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Abstract 19 

Hot moments of nitrous oxide (N2O) emissions induced by interactions between 20 

weather and management make a major contribution to annual N2O budgets in 21 

agricultural soils. The causes of N2O production during hot moments are not well 22 

understood under field conditions, but emerging evidence suggests that short-term 23 

fluctuations in soil oxygen (O2) concentration can be critically important. We 24 

conducted high time-resolution field observations of O2 and N2O concentrations during 25 

hot moments in an upland agricultural soil in Northern China. Three typical 26 

management and weather events, including irrigation (Irr.), fertilization coupled with 27 

irrigation (Fer.+Irr.) or with extremely high precipitation (Fer.+Pre.), were observed. 28 

Soil O2 and N2O concentrations were measured hourly for 24 h immediately following 29 

events and measured daily for at least one week before and after the events. Soil 30 

moisture, temperature, and mineral N were simultaneously measured. Soil O2 31 

concentrations decreased rapidly within 4 h following irrigation in both the Irr. and 32 

Fer.+Irr. events. In the Fer.+Pre. event, soil O2 depletion did not occur immediately 33 

following fertilization but began following subsequent continuous rainfall. Peak soil 34 

N2O concentrations occurred when soil O2 concentrations declined to their lowest point 35 

in the 24 h period following each event. The soil O2 concentration dropped to as low as 36 

0.2% (with the highest soil N2O concentration of up to 180 ppmv) following the 37 

Fer.+Pre. event, but only fell to 11.7% and 13.6% after the Fer.+Irr. and Irr. events, 38 

which were associated with soil N2O concentrations of 27 ppmv and 3 ppmv, 39 

respectively. During the hot moments of all three events, the soil N2O concentration 40 



was negatively correlated with soil O2 concentration (r = −0.5, P < 0.01), showing a 41 

quadratic increase as the soil O2 concentrations declined. Our results provide new 42 

understanding of the rapid short response of N2O production to O2 dynamics driven by 43 

changes in soil environmental factors during hot moments. This mechanistic 44 

understanding of the underlying processes could help improve soil management in 45 

order to avoid transitory O2 depletion and reduce the risk of N2O production.  46 

Keywords: nitrous oxide, oxygen, rewetting, extreme weather events, management 47 

events, spatial-temporal heterogeneity 48 

 49 

Introduction 50 

Nitrous oxide (N2O) is a powerful greenhouse gas and the most significant cause of 51 

stratospheric ozone depletion (Ravishankara et al., 2009; IPCC, 2014). Soils have been 52 

a major contributor to the increase in atmospheric N2O concentrations since the pre-53 

industrial era (270 ppb in the early 1900s versus 330 ppb in 2017). This is mainly due 54 

to the large increases in the use of fertilizer and manure nitrogen (N) as a consequence 55 

of the intensification of agriculture (Davidson, 2009; IPCC, 2014; WMO, 2018). 56 

Peak N2O emissions have been observed to be closely associated with N fertilization 57 

and irrigation events, extreme rainfall events, and frequent drying-wetting cycles 58 

(Butterbach-Bahl et al., 2013; Song et al., 2019). These events account for the majority 59 

of the annual N2O emissions in upland agricultural soils (Wagner-Riddle and Thurtell, 60 

1998; Dobbie and Smith, 2002; Ju et al., 2011; Hansen et al., 2014). “Hot moments” 61 

are short-lived high fluxes of N2O that are defined as disproportionately high N2O 62 



emissions within short periods of time, typically from hours to a few days, as a result 63 

of microbial stimulation following abrupt changes in the substrate availability or redox 64 

status (Groffman et al., 2009; Kuzyakov and Blagodatskaya, 2015). For example, peak 65 

emissions in hot moments contributed 30%-70% of the total annual N2O emissions in 66 

the winter wheat-summer maize rotation in North China at multiple sites and years (Ju 67 

and Zhang, 2017). Nitrous oxide emission peaks can be substantial where high soil 68 

moisture (resulting from irrigation and rainfall events), coincides with an abundant 69 

supply of soil nitrate  as reported in the corn belt in eastern Nebraska, USA (Adviento-70 

Borbe et al., 2007). Hence, understanding how hot moments of N2O emissions are 71 

induced by weather and management events may help design improved approaches to 72 

N2O mitigation in agricultural soils. This is especially where there is an increased use 73 

of irrigation required for the expansion of intensively managed croplands and where 74 

more extreme precipitation due to climate change is forecast (IPCC, 2007; Hansen et 75 

al., 2014; Piao et al., 2019). However, capturing patterns of transient N2O pulses during 76 

hot moments based on daily or periodic monitoring of soil N2O emissions remains a 77 

challenge (Groffman et al., 2009; Kravchenko and Robertson, 2015; Barton et al., 2015). 78 

It  is therefore vital to understand the underlying mechanisms and driving factors 79 

controlling cumulative emissions.  80 

Limited knowledge pertaining to the characteristics of the highly variable N2O 81 

fluxes during hot moments has been provided mostly by laboratory studies of soil cores 82 

or low-frequency (daily or weekly basis) field measurements, leaving large 83 

uncertainties in our understanding of the timing and magnitude of these events 84 



(Groffman et al., 2009; Kravchenko et al., 2017). The duration of flooding-induced N2O 85 

emissions can range from hours to months in various agricultural soils (Hansen et al., 86 

2014; Rabot et al., 2014; Sánchez-Rodrígue et al., 2018 and 2019; Ning et al., 2019). 87 

N2O is mainly produced by sequential reactions of NO3
-, NO2

- and NO reductases 88 

potentially involved in both denitrification and nitrification, which are primarily 89 

controlled by O2, substrate availability and other environmental parameters e.g. 90 

moisture, temperature and pH (Davidson et al., 2009). Synthesis of each of the enzymes 91 

is promoted by decreases in O2 in the presence of its relative NOx substrate. N2O 92 

reductase (N2OR), the only enzyme catalyzing reduction of N2O to N2, is highly 93 

sensitive to O2 exposure. Therefore, the soil O2 concentration is a pivotal variable that 94 

directly regulates the production and consumption of N2O at the cellular level. Soil O2 95 

concentration as a first-order determining factor could potentially explain the variance 96 

in the N2O concentrations in the soil matrix based either on in situ field measurements 97 

(Song et al., 2019) or simulation by a diffusion-reaction model (Liengaard et al., 2014). 98 

Rewetting events often incur significant peaks of N2O fluxes as a result of the decreased 99 

O2, increased substrate mobility, and activated microbial activity (which further induces 100 

O2 consumption by respiration),  providing conditions favoring N2O production 101 

(Barrat et al., 2020). However, most previous field observations of water-filled pore 102 

space (WFPS) and N2O fluxes in soil have not been able to reflect the synchrony 103 

between O2 consumption, microbial processes, and N2O formation (Smith, 2017; 104 

Owens et al., 2017).  105 

Some studies have used microsensors or optical electrodes (optodes) to directly 106 



observe the changes in soil O2 and N2O concentrations at microscales. This allow 107 

millimetre-scale observations in soil aggregates or centimetre-scale precision in soil 108 

cores (Højberg et al., 1994; Markfoged et al., 2011; Zhu et al., 2015; Kravchenko et al., 109 

