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Abstract: 21 

Nitrification inhibitor and straw incorporation are widely used to improve crop nitrogen 22 

use efficiency in agricultural soil, but their effects on nitrous oxide (N2O) emission 23 

across different soil types and the microbial mechanisms remain less understood. In this 24 

study, we used controlled experiment and DNA-based molecular analysis to study how 25 

nitrification inhibitor (dicyandiamide, DCD) and straw incorporation affect soil 26 

nitrogen balance, N2O emission and microbial nitrifiers/denitrifers in three distinct 27 

agricultural soils (the black, fluvo-aquic and red soils) across China. Both DCD and 28 

straw incorporation improved nitrogen balance by increasing NH4
+ and decreasing 29 

NO3
- in all soils. DCD tended to decrease N2O emission from all soils especially the 30 

fluvo-aquic one, while straw incorporation reduced N2O emission only in the fluvo-31 

aquic soil but increased N2O emission in the other two especially the red soil (by 32 

~600%). T-RFLP analysis revealed that the denitriers community structure are distinct 33 

among the three soils but was not strongly affected by DCD or straw incorporation. 34 

qPCR analysis revealed that DCD or straw incorporation had no significant effect on 35 

nitrifier abundance but increased nitrous oxide reductase nosZ gene abundance in the 36 

black/fluvo-aquic soil rather than the red soil. Structural equational modelling further 37 

confirmed that, when accounting for treatments and soil properties, nosZ gene 38 

abundance is the only biological factor significantly determined N2O emission in 39 

different soil types. Taken together, our work advanced the knowledge on the 40 

agricultural practices and N2O emission in cropland soils, suggesting that straw 41 

incorporation may not be a good choice for the red and black soil areas; management 42 

practices should be used as per soil type to balance between nitrogen use efficiency and 43 

N2O emission. 44 

Keywords: Nitrous oxide, straw incorporation, nitrification inhibitor, denitrifiers, 45 

denitrification 46 
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Introduction 48 

As a powerful greenhouse gas, nitrous oxide (N2O) is 256 times stronger than carbon 49 

dioxide in warming potential, and is widely recognized as a major contributor to ozone 50 

depletion (IPCC, 2014; Ravishankara et al., 2009). The use of synthetic nitrogen 51 

fertilizers in agricultural production is the biggest source of N2O emissions. It was 52 

estimated that 60% of the global N2O emission (about 4.1 Tg N yr-1) could be attributed 53 

to synthetic nitrogen fertilizers application (c.a. 140 Tg N yr-1) (IPCC, 2013). In the 54 

context of the global food crisis and climate change, it is particularly urgent to optimize 55 

fertilization strategies to increase nitrogen fertilizer use efficiency (NUE) while 56 

reducing N2O emissions from agricultural soils. 57 

Straw incorporation (SI) and nitrification inhibitor (NI) are common practices 58 

employed to improve the NUE in cropland soils (Di et al., 2014), but their performances 59 

on regulating soil N2O emissions remained uncertain. For example, straw incorporation 60 

potentially increased the N2O emission in an aquic cropland soil (Xu et al., 2019), but 61 

may not affect the N2O emissions in a red soil under traditional synthetic fertilizer 62 

treatment (Wu et al., 2020). The widely used inhibitor dicyandiamide (DCD), even 63 

though largely suppressed the N2O emissions in an acidic loamy clay soil (Ning et al., 64 

2018), might slightly increase the N2O emission from agricultural soils when globally 65 

assessed (Lam et al., 2017). These results indicated that the influence of SI and NI on 66 

N2O emission can be largely limited by soil conditions especially soil types, and a 67 

mechanistic interpretation on the N2O emission pattern across different soil types is 68 

essential for deploying fertilization strategies to mitigate N2O emissions and improve 69 

crop NUE. 70 

In cropland soils, nitrous oxide is mostly emitted as an intermediate product of 71 

heterotrophic denitrification (NO3
−→NO2

−→NO−→N2O→N2) or/and as a by-product 72 

of ammonia oxidation (Butterbach-Bahl et al., 2013; Hu et al., 2015). The former 73 

pathway is driven by denitrifiers containing nitrite reductase (nirK) and/or nitrous oxide 74 

reductase (nosZ) genes. The latter is driven by ammonia-oxidizing bacteria/archaea 75 

