relationship between 1/[N2O] as the independent variable and the isotopic compositions 299 

as the dependent variable in which uncertainties of both independent and dependent 300 

variables for individual data are considered. 301 

The flux of N2O emitted from the forested soil determined on fine days varied from 302 

−0.2 to 9.8 μg N m−2 h−1, with an average of 3.8±3.1 μg N m−2 h−1 (1SD; n = 12). In 303 

addition, the emission flux during the warm seasons (from April to October; 5.1±2.8 μg 304 

N m−2 h−1) was significantly higher than that during the cold seasons (from November to 305 

March; 1.0±1.1 μg N m−2 h−1) (Figure 4a; Table S1), implying that the emission flux of 306 
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N2O on fine days exhibited clear seasonal variation. Furthermore, the average emission 307 

flux of N2O determined on rainy days (38.8±28.0 μg N m−2 h−1; n = 6) was significantly 308 

higher than that determined on fine days (3.8±3.1 μg N m−2 h−1) (Figures 4a and 4b). 309 

These patterns of N2O emissions were in accordance with those of agricultural and 310 

forested soils reported in previous studies (Anthony et al., 2023; Chen et al., 2012; 311 

Choudhary et al., 2002; Yan et al., 2008). 312 

Because of the small emission flux of N2O during the cold seasons, the linear 313 

relationships between the isotopic compositions and 1/[N2O] became insignificant in 314 

some of the observations performed during the cold seasons (Figure S5, from Nov. 2022 315 

to Jan. 2023). Thus, the uncertainties associated with the isotopic compositions estimated 316 

for N2O emitted from the soil became enormous. Consequently, the isotopic 317 

compositions of N2O emitted from the soil are not shown under the following conditions: 318 

(1) the [N2O] in the gas sample collected at the end of each deployment of the chamber 319 

did not exceed 130 % of that of ambient air, and (2) the linear correlation between 320 

1/[N2O] and the isotopic compositions was statistically insignificant (P > 0.05). Similar 321 

criteria have been adopted in previous studies (Kaushal et al., 2022; Opdyke et al., 2009). 322 

The N2O emitted from the forested soil on fine days exhibited δ15N, δ18O, and Δ17O 323 

values ranging from −27.5 ‰ to −17.9 ‰, from +26.1 ‰ to +37.6 ‰, and from −0.40 ‰ 324 

to −0.11 ‰, respectively, with average values and standard deviations (1SD) of 325 

−22.5±2.8 ‰, +30.9±4.3 ‰, and −0.30±0.09 ‰, respectively (Figures 4g, 4e, and 4c). 326 

On the other hand, N2O emitted from the forested soil on rainy days exhibited δ15N, δ18O, 327 

and Δ17O values ranging from −26.6 ‰ to −13.8 ‰, from +18.4 ‰ to +36.2 ‰, and from 328 
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−0.06 ‰ to +0.26 ‰, respectively, with average values and standard deviations (1SD) of 329 

−20.4±5.0 ‰, +27.9±6.4 ‰, and +0.12±0.13 ‰, respectively (Figures 4g, 4e, and 4c). 330 

The NO2− exhibited δ18O and Δ17O values ranging from +2.4 ‰ to +12.0 ‰ and from 331 

+0.04 to +0.50 ‰, respectively, with average values of +6.0±2.0 ‰ and +0.23±0.12 ‰, 332 

respectively (n = 18, Figures 4e and 4c). These δ18O values of NO2− coincided well with 333 

those determined in a previous study (Lewicka-Szczebak et al., 2021). 334 

 335 

3.2 Flux and isotopic compositions of N2O emitted from artificially fertilized soils 336 

The fluxes of N2O emitted from the NF (no fertilizer), U (fertilized with urea, 337 

CO(NH2)2), and CS (fertilized with Chile saltpeter, KNO3) plots were 5.2, 70.6, and 338 

112.3 μg N m−2 h−1, respectively, 2 days after fertilization and 4.2, 56.7, and 39.4 μg N 339 

m−2 h−1, respectively, 6 days after fertilization (Table S1). The fluxes of N2O emitted 340 

from the U and CS plots were significantly higher than that from the NF plot, indicating 341 

that the flux of N2O emitted from the soil increased significantly because of fertilization, 342 

supporting the results reported in previous studies (Kaushal et al., 2022; McKenney et al., 343 