2017). However, these studies mostly use homogeneously sieved soils with damaged 110 

macro-aggregate structures that are critical for gas diffusion, water persistence, and 111 

formation of microbial hotspots within soil profiles. A series of laboratory experiments 112 

have investigated the relationship between the soil N2O concentrations and surface N2O 113 

fluxes by monitoring the fate of N2O, from generation, followed by diffusion, to 114 

emissions, in repacked soil cores (Zhou et al., 2016b; Kuang et al., 2019). Most of these 115 

studies have indicated that N2O concentrations are consistent with the emissions in 116 

terms of timing and magnitude, especially at high concentrations. Hence, the 117 

determination of changes in the soil N2O concentrations in situ is necessary to 118 

understand the actual N2O fluxes during the hot moments. 119 

Another difference between in situ field environments and repacked soil cores that 120 

is often overlooked is the presence of plants and belowground roots. The carbon 121 

provided to soil microorganisms through root exudation can affect O2 concentrations 122 

and N-substrate availability for N2O production and consumption in the rhizosphere 123 

(Jørgensen et al., 2012), where coupled nitrification-denitrification is more likely to 124 

occur (Kuzyakov et al., 2015). Therefore, the effects of these highly temporal 125 

interactions of the physical and biochemical factors on N2O emissions might be biased 126 

in soil cores or missed by low-frequency field measurements. Because the soil O2 status 127 

is a key variable integrating the aggregated effects of various complex interacting 128 



variables (e.g. moisture, respiration). Field observations of soil O2 dynamics and 129 

corresponding N2O production with high time-resolution measurements, particularly in 130 

the initial periods following weather and management events, are absolutely necessary. 131 

Upland farming that relies on irrigation is widely distributed across the world. 132 

Irrigated areas account for 60%-80% of the total area of most of the dominant 133 

agricultural systems globally (Thenkabail et al., 2009). These naturally water-limited 134 

systems feature large seasonal and interannual variations in precipitation and 135 

evapotranspiration. Some systems, such as the wheat-maize rotations in North China 136 

and the corn belt in the US Midwest, both with temperate continental monsoon climates, 137 

experience concentrated and intense precipitation in the summer, while they require 138 

irrigation in winter because evaporation is much higher than precipitation. The duration 139 

and intensity of precipitation or irrigation are closely related to the temporal variations 140 

in N2O emissions in these globally distributed water-limited systems (Adviento-Borbe 141 

et al., 2007). Alternating drying-wetting cycles caused by precipitation or irrigation 142 

pulses also influence other biogeochemical factors, such as O2 concentration, WFPS, 143 

gas diffusion, aggregate structure, substrate availability, N cycling enzymes and gene 144 

expression, all of which regulate N transformations and N2O production (Leon et al., 145 

2014; Barrat et al., 2020). These upland soils are mostly well aerated but exhibit 146 

intermittent diurnal variations in O2 status associated with precipitation or irrigation 147 

throughout the year (Liengaard et al., 2012; Owens et al., 2016; Song et al., 2019). This 148 

fluctuation in O2 status can lead to the conditions responsible for N2O formation in soils, 149 

with strong nitrification and weak denitrification, and hence a substantial accumulation 150 



of NO3
- (Zhou et al., 2016a). In drained soils, although the conditions are mostly well 151 

aerated, oxic, sub-oxic, and anoxic microenvironments may co-exist, allowing the 152 

maintenance of denitrifying communities. Denitrification can be triggered by a decline 153 

in soil O2 concentrations, leading to a large release of N2O (Richardson et al., 2009). 154 

Denitrification, or denitrification coupled to nitrification, occurs in anaerobic hotspots 155 

following fertilization and can lead to significantly greater N2O emissions than 156 

nitrification (Khalil et al., 2004; Bateman and Baggs, 2005; Li et al., 2016). However, 157 

the potential variability of O2 depletion and the corresponding N2O production induced 158 

by these events is currently unknown in upland agricultural soils. This limited 159 

knowledge is primarily due to the lack of field data with a sufficiently high sampling 160 

frequency within the hot moments. 161 

To further understand the temporal characteristics of N2O production at hot 162 

moments, we carried out high time-resolution field measurements of the dynamics of 163 

soil O2 and N2O concentrations associated with fertilization, irrigation, and extreme 164 

precipitation events in an upland agricultural soil in North China. We hypothesized that 165 

diurnal patterns of soil O2 and N2O concentrations differed significantly between events, 166 

that peaks of soil N2O concentration occurred within 24 hours following the events, and 167 

that high frequency measurements would improve accuracy of current daily N2O flux 168 

measurements. The objectives were: 1) to quantify the timing and magnitude of the soil 169 

O2 depletion and corresponding N2O concentrations within hot moments of weather 170 

and management events, and 2) to improve understanding on responses of N2O 171 

production to the intensive short (hourly) changes of soil environment and underpinning 172 



mechanisms. 173 

 174 

Materials and methods 175 

Study site 176 

The study was carried out at the Shangzhuang Research Station (40°8’N, 116°11’E) 177 

of China Agricultural University in Beijing, North China, a region which has been 178 

recognised as a global hotspot for N2O emissions (Song et al., 2018; Thompson et al., 179 

2019). This site is characterised by typical upland agricultural soils. The soil was 180 

classified as a Calcaric Ochri-Aquic Cambisol (Chinese Soil Taxonomy, Institute of 181 

Soil Science). The top 0–20 cm layer had a bulk density of 1.31 g cm−3, a clay loam 182 

texture with 28% clay, 32% silt, and 40% sand (USDA standard), an organic carbon 183 

content of 7.9–13.7 g kg-1, a total N content of 0.76–1.24 g kg-1, and a pH of 7.5. The 184 

site has a typical semi-humid temperate continental monsoon climate. The long-term 185 

(1981–2015) mean annual precipitation was 540 mm, of which 427 mm occurred during 186 

summer (June–September) and 9.2 mm in winter (December–February). The mean 187 

annual air temperature (1981–2015) was 13.0 °C, with an average monthly temperature 188 

of 24.5 °C in summer and −1.3 °C in winter. July was on average (1981–2015) the 189 

hottest and wettest month with a temperature of 26.8 °C and precipitation of 166 mm, 190 

while January had the lowest temperature (−3 °C) and precipitation (2 mm). The widely 191 

varying annual precipitation and temperature cause high temporal heterogeneity in site 192 

conditions and frequent drying–wetting cycles in soils (see comparisons of the climate 193 

conditions between historical conditions (1981–2015) and the study year in Figure S1). 194 



Winter wheat–summer maize rotations predominate in this region, involving high N 195 

fertilizer inputs typically with 550–600 kg N ha-1 yr-1 (Ju et al., 2009). Agronomic 196 

events and management of these rotations are described in Figure S2.  197 

 198 

Experiment design 199 

The study was conducted on a long-term field experiment established in October 200 

2006, using a completely randomised block design. The area of each plot was 64 m2 (8 201 

m × 8 m). Four N rates including zero, optimum (280 kg N ha-1 yr-1), conventional (560 202 

kg N ha-1 yr-1) and calculated N balance with manure (180 kg N ha-1 yr-1) were 203 

considered and two straw management strategies (straw return and straw removal) were 204 

adopted. Each treatment was replicated three times. Seven treatments, including the 205 

zero, optimum, and conventional N rates without (N0, Nopt, Ncon) and with (N0+S, 206 