(AOB/AOA) that encode ammonia-monooxygenase α-subunit gene (amoA). Changes 76 

of these functional microbial groups are essential for mechanistic interpretation on the 77 

response N2O emission to fertilization strategies (Chen et al. 2013). Straw incorporation 78 

doubled the abundance of nosZ gene, the only known biological link that reduces N2O 79 

emissions, in an acidic soil (Miller et al. 2012), but potentially increase the emissions 80 

of N2O from cropland soils across large spatial scales (Zhao et al. 2020). Previous study 81 

showed that DCD stressed paddy soil N2O emission via inhibiting the metabolic activity 82 
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of AOB rather than AOA (Zhou et al. 2020). DCD was also reported to potentially 83 

reduce denitrification activity via reducing denitrification substrate (NO3
-) 84 

concentration rather than the abundance of nirK gene in a paddy soil (Meng et al., 2020). 85 

Considering that soil nitrifier and denitrifer communities are highly variable across 86 

environmental gradient (Jones and Hallin 2010, Hu et al. 2015), how DCD and straw 87 

incorporation affect the nitrifier/denitrifier and regulate the N2O emissions across 88 

different soil types remains uncertain. 89 

The black, fluvo-aquic, and red soils are representative of the main part of the 90 

agricultural areas across eastern China that accounts for more than half of the crop 91 

productions in China. Proper agricultural management policy across these areas is 92 

necessary for crop safe and environmental sustainability. Here, we used a controlled 93 

experiment to determine the performance of SI and NI on N2O in these three distinct 94 

soils. The responses of denitrifying and ammonia-oxidizing microorganisms were 95 

characterized by DNA molecular analysis, such as quantitative PCR and Terminal 96 

Restriction Fragment Length Polymorphism (T-RFLP). We aimed (1) to compare the 97 

performance of SI and NI on N2O emissions in different soil types, and (2) to unravel 98 

the microbial mechanism by which NI and SI affect soil N2O emissions among different 99 

soils. We wish our work can provide data support for deploying suitable fertilization 100 

strategies to both improve the crop NUE and mitigate soil N2O emissions in different 101 

agricultural areas. 102 

Materials and methods 103 

Soil basic information and controlled experiment setup 104 

The soils used in the pot experiment were collected from agricultural areas in Taoyuan 105 

(TY, 111.26°E, 28.55°N), Xuchang (XC, 113. 48°E, 34. 08°N) and Gongzhuling (GZL, 106 

124.49°E, 43.32°N), respectively. According to the World Reference Base (WRB), they 107 

were classified as Red soil (pH 4.43), Fluvo-aquic soil (pH 7.18) and Black soil (pH 108 

5.74), respectively. The average annual temperature and precipitation in TY, GZL, and 109 

XC sites were 16.5°C/1440mm, 5.6°C/615mm and 13.9°C/595mm, respectively. Crop 110 

residuals and stones were removed, screened through a 2-mm sieve before transported 111 

to the greenhouse. 112 

The pot experiment was set up in May, 2015. For each soil type, there were four 113 

fertilization treatments including unfertilized control (CK), using nitrogen fertilizer 114 

only, i.e., using urea equivalent to 200 kg N ha−1 (N), addition of 5% nitrification 115 

inhibitor (N+NI) and incorporation of maize straw (N+SI) with nitrogen fertilizer. Each 116 

treatment had four replicates. The corn straw used in N+SI treatment was collected from 117 
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the same sites where the soils were collected. Phosphorus and potassium (equivalent to 118 