1978; Toyoda et al., 2011, 2017). 344 

The δ15N, δ18O, and Δ17O values of N2O emitted from the NF plot 2 days after 345 

fertilization were −17.1±6.4 ‰, +36.1±6.7 ‰, and −0.37±0.20 ‰, respectively, whereas 346 

those emitted from the NF plot 6 days after fertilization were −12.2±3.2 ‰, 347 

+40.0±13.3 ‰, and −0.32±0.23 ‰, respectively. The δ15N, δ18O, and Δ17O values of N2O 348 

emitted from the U plot 2 days after fertilization were −39.3±0.7 ‰, +34.4±0.4 ‰, and 349 

−0.14±0.06 ‰, respectively, whereas those emitted from the U plot 6 days after 350 

fertilization were −33.3±0.5 ‰, +25.7±0.6 ‰, and −0.16±0.05 ‰, respectively. The 351 
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δ15N, δ18O, and Δ17O values of N2O emitted from the CS plot 2 days after fertilization 352 

were −19.3±0.6 ‰, +54.1±0.8 ‰, and +8.22±0.03 ‰, respectively, whereas those 353 

emitted from the CS plot 6 days after fertilization were −11.3±0.7 ‰, +58.7±1.2 ‰, and 354 

+7.36±0.17 ‰, respectively (Figure 5). These flux, δ15N, and δ18O of N2O emitted from 355 

the NF, U, and CS plots correspond well with the results of many previous studies on 356 

forested and artificial soils (or agricultural soils) (Kaushal et al., 2022; Kim and Craig, 357 

1993; Snider et al., 2009; Toyoda et al., 2017; Wrage et al., 2004). 358 

The δ18O and Δ17O values of NO2− in the NF plot 2 days after fertilization were 359 

+2.7 ‰ and +0.42 ‰, respectively, whereas those in the NF plot 6 days after fertilization 360 

were +1.3 ‰ and +0.35 ‰, respectively. The δ18O and Δ17O values of NO2− in the U plot 361 

2 days after fertilization were +7.6 ‰ and +0.31 ‰, respectively, whereas those in the U 362 

plot 6 days after fertilization were +5.4 ‰ and +0.17 ‰, respectively. The δ18O and Δ17O 363 

values of NO2− in the CS plot 2 days after fertilization were +29.0 ‰ and +8.26 ‰, 364 

respectively, whereas those in the CS plot 6 days after fertilization were +45.2 ‰ and 365 

+12.32 ‰, respectively (Figure 6). 366 

 367 

4. Discussion  368 

4.1 Identification of N2O production pathways in forested soil using Δ17O signature 369 

Because O atoms in N2O emitted from soil can be derived from those in NO2−, O2, or 370 

H2O in soil (Figure 1), we can constrain the pathways of N2O production by comparing 371 

the δ18O and Δ17O values of N2O with those of NO2−, O2, and H2O in soil. Consequently, 372 

we compiled the δ18O and Δ17O values of atmospheric O2 (+23.88 ‰ for δ18O and 373 

−0.44 ‰ for Δ17O, (Sharp and Wostbrock, 2021)) and rainwater (ranging from −2 ‰ to 374 
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−10 ‰ for δ18O in Japan, (Nakagawa et al., 2018; Takahashi, 1998; Uechi and Uemura, 375 

2019; Zou et al., 2015); +0.03 ‰ for Δ17O in Japan (Uechi and Uemura, 2019)), as 376 

shown in Figures 4 and 6, along with those of soil NO2− measured in this study.  377 

The Δ17O of N2O produced in the soil may differ from that of the source of O atoms 378 

(O2, NO2−, H2O) because of oxygen isotope fractionation during nitrification and 379 

denitrification, as the value of β in Eq. (2) may vary depending on the reactions. Thus, 380 

prior to using Δ17O values to identify the pathways of N2O production in soils, we 381 

quantified the possible variations in the Δ17O values of N2O during each reaction. The 382 

details are presented below. 383 

The fractionation of oxygen isotopes during the transformation of the O atoms in O2 to 384 

those in N2O through nitrification accompanies significant variations in the value of δ18O 385 

from O2 to N2O (Figures 4e and 6a). In addition to δ18O, the Δ17O value of N2O produced 386 

through nitrification could be somewhat different from that of O2, even if all O atoms in 387 