Nopt+S, Ncon+S) the straw return, and N-balanced treatment with composted cattle 207 

manure and straw return (Nbal+M+S), were selected for this study. Urea was the N 208 

source because it is the most widely used N fertilizer in this region (Powlson et al., 209 

2018). Wheat (var. Liangxing 99) was sown at the beginning of October and harvested 210 

at the beginning of June of the following year, and then maize (var. Zhengdan 958) was 211 

immediately sown and harvested at the end of September. The seeding rate was 225 kg 212 

ha-1 with a row spacing of 20 cm for the wheat, and at a row and plant spacing of 60 cm 213 

and 25 cm for the maize. In the straw return treatments, the harvested maize straw was 214 

chopped and ploughed to a depth of 20 cm using a rotary cultivator before wheat was 215 

sown. In the wheat crop, straw was chopped and covered the soil surface before planting 216 



the maize seeds. The crop straw in the straw removal treatments was manually cut and 217 

removed after harvest. In the N-balanced treatment, composted cattle manure was 218 

applied before the wheat was sown, at a rate of 30 t ha-1 (fresh weight, 170 kg available-219 

N ha-1 in total). The composted manure had a pH of 7.95, an organic carbon content of 220 

34.2% and a total N content of 1.6% and was incorporated by ploughing. There were 221 

distinct gradients in the soil organic C and total N content in the three fertilizer 222 

treatments (unfertilized soil, chemical-fertilized soil and manure-fertilized soil), and 223 

between the two straw treatments (straw-removed and straw-returned; Table S1).  224 

Three typical management and weather events, including irrigation (Irr.), 225 

fertilization coupled with precipitation (Fer.+Pre.), and fertilization coupled with 226 

irrigation (Fer.+Irr.), were selected for monitoring within the wheat–maize rotation 227 

from April 2016 to April 2017 (Table 1). Irrigation was applied at the heading stage of 228 

the wheat on 10 May 2016, by flooding at a rate of 70 mm. Fertilization coupled with 229 

precipitation occurred at the sixth-leaf stage of  maize on 18 July 2016, where urea 230 

was applied as a starter fertilizer by band placement (at 10 cm depth) at rates of 0, 65, 231 

130, and 62 kg N ha−1 in the zero, optimum, conventional, and N-balanced treatments, 232 

respectively. There was a subsequent extreme rainfall of 311 mm. Fertilization coupled 233 

with irrigation occurred at the jointing stage of the wheat on 4 April 2017, with 234 

topdressing N broadcast at rates of 0, 75, 150, and 38 kg N ha−1 in the corresponding 235 

zero, optimum, conventional, and N-balanced treatments, followed by a flood irrigation 236 

of 70 mm. Irrigation and fertilization coupled with irrigation in the dry winter season 237 

and fertilization coupled with precipitation in the rainy maize season are representative 238 



of the methods for applying N and water in this region and are important drivers of N2O 239 

emissions (Gao et al., 2015; Ju and Zhang, 2017). 240 

To fully capture the intense dynamics of soil O2 depletion and N2O production 241 

during hot moments from these events, we monitored the soil O2 and greenhouse gas 242 

(N2O, CO2, CH4) concentrations and soil temperature in the field every 2 h over a 24 h 243 

period and on a daily basis for 1-2 weeks before and after each event until the gases 244 

reached baseline conditions. Precipitation, soil moisture, and mineral N concentrations 245 

were also measured 1 week before and after each event. 246 

  247 

Measurement of gas (O2, N2O, CO2, CH4) concentrations 248 

A soil-air equilibration sampler was used to collect soil gas at a depth of 7–20 cm 249 

(Wang et al., 2013). The sampler mainly consisted of a perforated polyvinylchloride 250 

(PVC) tube that ensured gas circulation from the surrounding soil air into the sampler 251 

and a microbore (inner diameter 2.5 mm) polytetrafluoroethylene tube that connected 252 

the sampler with the sampling syringe at the soil surface (Figure S3). The PVC tube 253 

had an inner diameter of 2.5 cm and a height of 15 cm, including a rubber plug with a 254 

height of 2 cm. Two samplers were installed vertically at 5–20 cm depth in each plot 255 

after sowing and remained in place until crop harvested (Song et al., 2019). 256 

Soil gas sampling commenced immediately once the weather and management 257 

events had occurred for hourly measurements over the following 24 hours, and then 258 

continued for 1-2 weeks on a daily basis until the gases’ concentrations reached baseline 259 

levels. In 1 week prior to these events, the gases were sampled on a daily basis to 260 



determine the baseline soil conditions. Daily measurements were conducted between 261 

9:00 and 11:00 am on each sampling day. Twenty millilitres of gas were collected at 262 

each sampling point using a 50 mL syringe connected to the sampler through a three-263 

way stopcock. Before sampling, 20 mL of soil gas was collected and released to flush 264 

the syringe. Subsequently, another 20 mL of soil gas was collected and injected back 265 

into the sampler. This was repeated three times to evenly mix the air inside the sampler. 266 

The soil O2 concentrations were measured in situ using a portable O2 analyzer (G100 267 

Range, Geotech Instruments Ltd., UK) linked to the sampler via the three-way stopcock 268 

immediately after each gas sampling (Figure S3). Concentrations of N2O, CO2, and CH4 269 

in the gas samples were analyzed using a gas chromatograph (Agilent 6820, USA) 270 

within 24 h of sampling, as described in previous studies (Zheng et al., 2008; Huang et 271 

al., 2013; Huang et al., 2017; Huang et al., 2018; Song et al., 2019). The samples were 272 

not diluted because concentrations of the sampled gases fell within the range of 273 

calibration curves of the gas standards’ series. 274 

     275 

Measurement of soil parameters and source of climate data 276 

In parallel with each gas sampling, soil temperature was measured using a portable 277 

digital thermometer (JM624, Tianjin Jinming Instrument Co. Ltd. China) connected to 278 

a temperature sensor horizontally buried in the soil at a depth of 10 cm in each plot. 279 

Additionally, at each gas sampling, two soil cores (3 cm diameter) randomly positioned 280 

in each plot were removed by an auger from the top 0–20 cm layer and mixed into one 281 

composite sample, then transferred to the laboratory in an ice box, sieved, and extracted 282 



within 24 h after sampling. Soil mineral N (NH4
+, NO2

- and NO3
-) was extracted with 283 

1 M KCl (12 g soil, 1:5 soil: water) on a shaker at a speed of 180 rpm for 1 h, then 284 

leached through a filter paper (ISO/TS 14256-1:2003). The supernatant was analyzed 285 

for NO2
- using the sulfanilamide colorimetric method with an ultraviolet 286 

spectrophotometer (UV mini-1240, Shimadzu, Japan), and analyzed for NH4
+ and NO3

- 287 

concentrations based on the sodium salicylate-nitroprusside and cadmium reduction 288 

method using a continuous flow analyzer (Auto Analyzer 3 system, Bran and Luebbe, 289 