90 kg P2O5 ha−1 and 90 kg K2O ha−1, respectively) were applied as the basal fertilizers 119 

for all the treatments. All pots (with 10 kg soil each) were irrigated to 60% water hold 120 

capacity (WHC) before seeding. The pots (Φ: 25cm × H: 25cm) were randomly 121 

arranged in greenhouse with constant temperature at ~20℃. A widely grown maize 122 

variety Zhengdan 985 was used in this experiment. 123 

Gas sampling and N2O measurement 124 

Soil N2O flux were monitored using the static chamber/gas chromatograph as described 125 

before (Ding et al., 2015). Briefly, the soil column was covered by a Φ: 25cm × H: 60 126 

cm transparent plexiglass chamber (with electric fan installed on the top to mix the air 127 

in the headspace) and a water-filled groove was used to seal the system. The sample 128 

collection time was from 10:00 to 11:00 on the 2, 4, 6, 8, 10, 12, 16, 20, 27 days after 129 

seeding. There were three time points (at 0, 15th, 30th min) for each collection; at each 130 

time point, a syringe is used to collect gas samples (30 ml) from the chamber. These 131 

samples were stored in glass cylinders and then determined by a gas chromatography 132 

(Agilent 7890B, Santa Clara, CA, USA) with electron capture detector (µECD). In all, 133 

1,296 gas samples were collected and measured. Calculation of N2O flux was 134 

performed via a linear regression model (Wang et al., 2018b), 135 

F = ρ× (P/101. 3)×(V/A)×(∆c/∆t)×273/(273+T) 136 

where F indicates N2O flux (µg N2O-N m-2 h-1), ρ indicates N2O density at 0°C and 137 

101.3 KPa (kg m-3), V indicates chamber volume (m3), A indicates chamber surface area, 138 

∆c/∆t indicates N2O accumulation rate within chamber (ppbv N2O-N h-1), T (Celsius) 139 

indicates mean air temperature in chamber, and P (mm Hg) indicates instant 140 

atmospheric pressure. Cumulative N2O emission (E, kg N ha−1) was calculated by the 141 

equation (Chen et al., 2016), 142 

EN2O = ∑𝑖=1
𝑛 (fi+fi+1)/2×(ti+1-ti)×24×10-5 143 

where f indicates gas flux (µg N2O-N m−2 h−1), n indicates the total measurement 144 

numbers, i is the sampling time, and (ti+1-ti) represents the interval of two sampling. We 145 

measured the N2O flux only in the early stage of corn growth because N2O emissions 146 

usually peaked soon after fertilization (Yang et al., 2017). 147 

Soil physicochemical analysis 148 

Soil samples were collected on days 0, 15, 60 and 120 after seeding. At each time point, 149 

we carefully collected 3 soil cores with a depth of 0-20 cm in each pot about 10 cm 150 

away from the axial root and mixed them evenly to make composite samples. In all, 151 

192 soil samples were collected for downstream analysis, and they were stored at 4°C 152 
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for property measurement and -80°C for DNA extraction, respectively. 153 

Soil pH was measured (water to soil ratio of 2.5:1 v/w) by a Delta 320 pH meter 154 

(Mettler-Toledo, China). Soil water content was determined by oven-drying the fresh 155 

samples in 105 ℃ for 24 hours. NH4
+-N and NO3

−-N were extracted with 1 M KCl 156 

solution and determined by the continuous flow analysis system (SAN++, Skalar, 157 

Holland). A Fusion Total Organic Carbon Analyzer (Tekmar Dohrmann, USA) was 158 

used to measure the dissolved organic carbon (DOC) extraction (0.5M K2SO4). 159 

Potential nitrification rate (PNR) was determined by the sodium azide inhibition 160 

method (Wang et al., 2018a). Fresh soil sample (5g) was added to a 50ml centrifuge 161 

tube containing 20ml (1mM) solution of phosphate buffer (PBS) (g L-1: NaCl, 8.0; KCl, 162 