N2O were derived from O2, due to the possible differences in β from 0.528 during the 388 

reaction (Figure 7). The average variation in δ18O from O2 to N2O due to nitrification 389 

(Δδ18O (N2O−O2)) was estimated to be 9 ‰ on average (Figures 4e and 6a) based on the 390 

difference in δ18O values between N2O emitted from the soil in this study (+33±10 ‰; n 391 

= 19) and O2 in the literature (Sharp and Wostbrock, 2021). Conversely, we can expect 392 

values from 0.525 to 0.5305 for β in the various reactions (Cao and Liu, 2011; Matsuhisa 393 

et al., 1978; Pack and Herwartz, 2014; Sharp and Wostbrock, 2021), where the β of 394 

nitrification may be included. Thus, we quantified the possible range of variations in the 395 

Δ17O value of N2O from that of O2 to be less than 0.027 ‰ (Figure 7), based on the 396 

observed Δδ18O(N2O−O2) and the possible variation range of β. 397 
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Similarly, the fractionation of oxygen isotopes during the transformation of O atoms in 398 

NO2− to those in N2O through denitrification accompanies significant variations in δ18O 399 

from NO2− to N2O as well. The Δ17O value of N2O produced through NO2− reduction 400 

could be somewhat different from that of NO2−, even if all O atoms in N2O were derived 401 

from NO2−, due to the possible differences in β from 0.528 during the reaction (Figure 7). 402 

The average variation in δ18O from NO2− to N2O due to fractionation (Δδ18O 403 

(N2O−NO2−)) was estimated to be 25 ‰ on average (Figures 4e and 6a) based on the 404 

difference in δ18O values between N2O (+33±10 ‰; n = 19) and NO2− in this study 405 

(+8±9 ‰; n = 24). Thus, we quantified the possible range of variations in the Δ17O value 406 

of N2O from that of NO2− to be less than 0.075 ‰ (Figure 7), based on the observed 407 

Δδ18O (N2O−NO2−) and the possible variation range of β, from 0.525 to 0.5305. 408 

Similarly, kinetic fractionation during the reduction of N2O to N2 accompanies 409 

variation in δ18O from original N2O to residual N2O as well. The Δ17O value of residual 410 

N2O could somewhat differ from that of the original N2O. Previous studies have reported 411 

the range of variations in δ18O from original N2O to residual N2O due to kinetic 412 

fractionation to be less than 10 ‰ on average through incubation experiments (Lewicka-413 

Szczebak et al., 2014, 2015). Thus, we quantified the possible range of variations in the 414 

Δ17O value of residual N2O from that of original N2O to be less than 0.03 ‰ (Figure 7), 415 

based on Δδ18O (less than 10 ‰) and the variation range of β, from 0.525 to 0.5305. 416 

These possible variations in Δ17O (less than 0.075 ‰) were much less than the 417 

difference in Δ17O values between O2 and NO2− in the forested soil (0.7 ‰ on average; 418 

Figures 4c). In addition, the possible variation ranges in Δ17O become much smaller if the 419 

differences in β from 0.528 were smaller than those used in the calculations (from 0.525 420 
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to 0.5305). Thus, we concluded that the possible variations in the Δ17O value of N2O 421 

from that of the source molecules of O atoms (O2, H2O, and NO2−) during the 422 

transformations, including nitrification, denitrification, and reduction, were negligible. 423 

While the Δ17O values of soil O2 and H2O used in this study were referred from 424 

atmospheric O2 and rainwater, respectively, the processes in soil, including diffusion and 425 

respiration of O2 and evaporation and infiltration of rainwater, may cause significant 426 

isotopic fractionations of δ18O, which could consequently alter the Δ17O values of 427 

atmospheric O2 and rainwater. Thus, prior to using Δ17O values to identify the pathways 428 

of N2O production in soils, we evaluated the possible variations in the Δ17O values of O2 429 

and H2O in soil compared to those of atmospheric O2 and rainwater. The details are 430 

presented below. 431 

For soil O₂, Aggarwal and Dillon (1998) measured the δ¹⁸O values in soil gas at a 432 

depth of 3-4 m at a site near Lincoln, Nebraska, USA ranged from +23.3 ‰ to +27.2 ‰, 433 

showing the values were comparable with that of atmospheric O₂ (+23.5 ‰ after 434 

adjustment in Aggarwal and Dillon. 1998). This confirms that the isotopic fractionations 435 

of soil O₂ induced from soil respiration and diffusion processes weren’t significant. 436 