Norderstedt, Germany). A further 15–20 g soil was oven-dried to determine the soil 290 

gravimetric water content, then together with bulk density to calculate water-filled pore 291 

space (WFPS) and air-filled porosity (equations in SI). Soil-gas diffusivity Dp/Do under 292 

variable soil moisture conditions was predicted using a structure-dependent water-293 

induced linear reduction (SWLR) model adopting a media complexity factor Cm = 2.1 294 

for intact soils (Moldrup et al., 2013). Soil sampling was carried out every 2 or 3 days 295 

for at least 1 week after each event. The records of daily precipitation and the long-term 296 

(1981–2015) mean climate were sourced from the National Meteorological Information 297 

Centre (http://data.cma.cn/). 298 

 299 

Auxiliary field experiment 300 

To test the universality of our results, we conducted a second field experiment in 301 

another representative area of farmland in North China (400 km from Shangzhuang) at 302 

the Quzhou Research Station (36°87’N, 115°02’E), which belongs to the China 303 

Agricultural University in Hebei Province. The characteristics of the soil, climate, and 304 



cropping system in Quzhou are similar to those in Shangzhuang and have been 305 

described in previous publications (Gao et al., 2014; Song et al., 2018). The experiment 306 

was designed to simulate the effect of extreme rainfall following conventional 307 

fertilization on soil O2 depletion and the corresponding N2O concentrations in the field. 308 

The study was carried out after a fertilizer topdressing at the tenth-leaf stage of maize. 309 

Three plots, each with an area of 1 m2 (1 m × 1 m) and a 10 cm height ridge were 310 

established within a maize field to represent three replications. Urea was broadcast at a 311 

rate of 150 kg N ha−1 and with a subsequent double irrigation to simulate the extreme 312 

rainfall event in each plot. The simulated extreme rainfall involved two continuous 313 

flooding irrigations (100 mm each time, in total 200 mm) that reached the top of the 314 

ridge. The second irrigation was started once the water irrigated from the first had 315 

drained, exposing the soil surface. Two soil-air equilibration samplers were inserted 316 

vertically into the soil to a depth of 5–20 cm in each plot. The soil gas was sampled and 317 

analyzed for O2 and N2O concentrations after 1, 2, 3, 5, 7, 9, 13, 17, 21, and 25 h 318 

following the event. 319 

 320 

Data analyses 321 

Soil O2 and GHG (N2O, CO2, CH4) concentrations were measured 1 week before 322 

and on an hourly basis  until 1 week after each weather and management event. The 323 

averages of the replicates for every treatment were determined and combined with the 324 

time series to show the dynamics of the soil O2 and GHGs during the hot moments. Soil 325 

temperature and WFPS are presented as averages across the seven treatments because 326 



of negligible effects of treatments on soil thermal-moisture conditions. For comparison 327 

between the hourly and daily measurements, the soil O2 and N2O concentrations 328 

measured within 24 h following each event were averaged to indicate a mean level. The 329 

differences between the average hourly measurement (within 24 h) and the daily 330 

measurement on the first day after each event were analyzed using a one-way analysis 331 

of variance (ANOVA) with the least significant difference (LSD) test at P < 0.05. 332 

Homogeneity was tested prior to the ANOVA. The skewness of data was evaluated by 333 

one-sample kolomogorov-Simirnov (K-S) test, and no transformation of data was made. 334 

Weather and management events, N rates, and treatments were considered as three 335 

factors influencing the soil O2 conditions and corresponding N2O concentrations. To 336 

quantify their variations and distribution during the hot moments, the concentrations of 337 

soil O2 and GHGs were grouped based on the three weather and management events, 338 

three N rates, and seven treatments. Box plot analyses were performed to determine the 339 

median, mean, 25% and 75% quartile, and minimum and maximum for each group of 340 

data. The differences between the events, N rates, or treatments were analyzed using 341 

the nonparametric Kruskal–Wallis H type combined with the Student–Newman–Keuls 342 

(S–N–K) test after the data were transformed by rank cases. The correlations between 343 

the soil O2 and soil N2O and CO2 concentrations with different events and N rates were 344 

analyzed using bivariate Spearman’s rank analysis. Statistical analyses were performed 345 

using IBM SPSS Statistics 21 (SPSS Inc., Chicago, IL, USA). The responses of soil 346 

N2O and CO2 to O2 concentrations were estimated by linear and non-linear regression 347 

functions using SigmaPlot 14.0 (Systat Software Inc., Erkrath, Germany). 348 



 349 

Results 350 

Soil and weather conditions of the three events 351 

Irrigation (Irr.) occurred in the spring on 10 May 2016 under soil temperatures 352 

ranging from 11.6 °C to 14.8 °C and with 24% WFPS in the preceding week (Figure 353 

1a). In contrast, fertilization coupled with precipitation (Fer.+Pre.) occurred in the 354 

summer on 18–21 July 2016, the hottest and wettest month of the year, with a daily soil 355 

temperature of 23–27 °C and a soil moisture of 45% WFPS (Figure 2a). Intense 356 

precipitation occurred one day after the fertilization and lasted for three days (19–21 357 

July 2016), providing a total of 311 mm including a daily rainfall of 253 mm on 20 July 358 

2016. Fertilization coupled with irrigation (Fer.+Irr.) occurred during the period of 359 

transition from winter to spring on 4 April 2017 under the lowest daily soil temperature 360 

of 7.5 °C and an intermediate soil moisture of 37% WFPS (Figure 3a). The diurnal 361 

variation in the soil temperature was the largest during the Irr. event, ranging from a 362 

minimum of 12.0 °C and a maximum of 19.5 °C, followed by the variation between 363 

20.4 °C and 25.8 °C in the Fer.+Pre. event, then between 10.1 °C and 12.9 °C in the 364 

Fer.+Irr. event. Soil moisture increased from 24 to 57%, and from 37 to 61% WFPS on 365 

the first day after the Irr. and Fer.+Irr. events, respectively. During the Fer.+Pre. event, 366 

the soil moisture changed from being well-aerated (45% WFPS, Dp/Do 0.042) to 367 

waterlogged (63% WFPS, Dp/Do 0.012) when the rain stopped (21 July 2016).  368 

In the week following these events, the soil temperature remained within the pre-369 

event levels overall, whereas changes in the soil moisture varied between events. Soil 370 



moisture declined most quickly in the Fer.+Irr. event from 61% to 41% WFPS with no 371 

rainfall, while it declined more slowly in the Irr. event from 57% to 45% WFPS under 372 

light rainfall (<10 mm). However, soil moisture was maintained at 58% WFPS for over 373 

1 week after Fer.+Pre. due to the occurrence of two light rainfall events (~ 20 mm). 374 

Two weeks after the Fer.+Pre. event (6 August 2016), soil moisture fell back to the pre-375 

event levels of 42% WFPS under hot weather (soil temperature of 27 °C) and without 376 

rainfall. 377 

 378 

Dynamics of soil O2, N2O and CO2 concentrations 379 

The soil O2 concentrations went through decreasing, stabilising, and recovering 380 

stages following all the studied events. A sharp decreases in the soil O2 concentration 381 

occurred within 4 h following irrigation in both the Irr. and Fer.+Irr. events (Figure 1b, 382 

3b), whereas the decrease in O2 in the Fer.+Pre. event was slower (Figure 2b). The soil 383 

O2 depletion was primarily driven by water–air exchange along with water infiltration 384 

immediately after irrigation in the Irr. and Fer.+Irr. events (Figure 1b and 3b). In the 385 