0.2; NaHPO4,1.44; KH2PO4, 0.24; pH=7.4) with 1mM (NH4)2SO4 and 10mM KClO3 163 

to inhibit nitrite oxidation. After incubating the suspension in dark on a shaker at 180 164 

rpm for 24 hours (25°C), the nitrite was extracted using 5ml of 2M KCl and determined 165 

by a Griess-Ilosvay spectrophotometry. 166 

DNA extraction, Terminal Restriction Fragment Length Polymorphism (T-RFLP) 167 

and real-time quantitative PCR (qPCR) analysis 168 

According to the manufacturer's instructions, soil metagenomic DNA was extracted 169 

from 0.3g soil using mobio PowerSOil DNA Isolation Kit (MoBio laboratories, 170 

Carlsbad, CA, USA). A Nanodrop ND-2000c UV-Vis spectrophotometer (NanoDrop 171 

Technologies, Wilmington, DE, USA) was used to measure the quantity and quality of 172 

DNA. The DNA extractions were stored in -20°C freezer for molecular analysis. 173 

T-RFLP was employed to determine the community structure of denitrifying 174 

bacteria containing nirK and nosZ genes. Primer pairs F1aCu/R3Cu and nosZ-175 

F/nosZ1662R were employed for nirK gene and nosZ gene amplification, respectively 176 

(Hallin and Lindgren, 1999; Throback et al., 2004). The forward primers were labelled 177 

with fluorescent dye 6-carboxyfluorescein (6-FAM) mark. The 50µl PCR amplification 178 

system contains 25µl 2× SYBR Green Premix Ex TaqTM (TaKaRa Biotechnology, 179 

Japan), 2µl of each primer (10µM), 3µl of template DNA and 20µl ddH2O. PCR cycling 180 

conditions of the nirK and nosZ genes are listed in Table S1. Purified amplicons were 181 

digested with restriction enzymes MspI (TaKaRa, Japan) and submitted for fragment 182 

scan. Terminal spectra were analyzed by GeneMarker V2.2.0 software (SoftGenetics-183 

LLC, Pennsylvania, USA). The fragments with less than 1bp length variation were 184 

combined, and peaks with height less than 0.5% of the maximum value were excluded. 185 

The copies of amoA, nirK and nosZ genes was determined using an iCycler iQ5 186 

Real-Time PCR detection system (Bio-Rad Laboratories, USA). Primer pairs and 187 
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thermal cycling programs are listed in Table S1. The 25µl qPCR reaction system 188 

contains 12.5 µl 2×SYBR Green Premix Ex TaqTM (TaKaRa Biotechnology, Japan), 189 

0.5µl of each primer (10 µM), 1.5µl template DNA and 10.5µl ddH2O. 190 

Statistical Analysis 191 

One-way analysis of variance (ANOVA) followed by Ducan test (significance level P 192 

< 0.05) were used to test the difference of gas emissions/soil properties/genes copies 193 

among fertilization treatments. The Bray-Curtis dissimilarity matrix was calculated, 194 

based on the fragment composition of T-RFLP analysis, to determine the response of 195 

denitrifier community containing nirK and nosZ genes to fertilization treatments. 196 

Resultant matrices were ordinated by the nonmetric multidimensional scaling (NMDS) 197 

algorithm. These statistical analyses were conducted with SPSS19 software (IBM, USA) 198 

and the vegan package (Dixon, 2003) in R (www.r-project.org). Boxplots were 199 

generated using the ggplot2 package (Ginestet, 2011) in R. Structural equation model 200 

(SEM) was used to evaluate the effects of management, denitrifiers and edaphic 201 

properties on the N2O flux. Parameters including approximate root mean square error 202 

(0≤RMSEA≤0.05), P value (> 0.05) and Chi-square were used to evaluate the fitness 203 

of the model. The SEM analysis was conducted using AMOS17.0 (AMOS IBM, USA). 204 

Results 205 

Soil carbon, nitrogen, pH, and nitrification potential 206 

Compared with the urea fertilization treatment (N), adding DCD (N+NI) significantly 207 