Because the maximum variation in δ¹⁸O from atmospheric O₂ to soil O₂ was less than 437 

3.7 ‰ (27.2 ‰ − 23.5 ‰), using the method presented in Figure 7, we quantified the 438 

possible variations in the Δ¹⁷O value of soil O₂ from that of atmospheric O₂ to be less 439 

than 0.01 ‰. Thus, we ignored the negligible variations in this study. 440 

Similarly, for soil H₂O, Lyu (2021) observed that δ¹⁸O values in soil H₂O at the depths 441 

of 0-5 cm, 15-20 cm, and 40-45 cm in a subtropical forest plantation ranged from −4 ‰ 442 

to −10 ‰, which fully overlapped with local rainwater (−1 ‰ to −16 ‰), indicating 443 
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insignificant isotopic fractionations of soil H₂O during hydrological processes such as 444 

infiltration and evaporation. Besides, Aron et al. (2021) compiled Δ¹⁷O values of 445 

terrestrial H2O including rainwater, surface and subsurface water in earth, ranged from 446 

+0.06 to −0.06 ‰ and didn’t show significant difference with each other, which also 447 

indicating that the possible variations of Δ¹⁷O values of soil H2O compared to that of 448 

rainwater should be negligible. Finally, we added the variations of Δ¹⁷O values (+0.06 to 449 

−0.06 ‰) of terrestrial H2O reported in Aron et al. (2021) to Figures 4 and 6 as the 450 

uncertainties of Δ¹⁷O values of soil H₂O. 451 

In the forested soil, N2O exhibited Δ17O values (−0.30±0.09 ‰ on average) that were 452 

close to that of O2 (−0.44 ‰) but deviated from those of soil NO2− on fine days 453 

(+0.24±0.14 ‰; Figures 4c and 4d), implying that nitrification was the main pathway to 454 

produce N2O in the soil on fine days. Conversely, N2O emitted from the soil on rainy 455 

days exhibited Δ17O values (+0.12±0.13 ‰) that were close to those of soil NO2− 456 

(+0.22±0.09 ‰) and soil H2O (+0.03 ‰) but deviated from that of O2 (Figures 4c and 457 

4d), implying that (1) the main pathway to produce N2O changed from nitrification on 458 

fine days to denitrification on rainy days and/or (2) the possible contribution of O atoms 459 

derived from soil H2O became more active during the production of N2O in the soil on 460 

rainy days. 461 

 462 

4.2 Changes in the Δ17O of N2O emitted from artificially fertilized soils 463 

To quantitatively constrain the possible contributions of O atoms derived from soil 464 

H2O during the production of N2O in the soil, we observed changes in the isotopic 465 

compositions of N2O from the same soil in response to artificial fertilization. In the plot 466 
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fertilized with CS, the Δ17O value of N2O emitted from the soil (+7.79±0.61 ‰ on the 467 

average of 2 and 6 days after the fertilization) became significantly closer to that of soil 468 

NO2− (+10.3±2.9 ‰) compared with that of atmospheric O2 (−0.44 ‰; Figure 6b). This 469 

suggested that denitrification became the main pathway of N2O production, probably 470 

because of fertilization, which resulted in a significantly higher concentration of NO3− 471 

(278.4±43.2 mg N kg−1; Table S1) than that of NH4+ (15.8±4.1 mg N kg−1) in the CS plot. 472 

In addition, N2O emitted from the CS plot exhibited Δ17O values that were significantly 473 

different from those of soil H2O (+0.03 ‰; Figure 6b), implying that the contribution of 474 

O atoms derived from soil H2O was minor during the reduction of NO2− to produce N2O. 475 

If all the O atoms with low Δ17O values in N2O were derived from soil H2O (+0.03 ‰) in 476 

the CS plot, the contribution of O atoms derived from soil H2O was calculated to be 24 % 477 

((10.30 ‰ – 7.79 ‰) / (10.30 ‰ – 0.03 ‰)), based on the isotopic mass balance. If the 478 