Fer.+Pre. event, fertilization on 18 July 2016 did not immediately induce soil O2 386 

depletion, and the decline in the soil O2 concentration was triggered by the start of 387 

continuous rain on 19-21 July 2016 (Figure 2b).  388 

The magnitude of the soil O2 depletion was the largest in the Fer.+Pre. event, which 389 

was approximately three times greater than that in the other events. The mean soil O2 390 

concentration ranged from 9.3–17.6%, 16.9–20.5% and 17.7–20.0% in the 24 h 391 

following the Fer.+Pre., Fer+Irr., and Irr. events, respectively. In the fertilized events 392 



(Fer.+Pre. and Fer.+Irr.), the soil O2 levels differed significantly (P < 0.05) between 393 

the treatments, with the lowest point consistently occurring in the Nbal+M+S treatment 394 

and the highest in the non-fertilized treatment (Figure 2b, 3b). However, the soil O2 395 

concentrations exhibited no evident difference between the treatments in the Irr. event, 396 

with the lowest point transiently occurring in Ncon+S or N0+S (Figures 1b). 397 

Peaks of soil N2O concentrations clearly occurred when the soil O2 concentrations 398 

declined to their lowest points within 24 h following each of the events (Figures 1–3c). 399 

Besides, in the Fer.+Pre. event, the soil N2O concentration exhibited a second and much 400 

higher peak (160 ppm versus 50 ppm of the first peak within 24 h) that corresponded 401 

to a decline in the soil O2 concentration driven by post-event light rainfall (Figure 2c). 402 

The magnitude of the soil N2O production in Fer.+Pre. event was significantly higher 403 

than that in the Irr. and Fer.+Irr. events, in which the mean soil N2O concentrations 404 

varied between 0.5–62.2 ppmv, 0.6–6.4 ppmv, and 0.5–1.4 ppmv in the 24 h following 405 

the Fer.+Pre., Fer+Irr., and Irr. events, respectively. In the Fer.+Pre. event, the soil N2O 406 

concentrations differed significantly (P < 0.05) between the treatments and were 407 

predominantly regulated by the N rates (Figure 2c). In the Irr. and Fer.+Irr. events, there 408 

was little difference in the soil N2O concentrations between the treatments (Figure 1c, 409 

3c). 410 

Rewetting by the irrigation or intense precipitation stimulated the soil CO2 411 

production. The soil CO2 concentrations increased immediately following irrigation in 412 

the Irr. and Fer.+Irr. events (Figure 1d and 3d) and increased one day after the 413 

precipitation in the Fer.+Pre. event (Figure 2d). Peaks of the soil CO2 concentration 414 



occurred within 24 h after the only irrigation event (Figure 1d), while they occurred 415 

three days after the fertilizer events with over two-fold increases in pre-event levels 416 

(Figure 2d, 3d). The soil CO2 peaks were much higher in the Fer.+Pre. event (50000 417 

ppm) under the wettest and hottest conditions than in the Irr. and Fer.+Irr. events (9000-418 

15000 ppm). There was no significant difference (P < 0.05) in soil CO2 concentrations 419 

between the treatments in these three events (Figure S9).  420 

 421 

Correlations of soil O2 with N2O and CO2 concentrations  422 

Within 24 h following the weather and management events, the soil O2 423 

concentrations were negatively correlated with the soil N2O concentrations (P < 0.01) 424 

in all three events (Figure 4, 5). The correlation coefficients between the soil O2 and 425 

N2O concentrations remained at approximately −0.50, with minor differences between 426 

the events. Nevertheless, the weakest correlation between the soil O2 concentrations 427 

and soil N2O concentrations occurred in the Fer.+Pre. event (r = −0.48) when the soil 428 

O2 was exhausted by intense precipitation. The soil N2O concentrations increased 429 

quadratically as the soil O2 concentrations decreased, and this response was stronger in 430 

the Fer.+Irr. event (R2 = 0.57) than in the Irr. (R2 = 0.28) and Fer.+Pre. (R2 = 0.23) 431 

events (Figure 5).   432 

The correlations between the soil O2 and CO2 concentrations and between the soil 433 

N2O and CO2 concentrations were both significant (P < 0.05) and increased in the Irr, 434 

Fer.+Pre., and Fer.+Irr. events accordingly (Figure 4). The correlation coefficients for 435 

O2–CO2 was −0.80 and for N2O–CO2 was 0.60 in the Fer.+Irr. event. The soil CO2 436 



concentrations demonstrated a quadratic increase in response to the decreasing O2 437 

concentrations, and this response was stronger in the Fer.+Irr. event (R2 = 0.73) 438 

compared to that in the other two events (R2 = 0.27–0.28, Figure S11). There was no 439 

consistent relationship between the soil N2O concentrations and soil CO2 440 

concentrations (Figure S12). 441 

 442 

Distribution of soil O2, N2O and CO2 concentrations 443 

Given the large heterogeneity of the O2, N2O, and CO2 concentrations in the soil 444 

matrix, we analyzed the distribution of the gaseous concentrations for each replicate 445 

over the 24 h period. The distribution of soil O2, N2O, and CO2 concentrations differed 446 

significantly between the events (P < 0.05, Figure 4). Fertilization coupled with intense 447 

precipitation led to the widest range of changes in the soil gaseous concentrations. The 448 

soil O2 concentrations dropped to as low as 0.2% and were associated with the highest 449 

soil N2O and CO2 concentrations of up to 180 and 44,000 ppmv, respectively, in the 450 

Fer.+Pre. event. A proportion (approximately 10% of bulk data) of the soil O2, N2O, 451 

and CO2 concentrations in the Fer.+Pre. event were identified as outliers with 452 

exceptional values lower than 6% and higher than 55 and 28,000 ppmv, respectively. 453 

There was an especially large deviation between the average and median soil N2O 454 

concentrations in the Fer.+Pre. event, in which the average trended towards higher N2O 455 

concentrations, implying a progressively accelerated rate of N2O production as the soil 456 

O2 declined. Consistently, the soil O2 and N2O concentrations showed great variations 457 

following fertilization coupled with double irrigation (to simulate intense rainfall) in 458 



another site (Quzhou) in the North China plain (Figure 8). In the 24 h following the 459 

event, the soil O2 concentration varied between 9.6% and 20.7%, and the soil N2O 460 

concentration changed between 0.6 ppmv and 119.6 ppmv (Figure 8). 461 

In each of the events, the N rate significantly affected the distribution of the soil O2, 462 

N2O, and CO2 concentrations (P < 0.05, Figure 5). The conventional N rate led to the 463 

largest variations in the soil O2, N2O, and CO2 concentrations. Nevertheless, the soil O2 464 

concentrations were depleted to extremely low (< 6%) levels even without N addition 465 

when intense precipitation occurred (Fer.+Pre. event), which provided favorable 466 

conditions for substantial N2O production. There were quadratic responses of soil O2 467 

depletion and the production of N2O and CO2 to the increasing N rates (Figure S13), 468 

and the responses were more robust with higher R2 in the fertilized (Fer.+Pre. and 469 