(P<0.05) increased the NH4
+ in all the soils, and a maximum value was observed around 208 

the 15th days after seeding; by contrast, the effect of straw incorporation (N+NI) was 209 

weaker (Fig. 1 a-c). Both DCD and straw incorporation decreased soil NO3
-, and the 210 

former had stronger influence (Fig. 1d-f). Compared with N treatment, DCD or straw 211 

didn’t significantly affect dissolved organic carbon (DOC) in all soils (Fig. S2). 212 

Fertilizations (N, N+NI, N+SI) caused soil acidification and after 60 days, the lowest 213 

pH appeared in the red (4.93) and black (4.35) soils (Fig S3). The potential nitrification 214 

rate (PNR) first decreased constantly after 15 days in the fluvo-aquic soil but may 215 

retrieve in the other two (Fig S4). DCD significantly decrease PNR only in the black 216 

soil, and straw incorporation had no consistent effect. 217 

Flux and accumulative N2O emissions 218 

In the black soil, the fertilized treatments (N, N+NI, N+SI) had higher N2O flux than 219 

the unfertilized control (CK) (Fig S1a) and therefore accumulated more N2O (Fig 2a). 220 

Straw incorporation increased ~50% N2O emissions from black soil, while DCD had 221 

no significant effect. In the fluvo-aquic soil, nitrogen fertilization (N) significantly 222 
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increased the N2O flux at the early stage (days 0-3); adding DCD rather than straw 223 

incorporation can effectively alleviate such trend (Fig S1b). Accumulatively, DCD 224 

reduced ~60% N2O emission from the fluvo-aquic soil, while straw incorporation had 225 

no such strong effect (Fig 2b). DCD had no significant effect on the N2O flux (Fig S1.c) 226 

or accumulative emissions (Fig 2c) in the red soil, while straw incorporation strongly 227 

and significantly increased the N2O flux throughout the whole stage, and such effect 228 

became stronger with time (P<0.05). Specifically, the N2O accumulation of N+SI 229 

treatment was ~600% higher than N treatments (P<0.05). 230 

nirK- and nosZ-containing denitrifier community 231 

T-RFLP analysis showed that the black soil, fluvo-aquic soil and red soil had distinct 232 

denitrifier communities (Fig. 3). Both the nirK-containing denitrifiers assemblages and 233 

nosZ-containing denitrifiers were similar within the same soil but distinct between the 234 

three soils. And nosZ-containing denitrifier community is more conservative than nirK-235 

containing denitrifier within the same soil. No significant difference was observed 236 

among different treatments on the same soil; either DCD or straw incorporation did not 237 

change the denitrifier community. 238 

Abundances of nitrifier and denitrifier functional genes 239 

The abundance of archaeal and bacterial amoA gene (copies per gram dry soil) 240 

were both lower in the red soil (4.56 × 106 to 6.29 × 106 for AOA, and 1.79 × 107 to 241 

2.53 × 107 for AOB) than in the fluvo-aquic soil (3.76 × 107 to 1.13 × 108 for AOA, and 242 

4.23 × 107 to 5.75 × 107 for AOB), but no significant changes of the amoA genes copies 243 

was observed among different fertilization treatments (Fig. S5). 244 

Overall, the abundance of nirK gene in the black soil (4.3 × 106 to 7.57 × 106) was 245 

lower than in the fluvo-aquic soil (2.98 × 107 to 4.37 × 107) and the red soil (3.94 × 107 246 

to 6.22 × 107); however, for each soil, there was no significant changes in nirK gene 247 

abundance among different fertilization treatments (Fig. 4a-c). DCD and straw 248 

incorporation increased the abundance of nosZ gene in the black and fluvo-aquic soils 249 