O2 also contributed to the N2O production in the CS plot, the contribution of O atoms 479 

derived from soil H2O should be further reduced. As a result, we determined that the 480 

maximum possible contribution of O atoms derived from soil H2O during the reduction 481 

of NO2− to N2O was 24 %. 482 

On the other hand, in the plot fertilized with urea (U plot), the Δ17O value of N2O 483 

(−0.15±0.01 ‰) was close to that of O2 (−0.44 ‰) compared with that of soil NO2− 484 

(+0.24±0.10 ‰). This suggested that nitrification was the main pathway of N2O 485 

production (Figure 6b), probably due to the enhancement of NH4+ concentration 486 

(423.1±18.2 mg N kg−1; Table S1) compared with that of NO3− (13.0±10.7 mg N kg−1) in 487 

the U plot. In addition, N2O emitted from the U plot exhibited Δ17O values that were 488 

significantly different from that of soil H2O (+0.03 ‰; Figure 6b), implying that the 489 
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contribution of O atoms derived from soil H2O was also minor during the oxidation of 490 

NH4+ to produce N2O. Consequently, the contribution of O atoms derived from soil H2O 491 

was minor in the soil during N2O production, irrespective of the pathways of N2O 492 

production being either nitrification or denitrification. In addition, it is difficult to explain 493 

the observed increases in the emission flux of N2O from the soil on rainy days based only 494 

on the active contribution of O atoms derived from soil H2O. Consequently, we 495 

concluded that N2O production through denitrification became active in the soil on rainy 496 

days, which resulted in increased N2O emission and higher Δ17O values. 497 

 498 

4.3 Verification of active N2O emission by denitrification on rainy days 499 

The forested soil exhibited significantly lower WFPS on fine days (66.1±6.2 %; Table 500 

S1) than on rainy days (95.6±19.1 %), implying that the O2 concentration in the soil was 501 

higher on fine days than on rainy days. Using the isotope tracer enriched in 15N (15NO3− 502 

or 15NH4+), Mathieu et al. 2006 estimated the relative importance of nitrification and 503 

denitrification to produce N2O in soil. They found that nitrification produced the majority 504 

of N2O under low WFPS conditions (75 %), whereas denitrification accounted for more 505 

than 85 % of N2O produced under high WFPS conditions (150 %). Similarly, using 506 

natural stable isotopes (SP), Ibraim et al. 2019 reported the primary pathway for N2O 507 

production in a grassland shifted from nitrification to denitrification as increasing WFPS, 508 

when WFPS was below 90 %. Thus, we conclude that the lower WFPS in the soil caused 509 

oxic conditions on fine days, resulting in nitrification as the primary pathway for N2O 510 

production in the soil. Conversely, the higher WFPS caused redox conditions in the soil 511 
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on rainy days, resulting in active N2O production through denitrification in the soil 512 

(Figures 4a and 4b). 513 

During continuous monitoring of the emission flux of N2O from an agricultural soil for 514 

four years, Anthony et al. 2023 found short-term increases in the emission flux during or 515 

immediately after rainfall or irrigation. They referred to this high emission flux as "hot 516 

moments" and defined it as exceeding four standard deviations of that of normal periods. 517 

They also found significant correlations between the emission flux and WFPS, leading to 518 

the conclusion that variations in the concentrations of O2 in surface soils were responsible 519 

for the hot moments of N2O emissions. Although the hot moments accounted for 1 % of 520 

all measurements, they contributed up to 57 % of the annual emissions, indicating their 521 

significance as a source of atmospheric emissions. In this study, the emission flux of N2O 522 

on rainy days also exceeded four standard deviations of that on fine days (Figures 4a and 523 

4b). The Δ17O evidence of N2O found in this study further verified that denitrification 524 

was mainly responsible for the enhancement of N2O production during the hot moments. 525 

 526 

4.4 Changes in the pathway of N2O production due to fertilization with urea 527 

During our observation on the plot fertilized with urea (U plot), N2O emitted from the 528 

plot exhibited Δ17O values (−0.15±0.01 ‰ on average; Figure 6b) that were significantly 529 

higher than those of the plot without fertilization (NF plot; −0.35±0.04 ‰ on average). 530 