Fer.+Irr.) events. The soil CO2 concentrations showed weaker responses (lower R2) 470 

than the soil N2O concentrations to N rates, especially in the fertilization coupled with 471 

intense precipitation event. Unlike the N rates, the treatments did not exert consistent 472 

regulation on the distribution of the soil O2, N2O, and CO2 concentrations, which 473 

indicated the secondary effects of the straw and manure addition on the transient 474 

changes in the soil O2, N2O, and CO2 concentrations during the hot moments of the 475 

events (Figure S9). Because soil CH4 concentrations are partially a reflection of the 476 

soil’s redox state, the dynamics and distribution of this variable are described in SI. 477 

 478 

Comparison between hourly and daily measurements of soil O2 and N2O concentrations 479 

Daily measurements are the most frequently adopted technique in studies of soil 480 



GHG concentrations or fluxes based on the assumption that the observed values during 481 

a fixed time period can represent an average level within that day. By comparing the 482 

average of hourly measurements over 24 h with the daily measurements on the first day 483 

following the three events, we found that there was no significant difference between 484 

the hourly and daily measurements in terms of soil O2 and N2O concentrations (P < 485 

0.05, Tables S1–S3). This meant that daily observations did not cause an under- or over-486 

estimation of the soil O2 and N2O concentrations compared with the hourly 487 

measurements. 488 

 489 

Discussion 490 

Soil O2 depletion and N2O production affected by weather and management events  491 

In our study, fertilization followed by extreme rainfall led to the most severe soil 492 

O2 depletion and the most significant N2O production in comparison with the 493 

fertilization coupled with irrigation event or the irrigation only event. The more 494 

intensive and longer period of flooding driven by the extreme rainfall event (lasting 495 

three days, with a total of 311 mm) was the first cause. The flooding could persistently 496 

increase anaerobic volume as soil degassing (Xu et al., 2018), reduced gas diffusivity 497 

due to the presence of water (Renault and Sierra, 1994; see the inhibited Dp/Do in Figure 498 

2). There was also a release of decomposable organic carbon as a result of the 499 

breakdown of macro-aggregates in the soil (Ball, 2013), which exhausted soil O2 and 500 

provided conditions favoring N2O production (e.g. denitrification) (Jørgensen and 501 

Elberling, 2012; Liengaard et al., 2012; Hansen et al., 2014). In contrast, short-term 502 



surface flooding in the irrigation events (70 mm within a few hours) did not induce a 503 

large peak in N2O production as a result of a rapid recovery of soil O2 (aeration) after 504 

the water had infiltrated into the structured soil. These results suggest that hot moments 505 

of N2O production were induced only when the soil redox state changed, and the larger 506 

the difference between pre-event and rewetting conditions, the larger the hot moment, 507 

which were consistent with previous findings (Jørgensen and Elberling, 2012; Barrat et 508 

al., 2020). Secondly, the large difference in daily temperature between the events may 509 

also affect rates of microbial processes (e.g. nitrification and denitrification), and hence 510 

the production of N2O (Blackmer et al., 1982; Maag and Vinther, 1996).    511 

Our results demonstrate that increasing the N rates promoted soil O2 depletion and 512 

N2O production significantly. The applied NH4
+ substrate or urea consumes O2 through 513 

the nitrification process as evidenced by a linear stoichiometric relationship between 514 

the urea-N rate and O2 consumption in a laboratory incubation study (Huang et al., 515 

2014). Oxygen acts as an electron acceptor during nitrification; NH3 is oxidised to NO2
- 516 

and then to NO3
-. Ammonium oxidation can be linked to sequential NO2

- accumulation 517 

and O2 depletion under high concentrations of NH4
+ in neutral to alkaline dryland soils 518 

(Maharjan and Venterea, 2013; Huang et al., 2014; Breuillin-Sessoms et al., 2017), 519 

which then easily induces N2O release from nitrifier denitrification and/or 520 

denitrification coupled to nitrification (Zhu et al., 2013). Nitrifier denitrification, a 521 

process only known to be performed by ammonia oxidising bacteria (AOB) , could be 522 

a strong source of N2O under limited O2 conditions (Wrage-Mönnig et al., 2018). The 523 

N2O yield (N2O–N per NO2
-–N generated from NH3–N oxidised) of AOB increases 524 



nonlinearly with decreasing O2 (Goreau et al., 1980) or increasing NH4
+ concentrations 525 

(Hink et al., 2017). These factors are likely to have been important for the higher N2O 526 

production at higher N rates in this study. Considering the dependence of denitrification 527 

on the products of nitrification (NO2
- and NO3

- substrates) and reduced O2 concentration, 528 

these two processes are essentially linked as coupled nitrification–denitrification in 529 

structured soil habitats where oxic and anoxic microsites co-exist (Patrick Jr. and Reddy, 530 

1976; Firestone and Davidson, 1989; Zhu et al., 2015), and the couple could be 531 

stimulated by soil O2 depletion resulting in a large contribution to the high N2O 532 

production (Nadeem et al., 2020). Therefore, N input, intense flooding and high 533 

temperature coinciding in the fertilization coupled with an intense precipitation event 534 

provided favorable conditions for N2O production through both nitrifier denitrification 535 

and coupled nitrification–denitrification, leading to a much greater magnitude of N2O 536 

concentration in the soil, especially with the high N rate.  537 

In the fertilization coupled with irrigation event (Fer.+Irr.) and the irrigation only 538 

event (Irr.), sharp decreases in soil O2 concentration were mainly driven by water-air 539 

diffusion along with water infiltration immediately following irrigation, i.e. the abiotic 540 

process of soil degassing. During infiltration, any water entering the soil will displace 541 

an equal volume of soil air, which can directly lead to soil O2 depletion as soil air is 542 

degassed (Xu et al., 2018). Nevertheless, microbial activity partially contributed to the 543 

decreased soil O2 concentration and increased CO2 concentration, which was 544 

demonstrated by the larger changes in soil O2 and CO2 concentrations (also the more 545 

significant difference between treatments) in the Fer.+Irr. event than in the Irr. event. 546 



This could be attributed to enhanced microbial activity which was activated by water 547 

addition and further stimulated by N and C inputs in the Fer.+Irr. event. 548 

Interactions between the events and N rates also affected the response of N2O 549 

production to changes in the soil O2 concentrations. The effect of the N rate was 550 

reflected only in the fertilization coupled with intense precipitation event, as shown by 551 

the stepwise increase in the soil N2O concentration with increasing levels of N 552 

application. This effect was not apparent for the fertilization coupled with irrigation 553 

event, despite receiving more N fertilizers (Figure S13). This was because of the 554 

relatively high soil O2 concentration in the irrigation event which inhibited N2O 555 

generation, but in the intense precipitation event, the soil O2 was depleted to a level 556 

favoring N2O production. This suggests that the soil O2 concentration might override 557 

the substrate as a primary determinant of N2O formation, and high N inputs result in 558 

high N2O production only when the soil O2 is strongly depleted for an extended period, 559 

such as by continuous and intense precipitation, but typically not by short-term 560 

irrigation. 561 

 562 

Evidence of soil mineral N for the N2O production 563 

Despite the large spatial heterogeneity of substrate distribution in soil habitats, 564 

variations in soil mineral N also provided evidence for the production of N2O. 565 