(Fig. 4d). No significant variation of the nosZ gene abundances was observed among 250 

all treatments in the red soil (Fig. 4 e-f). 251 

Structural equation modelling 252 

To further clarify their contributions to N2O emission across different soils, we used the 253 

structural equation model (SEM) to evaluate the effects (both direct and indirect) of 254 

straw incorporation, DCD, soil dissolved organic carbon, nitrite reductase and nitrous 255 

oxide reductase. Dissolved organic carbon (0.72) and straw incorporation (0.47) had 256 

strong and positive effects on N2O flux, whereas nitrous oxide reductase gene (nosZ) 257 
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abundance had significantly negative effect (-0.52) on N2O flux (Fig. 5a). Straw 258 

incorporation, however, does not directly increase the dissolved organic carbon, which 259 

is an important factor that regulates the nirK gene abundance and communities 260 

containing nosZ gene. Accounting all the biotic and abiotic factors together, the SEM 261 

explained 51.0% of the variance in N2O flux (Fig. 5a). It supported that straw 262 

incorporation is an important management practice that can increase the risk of N2O 263 

emission; soil DOC is the most important abiotic factor while nosZ gene abundance is 264 

the only significant biotic factor that affect the N2O emission (Fig. 5b). 265 

Discussion 266 

In facing of the increasing concentration of atmospheric N2O, various management 267 

practices were used to improve nitrogen fertilizer utilization and regulate N2O 268 

emissions from cropland soils (Zhu et al. 2019). Nitrification inhibitors like DCD can 269 

inhibit the conversion from NH4
+-N to NO2

-/NO3
- and thereafter reduce substrate from 270 

pathways generating N2O. Straw incorporation can significantly increase soil organic 271 

carbon (SOC) by 12.8% and improve soil nutrient availability for crop in global 272 

croplands (Liu et al., 2014), and can potentially mitigate N2O emissions (Badagliacca 273 

et al., 2017). However, the performance of DCD and straw incorporation on N2O 274 

emission from different types of soils had not been parallelly evaluated. Using 275 

controlled experiment and DNA-based molecular analysis on three distinct cropland 276 

soils, we showed that the performance of DCD and straw incorporation on N2O 277 

emission are distinct in different soils, and multiple factors contributed to such pattern. 278 

Soil physicochemical properties and N2O emission 279 

Soil pH is reported to be important factor affecting N2O emissions (Signor and 280 

Cerri, 2013), and some studies showed that pH can directly affects the activity of 281 

nitrification and denitrification reductase (Granli and Bockman, 1994). A few studies 282 

reported that the emission of N2O would be greater in lower pH habitat (Chapuis-Lardy 283 

et al., 2007). Our study supported this since straw incorporation increased more N2O 284 

emission in low pH red soils (pH=4.43) than high pH fluvo-aquic soils (pH=7.18).  285 

Besides soil pH, the organic carbon is another important regulating factor. Soil 286 

carbon not only directly provides energy to the denitrifier, but also promotes microbial 287 

consumption on O2, creating favorable conditions for denitrification (Beauchamp E G, 288 

1989). Miller et al. (2008) found that the available carbon increases microbial activity 289 

and oxygen consumption, leading to favorable conditions for denitrification. Previous 290 

studies have found that increased DOC levels are associated with increased N2O 291 

emissions, as activated carbon is a key role for the electron acceptor for microbial 292 
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denitrification (Harter et al., 2014). Besides, some studies reported that DOC is a 293 

measurement of existing resources for microbial growth and biodegradation and is 294 

generally considered a good indicator of carbon effectiveness (Jensen et al., 1997; Liang 295 

et al., 1996). Many others reported that short-term straw incorporation to the field 296 

increases the DOC concentration than not incorporation it to the field (Chen et al., 2017; 297 

Guo et al., 2014; Li et al., 2013). Our study supported that straw incorporation 298 

significantly promoted DOC content in all soils. The decomposition of straw releases 299 

nutrients and DOC, which stimulates the biological activities of microorganisms (Wang 300 

et al., 2015). 301 

Response of functional microbes 302 

The nirK gene encodes nitrite reductase that catalyzes the conversion from NO2
- to 303 