Although an increase in the contribution of O atoms derived from soil H2O could be 531 

responsible for the Δ17O values in addition to an increase in N2O production through 532 

nitrification, we concluded that an increase in N2O production through NO2− reduction 533 
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was responsible for the Δ17O values (−0.15±0.01 ‰ on average) of N2O produced in the 534 

plot in response to fertilization of urea/NH4+ for the following reasons. 535 

Avrahami et al. 2002 reported that fertilization with urea/NH4+ in soil promoted the 536 

oxidation of NH4+ and thus provided electron acceptors for denitrification. That is, the 537 

enrichment of nitrate through nitrification also promotes denitrification. Based on the 538 

stable isotopes of N2O (δ15N, δ18O, and SP), along with in vitro acetylene blockage 539 

experiments on agricultural soils fertilized with NH4+, Zhang et al. 2016 reported that 540 

while 50 %−70 % of N2O was produced through nitrification, nitrifier denitrification 541 

(NH4+ → NO2− → N2O) and/or heterotrophic denitrification (NH4+→ NO3−→ 542 

NO2−→N2O) accounted for 30 %–50 % of N2O production. Similar results have also 543 

been reported in previous studies. Although N2O production through nitrification was 544 

simulated by fertilization with urea/NH4+ in various soils, denitrification also accounted 545 

for a significant portion of N2O production (Kaushal et al., 2022; Khalil et al., 2004; Zhu 546 

et al., 2013). In addition to nitrifier/heterotrophic denitrification, N2O produced through 547 

the anammox process (NH4+ + NO2− → N2O, Okabe et al., 2011; Tang et al., 2011; 548 

Tsushima et al., 2007) can be responsible for the reduction of NO2− as well. Zhu et al. 549 

2011 found that the highest rate of anammox was comparable with that of denitrification 550 

in soils fertilized with NH4+ (6.2−178.8 mg N kg−1). These previous experiments support 551 

our observation on the U plot that the addition of urea/NH4+ stimulates N2O production 552 

through nitrifier denitrification and/or heterotrophic denitrification, and/or anammox 553 

reaction in addition to nitrification. The increased NO3− concentration in the U plot 554 

(13.0±10.7 mg N kg−1) compared with those in the NF plot (2.3±0.5 mg N kg−1) probably 555 



 

 

 
 

26 

due to nitrification stimulated by the addition of NH4+ may be responsible for the active 556 

reduction of NO2−. 557 

 558 

4.5 Stable Δ17O as a natural signature for identifying N2O production pathways 559 

Although the δ18O values of N2O emitted from the soil were significantly higher 560 

than those of the sources of O atoms in N2O (NO2−, O2, and H2O; Figures 4e and 6a) due 561 

to the fractionations of oxygen isotopes during the production and/or reduction of N2O, 562 

the Δ17O values of N2O remained within the range of these sources. This indicates that 563 

Δ17O primarily reflects the pathways of N2O production, providing information distinct 564 

from the δ18O signature because Δ17O is stable during the processes of biogeochemical 565 

isotope fractionation. Moreover, while N2O emission from the forested soil did not show 566 

significant differences in δ15N and δ18O values between fine and rainy days due to the 567 

fractionations of nitrogen and oxygen isotopes (Figures 4f and 4h), the significant 568 

difference in the Δ17O values of N2O between fine and rainy days (Figure 4d) highlights 569 

Δ17O to be a promising natural signature for identifying the pathways of N2O production 570 

in soils.  571 

In addition to natural soils, the stable Δ17O signature is expected to be useful for 572 

identifying the pathways of N2O production in various ecosystems, such as agricultural 573 

soils and aquatic environments, where the isotopic fractionations of nitrogen and oxygen 574 

isotopes involving biogeochemical processes are significant as well. However, in order to 575 

identify the pathways of N2O production quantitatively, the uncertainties, including the β 576 

values of each reaction during N2O production and the contributions of O atoms derived 577 
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from soil H2O during N2O production, should be quantified precisely in the future 578 

studies.  579 

 580 

5. Conclusions 581 

Temporal variations in Δ17O of N2O emitted from forested soil were determined to 582 

identify the main pathway of N2O production. Both Δ17O values and fluxes of N2O were 583 

significantly higher on rainy days compared to fine days. Besides, the Δ17O values of 584 

N2O emitted on rainy and fine days were close to those of soil NO2− and O2, respectively. 585 