Following the Irr. event, NO3
- concentrations in the topsoil (0-20 cm) decreased 566 

particularly in the conventional N treatments (Ncon and Ncon+S), which accumulated 567 

relatively high amounts of NO3
- prior to the event (Table S16). This might be attributed 568 



to leaching and denitrification (accounting for the high N2O concentration in Ncon and 569 

Ncon+S). Under soil water-logged conditions, soil NO3
- concentrations did not increase 570 

immediately following the Fer.+Pre. event in spite of the fertilization, and yet increased 571 

after the highest peak of soil N2O concentration (on 2016/7/28; Table S19). This might 572 

indicate a strong reduction of NO3
- to N2O by denitrification. In the Fer.+Irr. event, 573 

nitrification dominated the transformation of the added N fertilizer, in which initial 574 

increases in NH4
+ and accumulation of NO2

- were followed by an accumulation of NO3
- 575 

(2017/4/7; Table S20-S22). These results highlight the complexity of underlying 576 

mechanisms controlling the temporal variability of soil N2O production induced by 577 

different events in dryland agricultural soils. 578 

 579 

Timing of N2O production and its consistency with emission during hot moments 580 

Besides the initial peak of soil N2O and CO2 concentrations that occurred within the 581 

first 24 h period, a second and much larger peak developed 2–3 days after the 582 

fertilization coupled with intense precipitation or irrigation events (Figure 2c and 3c). 583 

This was consistent with a repacked soil core study, in which the N2O production rate 584 

reached a second and higher peak 45 h after flooding (Liengaard et al., 2014). Rewetting 585 

in these events can induce a burst of respiratory activity and trigger subsequent 586 

activation of a range of different microorganisms, as described in the Birch effect (Birch, 587 

1958), with enlarging pools of available substrate (e.g. N, easily decomposable C) 588 

stimulated by mineralization (Xu et al., 2004). The second peak of N2O production may 589 

therefore have resulted from enhanced denitrification, due to increases in the labile 590 



organic carbon (Morley and Baggs, 2010).  591 

In recent studies, there is often a debate regarding whether N2O production induced 592 

by rewetting events will incur consistent emissions from the soil surface considering 593 

the inhibited gas diffusion by water-filled pores in the soil matrix (Xu et al., 2020). 594 

Results from repacked soil core studies generally demonstrate discrepancies between 595 

the produced N2O and emitted N2O (Liengaard et al., 2014; Hansen et al., 2014), which 596 

contradict the in situ field observations in this study. Our results showed that surface 597 

flooding resulting from irrigation rapidly (within 4 h) infiltrated through the topsoil 598 

layer (0–20 cm), and soil O2 (aeration) mostly recovered within 24 h (Figure 1b, 3b). 599 

These results are consistent with a classic conceptual infiltration model (Hillel, 1982). 600 

That is to say that flooding after irrigation or brief rainfall in the well-drained dryland 601 

soils would not last long enough to incur severe restrictions on gas transport, such as 602 

O2 diffusion into the soil or N2O emission from the soil surface (Liengaard et al., 2012; 603 

Owens et al., 2016; Song et al., 2020), which are different from conditions of complete 604 

rewetting for several days to months in the simulation studies (Sánchez-Rodríguez et 605 

al., 2019). The difference in the soil structure between the field and repacked soil may 606 

also partially explain the conflicting results. In in situ structured soils, anaerobic 607 

microsites are dispersed throughout the soil. The distance for N2O diffusion to the 608 

aerated soil would then be smaller so that the N2O produced would more easily escape 609 

to the atmosphere, compared to the interconnected anaerobic microsites in a 610 

homogeneous soil matrix in repacked studies. The rapid restoration of soil aeration and 611 

the smaller distances of N2O diffusion to aerated spaces in structured soils suggest that 612 



the N2O produced should mostly be emitted from field soils. Although the N2O 613 

production and emission might be relatively consistent, the discrepancies between 614 

studies on various soil-climate systems highlight that knowledge of the processes 615 

involved in the formation, diffusion, and emission of N2O is critical.  616 

 617 

Significant heterogeneity in soil O2 and N2O concentrations during hot moments 618 

In our study, the low soil O2 concentrations (~10% of the bulk data) showed there 619 

was an occurrence of sub/anoxic microsites and corresponding N2O production 620 

hotspots following the fertilization coupled with intense precipitation event (Figure 6a, 621 

b), and the exceptional replicate with an extremely high soil N2O concentration in the 622 

Ncon+S treatment in the fertilization coupled with irrigation event (Figure 3c). We also 623 

found high soil CH4 concentrations in these flooding events that potentially occurred in 624 

microsites with a low redox status, because CH4 replaces CO2 as the main end product 625 

of respiration when the redox potential is below the threshold level (less than -200 mV 626 

at pH 7) (Figure S8, Kewei and Patrick, 2004). Similar results at the Quzhou 627 

experimental site also exhibited significant spatial heterogeneity in the soil O2 and N2O 628 

concentrations and therefore its prevalence in dryland soils (Figure 8).  629 

Increases in soil moisture and input of N fertilizer or manure (e.g. the weather and 630 

management events in this study) can lead to the spatial heterogeneity of O2 distribution 631 

in the soil matrix. Microbial decomposition of organic matter and oxidation of NH4
+ 632 

have been shown to consume O2 inducing microsites with intensive O2 depletion and 633 

N2O production within 6–24 h in agricultural soils (Zhu et al., 2015). Therefore, N2O 634 



hotspots caused by denitrification often appear in the anaerobic centres of soil 635 

aggregates, along growing roots, and are associated with the decomposition of labile 636 

plant residues (Kravchenko et al., 2017). Microsensor measurements of O2 and N2O 637 

concentrations in intact soil cores that was sampled immediately after a moderate 638 

rainfall event revealed the heterogeneous distribution of O2 in the soil (Liengaard et al., 639 

2013). Due to irregular microscale soil heterogeneity, the commonly adopted 640 

observations at the field scale are not sufficient to differentiate microbial processes that 641 

occur in small soil volumes. Simultaneous measurements of O2 and N2O dynamics at 642 

the microscale in in situ soil matrices can help address this problem.  643 

 To address temporal heterogeneity, the usefulness of high temporal frequency (bi-644 

hourly) measurements was evaluated by comparing with daily measurements in this 645 

study, although there was no significant difference between average values of the 646 

hourly and daily measurements. This was probably because the sampling time we 647 

adopted (9:00 to 11:00 am) for the daily measurement was appropriate to reflect the 648 

daily average condition (Laville et al., 2010; Wu et al., 2021). It is, however, possible 649 

that daily observations miss the maximum and minimum of N2O production at the hot 650 

moments (i.e. the 24 h period in our study), which could over- or underestimate total 651 

N2O production (Ju et al., 2011). Hence, it is necessary to adopt a high temporal 652 

frequency of soil gaseous ( O2 and N2O) measurements to fully capture the dynamics 653 

with the periods of most intensive change induced by weather and management events. 654 

This provides a basis for understanding the transient response of nitrification and 655 

denitrification to changes in the soil environment considering that the activity of 656 



enzymes  for these processes would change within a few hours after soil O2 state 657 

changed.  Such an understanding will help improve the field management decisions to 658 

avoid transient periods of severe O2 depletion and to reduce the risk of N2O production.   659 