NO, while the nosZ gene encodes nitrous oxide reductase that can consume N2O (N2O-304 

N2), the only known biological link that reduces N2O emissions. DCD affected the 305 

abundance of the nirK genes, probably because the nirK gene communities are also 306 

ammonia oxidizers, which are inhibited by DCD (Di et al., 2014). Huang et al. (2004) 307 

reported that denitrifying bacteria may consume soil DOC, thereby producing 308 

denitrification and increasing N2O emissions. Our research found that straw 309 

incorporation significantly increased N2O emissions especially in red soils (Fig. 2). The 310 

nitrogen in the straw was returned to the field and became an additional nitrogen input, 311 

which might be the main cause of the direct increase in N2O emissions (Lu et al., 2010). 312 

Nitrification inhibitors is a widely used strategy to reduce soil N2O emissions 313 

(Snyder et al., 2009) since it decreased the autotrophic nitrification (Bauhus et al., 1996). 314 

Some studies reported that DCD had a significant effect on reducing N2O emission of 315 

maize compared with only nitrogen application (Ding et al., 2011; Zhou et al., 2016). 316 

Our result is consistent with the above findings and showed that the N+NI treatment 317 

reduced N2O emission in fluvo-aquic soil compared with the N treatment (Fig. 2b). 318 

Compared with other treatment, N+NI treatment increased the concentration of NH4
+-319 

N (Fig. S1), possibly because nitrification inhibitor application blocked ammonia 320 

monooxygenase enzyme and retained NH4
+-N (Abbasi and Adams, 2000; Wolt, 2004), 321 

thereby mitigating N2O emissions from soils. 322 

Conclusions   323 

Our study provided evidence that straw incorporation better suits the fluvo-aquic soil 324 

but might not be suitable for the black or red soils since it can potentially increase N2O 325 

emission (especially from the red soil). Nitrification inhibitor DCD is comparably safe 326 

in N2O emissions and could be deployed in variable soils. The response of nosZ gene 327 
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abundance to inhibitor/straw incorporation is the main biological factor determining the 328 

soil N2O emission from different soils. This work advanced our understanding on the 329 

agricultural practices and N2O emission in cropland soils, suggesting that management 330 

practices should be used as per soil types to balance between nitrogen use efficiency 331 

and N2O emission. 332 
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Fig. 1 Soil ammonia and nitrate dynamics in the black, fluvo-aquic and red soils under different 

fertilization treatments (a-f). Error bars present standard deviations of means (n = 4). 
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Fig. 2 The accumulative N2O emission during the early growth stage of corn under different 

fertilization treatments (a-c). Error bars present standard deviations of means (n = 4). The different 

lowercase letters indicate significant difference among treatments by Duncan's multiple range test (P 

< 0.05). 
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Fig. 3 Non-metric multidimensional scaling (nMDS) of nirK (a) and nosZ (b) gene-containing 

denitrifiers based on the Bray-Curtis dissimilarity matrix of T-RFs among three soil types 
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Fig. 4 The abundance of denitrifiers (based on the copies of nirK and nosZ genes) in black, 

fluvo-aquic and red soils under different fertilization treatments (a-f). Error bars present standard 

deviations of means (n = 4). The different lowercase letters indicate significant difference among 

treatments Duncan's multiple range test (P < 0.05)  
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Fig. 5 (a) The structural equation model exhibiting the effects of abiotic and biotic factors on N2O 

flux. Numbers adjacent to arrows are indicative of the effect-size of the relationship. * indicates P < 

0.05; ** indicates P < 0.01; *** indicates P < 0.001. Continuous and dashed lines indicate significant 

and non-significant relationships, respectively. Orange, blue and grey lines indicate the colors of 

variables the arrows pointed to, respectively. The width of arrows is proportional to the strength of 

path coefficients. R2 denotes the proportion of variance explained by the model. (b) Standardized total 

effects (direct plus indirect effects) derived from the structural equation models depicted above. 
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