Because NO2− and O2 were the source of O-atoms in N2O production through 586 

denitrification and nitrification, respectively, we concluded that while nitrification 587 

dominated N2O production on fine days, denitrification became active on rainy days, 588 

resulting in the N2O flux increasing. In addition, the Δ17O of N2O emitted from the same 589 

soil fertilized with either Chile saltpeter or urea exhibited values that were significantly 590 

different from those of soil H2O, implying that the contributions of O atoms derived from 591 

soil H2O during N2O production were minor. Furthermore, while N2O emitted from the 592 

forested soil did not show significant differences in δ15N and δ18O values between fine 593 

and rainy days, the significant difference in the Δ17O values of N2O highlights Δ17O to be 594 

a promising natural signature for identifying the pathways of N2O production in soils, 595 

because Δ17O is almost stable during isotope fractionation processes such as N2O 596 

production and reduction. 597 
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Figure 1. Schematic showing the pathways of N2O production in soil (Kool et al., 2007, 926 

2011; Wankel et al., 2017; Wrage et al., 2005) and the Δ17O values of O2 (Sharp et al., 927 

2016), NO2−, and H2O (Uechi and Uemura, 2019). The orange lines, green lines, and blue 928 

dash lines indicate the processes of nitrification, denitrification, and the possible 929 

contributions of O atoms derived from soil H2O through nitrification and denitrification, 930 

respectively. 931 
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Figure 2. Map showing the location of Nagoya, Japan, where the studied site is located 933 

(a). Map showing the monitoring site of N2O emitted from forested soil in a secondary 934 

warm-temperate forest (yellow square) and the plots fertilized with Chile saltpeter (CS, 935 

blue square), urea (U, purple square), and no fertilizer (NF, gray square) (b). Photo 936 

showing the plots and flow chambers set on the plots (c). 937 
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Figure 3. An example of changes in the concentration of N2O ([N2O]) in gas samples 939 

during the observation on September 8, 2022, plotted as a function of the elapsed time 940 

since the deployment of the flow chamber on the forested soil (a), and the δ15N (b), δ18O 941 

(c), and Δ17O (d) values of N2O plotted as a function of the reciprocal of [N2O] (1/[N2O]) 942 

during the observation. Each solid line is the least squares fitting of the samples, while 943 

each dotted line is the 2σ	confidence interval of the fitting line. Error bars smaller than 944 

the sizes of the symbols are not shown.  945 
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Figure 4. Temporal variations in the flux (a), Δ17O (c), δ18O (e), and δ15N (g) values of 947 

N2O emitted from the forested soil, and the δ18O and Δ17O values of soil NO2− (green 948 

triangles), O2 (orange lines), and soil H2O (blue area or line). Sampling performed on fine 949 

and rainy days is indicated by the open (white) and solid (yellow) circles, respectively, 950 
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with the box plots of the emission flux (b), Δ17O (d), δ18O (f), and δ15N (h) of N2O on 951 

fine and rainy days. The black lines of the box plots indicate the median values. The 952 

lower and upper boundaries of the box plots indicate the lower (25 %) and upper (75 %) 953 

quartiles of data for each component, respectively. The whiskers of the box plots denote 954 

the entire range of values for each component. Error bars smaller than the sizes of the 955 

symbols are not shown. 956 

 957 

Figure 5. Changes in [N2O] of gas samples collected from the plots of NF (gray), U 958 

(purple), and CS (blue) 2 days after fertilization (a) and 6 days after fertilization (e) and 959 

plotted as a function of the elapsed time since the deployment of the flow chamber; the 960 

δ15N (b and f), δ18O (c and g), and Δ17O (d and h) values of N2O plotted as a function of 961 

the reciprocal of [N2O] (1/[N2O]). Error bars smaller than the sizes of the symbols are not 962 

shown. 963 
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Figure 6. The δ18O (a) and Δ17O (b) values of N2O (yellow circles) and NO2− (green 965 

triangles) in NF, U, and CS plots determined 2 and 6 days after fertilization, and the δ18O 966 

and Δ17O values of O2 (orange lines) and soil H2O (blue area or line). Error bars smaller 967 

than the sizes of the symbols are not shown.  968 
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Figure 7. Schematic showing the possible variations in the Δ17O value of N2O from that 969 

of the source of O atoms (O2 and NO2−) during transformations, including nitrification 970 

(orange circles), denitrification (green circles), and reduction (yellow circles), due to 971 

variations in isotope fractionation and β from 0.525 to 0.5305. 972 
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