 660 

Conclusions 661 

The patterns and magnitude of soil O2 depletion and N2O production were 662 

remarkably distinctive during the hot moments of the three typical weather and 663 

management events observed in this study. The patterns of O2 depletion and N2O 664 

production depended on the extent of the spatial–temporal overlap between N and water 665 

supply in each event and the contrasting pre-event soil hydrothermal status. 666 

Fertilization coupled with intense precipitation, led to the most severe soil O2 depletion 667 

and the most significant N2O production. Irrigation or fertilization coupled with 668 

irrigation did not result in significant N2O production. This was because there was a 669 

rapid recovery of soil O2 after short-term irrigation in the in situ structured soils. Overall, 670 

our results indicate that significant spatial–temporal heterogeneity in soil O2 and N2O 671 

concentrations is widely observed in upland agricultural soils. Future studies combining 672 

N2O concentration and emission measurements together with measurements of soil O2 673 

concentration and other environmental parameters (e.g. soil mineral N, moisture) are 674 

required to develop more accurate predictions,  understanding and mitigation of N2O 675 

emissions in in situ structured soils during hot moments. 676 
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Figure Captions 

Figure 1. Dynamics of soil temperature, precipitation, soil water filled-pore space 

(WFPS), soil-gas diffusivity Dp/Do, concentrations of soil oxygen (O2), nitrous oxide 

(N2O) and carbon dioxide (CO2) in in situ soils on an hourly basis for 24 hours 

following an irrigation (Irr.) event or on a daily basis before and after the Irr. event. N0, 

Nopt, Ncon and N0+S, Nopt+S, Ncon+S represent the zero, optimum and conventional N 

treatments without and with straw return, respectively. Nbal+M+S represents the N 

balanced treatment with manure and straw return. Numbers in brackets adjacent to the 

blue triangles in (a) are predicted Dp/Do values. Vertical bars in (a) indicate standard 

error of the seven treatments (n=7). Vertical bars in (b)-(d) indicate standard error of 

replicates of each treatment (n=3). 

 

Figure 2. Dynamics of soil temperature, precipitation, soil WFPS, soil-gas diffusivity 

Dp/Do, concentrations of soil O2, N2O and CO2 in in situ soils on an hourly basis for 24 

hours following a fertilization coupled precipitation (Fer.+Pre.) event or a daily basis 

before and after the Fer.+Pre. event. Abbreviations for treatments are the same as that 

in Figure 1. Numbers in brackets adjacent to the blue triangles in (a) are predicted Dp/Do 

values. Vertical bars in (a) indicate standard error of the seven treatments (n=7). Vertical 

bars in (b)-(d) indicate standard error of replicates of each treatment (n=3). 

 

Figure 3. Dynamics of soil temperature, soil WFPS, soil-gas diffusivity Dp/Do, 

concentrations of soil O2, N2O and CO2 in in situ soils on an hourly basis for 24 hours 



following a fertilization coupled irrigation (Fer.+Irr.) event or a daily basis before and 

after the Fer.+Irr. event. Abbreviations for treatments are the same as that in Figure 1. 

Numbers in brackets adjacent to the blue triangles in (a) are predicted Dp/Do values. 

Vertical bars in (a) indicate standard error of the seven treatments (n=7). Vertical bars 

in (b)-(d) indicate standard error of replicates of each treatment (n=3). 

 

Figure 4. Correlation coefficients between soil O2 and N2O concentratons, soil O2 and 

CO2 concentrations, soil N2O and CO2 concentrations within 24 hours following 

contrasting weather and management events in in situ soils. Irr., Fer.+Pre. and Fer+Irr. 

represent the same events as that in Figure 1-3. Values and sample sizes of the 

coefficients are shown in Table S23. Significance level: **P < 0.01. 

 

Figure 5. Response of soil N2O concentration to soil O2 concentration for 24 hours 

following contrasting weather and management events in in situ soils. Irr., Fer.+Pre. 

and Fer.+Irr. represent the same events as those in Figure 1-3. Zero, Optimum and 

Conventional refer to the zero (N0, N0+S), optimum (Nopt, Nopt+S) and conventional 

(Ncon, Ncon+S) N levels, respectively. 

 

Figure 6. Distribution of soil O2, N2O and CO2 concentrations for 24 hours following 

contrasting weather and management events in in situ soils. Irr., Fer.+Pre. and Fer.+Irr. 

represent the same events as that in Figure 1-3. Solid and dashed line inside each box 

represent median and mean, respectively. Top and bottom edge of the box are 25% and 



75% quartile, respectively. Bars from the top and bottom of the box indicate maximum 

and minimum excluding outliers, respectively. Scatters outside each box are shown as 

outliers in each group of data. Different letters below each box in (a) or above each box 

in (b) and (c) denote significant differences between events tested by nonparametric 

statistics at P < 0.05. Data are sourced from raw values of each replicate of the 

treatments. 

 

Figure 7. Distribution of soil O2, N2O and CO2 concentrations in different N rates for 

24 hours following contrasting weather and management events in in situ soils. Zero, 

Optimum and Conventional are consistent with that in Figure 5. Irr., Fer.+Pre. and 

Fer+Irr. represent the same events as that in Figure 1-3. Parametric interpretations of 

the box plots are consistent with that in Figure 6. Different letters below each box in 

(a), (d) and (g) or above each box in (b)-(c), (e)-(f) and (h)-(i) denote significant 

differences between N rates tested by nonparametric statistics at P < 0.05. Data are 

sourced from raw values of each replicate of the treatments. 

 

Figure 8. Dynamics of soil O2 and N2O concentrations (a), and correlation of the soil 

O2 to N2O concentrations (b, data for each replicate) at depth of 7-20 cm within 24 

hours following a fertilization coupled irrigation event (Fer.+Irr.) in in situ soils in 

Quzhou on the North China Plain. 
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Table 1. Crop growth stage, date, N and irrigation rates of three combinations of weather and management events in a winter wheat-summer maize 

double cropping system on the North China Plain within the period from April 2016 to April 2017. 

Event Crop season Growth stage Date 

N rate (Urea, kg N ha-1) 

Irrigation 

rate (mm) 

N0 Nopt Ncon N0+S Nopt+S Ncon+S Nbal+M+S  

Irr. 2015-2016 wheat Heading stage 10 May. 2016               70 

Fer.+Pre. 2016 maize Sixth-leaf stage 18 Jul. 2016 0 65 130 0 65 130 62   

Fer.+Irr. 2016-2017 wheat Jointing stage 4 Apr. 2017 0 75 150 0 75 150 38 70 

Irr., Fer.+Pre. and Fer.+Irr. denote events of irrigation, fertilization coupled with precipitation, and fertilization coupled with irrigation, respectively. 

N0, Nopt, Ncon and N0+S, Nopt+S, Ncon+S represent zero, optimum and conventional N rates without and with straw return, respectively. Nbal+M+S 

represents N balanced treatment with manure and straw return. 

 



Highlights 

⚫ N2O production instantly responded to rapid short O2 dynamics in in situ soils 

⚫ Soil N2O concentrations increased quadratically as soil O2 decreased at hot moments 

⚫ Anaerobic microsites existed widely in dryland soils after extreme rainfall 

⚫ O2 concentrations recovered within 24 h after short-term irrigation in in situ structured soils 

⚫ Hot moments of N2O production were promoted by intense rainfall not by irrigation 
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