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Abstract 15 

Purpose This study aimed to further understand the regulation of N2O-related N transformation 16 

processes in pasture soils and to contribute knowledge on N fertilizer management and targeted 17 

mitigation strategy development.  18 

Materials and methods 15N tracer technique combined with C2H2 method was used to measure gross N 19 

mineralization, immobilization, nitrification and denitrification rates, and to distinguish the 20 

pathways of N2O production in two Australian pasture soils. Soils were collected from Glenormiston 21 

(GN) and Terang (TR), Victoria, Australia and incubated at soil moisture content of 60% WFPS and at 22 

20 °C. 23 

Results and discussion The tested pasture soils were characterized by high mineralization and 24 

immobilization turnover. The average gross N nitrification rate (ntot) was 7.28 mg N kg−1 day−1 in TR 25 

and 5.79 mg N kg−1 day−1 in GN soils. Heterotrophic nitrification rates (nh), accounting for 50.8% and 26 

41.9% of ntot and 23.4% and 30.1% of N2O emissions in GN and TR soils, respectively, played roles 27 

similar to that of autotrophic nitrification rates in total nitrification and N2O emission. Denitrification 28 

rates reached 0.003–0.004 mg N kg−1 day−1 under selected incubation conditions but contributed more 29 

than 30% of N2O emissions. 30 

Conclusions Results showed the rapid N transformation rates of mineralization, immobilization, and 31 

nitrification of the studied pasture soils. Heterotrophic nitrification can be a valuable NO3
−–N 32 

production transformation process in the studied pasture soils. Except for autotrophic nitrification, the 33 

roles of heterotrophic nitrification and denitrification in N2O emission in the two pasture soils should 34 

be considered in mitigation strategy development. 35 

 36 

Keywords Acetylene • Autotrophic nitrification • Denitrification • Heterotrophic nitrification • 37 

Immobilization • Mineralization  38 
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1 Introduction 39 

The use of synthetic N fertilizers has increased in response to the intensification of 40 

agricultural systems (Vitousek et al. 1997) but caused highly associated N losses, such as 41 

those of ammonia (NH3) (Bouwmeester et al. 1985), nitric oxide (NO), and nitrous oxide 42 

(N2O) (Smith et al. 1997; Bouwman et al. 2002), from agricultural soils to the atmosphere 43 

and to water bodies (nitrate (NO3
-)) (Di and Cameron 2002). In the last 250 years, N2O 44 

emission partly accelerated global warming and stratospheric ozone depletion (IPCC 2007). 45 

Soils are a vital and the largest N2O source, accounting for an estimated 65% of 46 

anthropogenic atmospheric loading of this gas (IPCC 2007). 47 

The cattle and sheep industries substantially use N fertilizer (Lu and Tian 2017). N2O 48 

emission from grazed pasture soils reaches approximately 1600 Gg per year, contributes 28% 49 

of the global anthropogenic N2O emissions (IPCC 1996, 2007), and is thus considered a large 50 

contributor to global N2O emissions (Saggar et al. 2008; Abdalla et al. 2009; Di and Cameron 51 

2016). Pasture soils account for the principal land use of cattle and sheep industries and cover 52 

approximately 450 million ha in Australia (AGO 2010). Thorough understanding of N 53 

transformations in pasture soils bears importance in improving N fertilizer management and 54 

reducing adverse environmental costs. Knowledge on the regulation of N2O-related N 55 

transformation processes is also valuable for developing targeted mitigation strategies. 56 

Internal N transformation in soils involves in all processes that transform N from one 57 

chemical form to another and transports N between different N pools (Hart et al. 1994, Denk 58 

et al. 2017; Fig. 1). These processes are driven by soil microbial abundance and activity, both 59 

of which can be affected by various factors, such as substrate quality and quantity, soil pH, 60 

water content, and temperature (Hart et al. 1994, Lan et al. 2013; Lan et al. 2014; Denk et al. 61 

2017). Mineralization of soil organic matter refers to the inorganic N production in soils and 62 

is affected separately and/or interactively by a wide range of factors, including N availability, 63 
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C source, and C/N ratio (Nannipieri and Eldor 2009; Nave et al. 2009; Geisseler et al. 2010). 64 

Nitrogen immobilization and mineralization occur concurrently in soils (Fig. 1), and their 65 

balance (i.e., net N mineralization) often determines the supply or conservation of N by soils. 66 

Most organic N is mineralized to ammonium (NH4
+) before soil uptake. This pathway is 67 

generally known as mineralization and immobilization turnover (MIT) routes (Geisseler et al. 68 

2010). The nitrate ion is widely accepted to be produced by two pathways in soils. One 69 

pathway is the oxidation of NH4
+ to NO3

− by chemoautotrophic nitrifiers, whereas the other 70 

involves heterotrophic nitrification, a process driven by heterotrophic nitrifying bacteria or 71 

fungi. Autotrophic nitrification was conventionally assumed to be a two-step process 72 

involving ammonia oxidation, which is believed to be catalyzed by ammonia-oxidizing 73 

archaea and bacteria, and nitrite oxidation by nitrite-oxidizing bacteria (Morkved et al. 2007; 74 

Sahrawat 2008; Hu and He 2017; Fig. 1). However, this long-held assumption of labor 75 

division between the two functional groups was challenged by the recent unexpected 76 

discovery of complete ammonia oxidizers within the Nitrospira genus; single organisms of 77 

these ammonia oxidizers (comammox) can convert ammonia to nitrate (Hu and He 2017). In 78 

addition to mineralization, heterotrophic nitrification plays an important role in soil N cycling 79 

by providing a direct means of producing mineral N from organic N (Zhang et al 2013; Chen 80 

et al 2015; Chen et al 2017; Fig. 1). Evidence shown that, heterotrophic nitrification may act 81 

as the predominant pathway for producing NO3
− in soils at low pH and high recalcitrant 82 

organic carbon primarily in grassland and forest ecosystems (De Boer and Kowalchuk 2001; 83 

Müller et al. 2004; Zhang et al. 2013; Chen et al. 2015; Liu et al. 2015a; Zhu et al. 2015). 84 

Denitrification is a pathway where reactive N in terrestrial and aquatic ecosystems is 85 

transformed back into inert N2 gas (Galloway et al. 2004; Fig. 1). Denitrification is normally 86 

affected by soil abiotic properties, such as water-filled pore space (WFPS), NO3
−, and available 87 

C. A high soil WFPS reduces O2 diffusion to the pore space; along with NO3
− and C addition, 88 
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this high soil WFPS promotes denitrifying conditions (Loick et al. 2016). C availability not 89 

only supports the activity of denitrifiers but also indirectly affects soil microsite anaerobiosis 90 

because of increased respiratory demand for O2 in such condition (Fernandez et al. 2011; 91 

Loick et al. 2016). Soil denitrification can increase N2O and NO concentrations in the 92 

atmosphere (Russow et al. 2009; Lan et al. 2014; Loick et al. 2016). Moreover, anammoxes 93 

have been recently also demonstrated to contribute to N2 production (Yang et al. 2012; Long 94 

et al. 2013; Shan et al. 2016). Relative strengths of these soil N transformation processes can 95 

be measured by estimating N transformation rates. Net N transformation rates are 96 

traditionally used as indicators of available plant N. However, this parameter fails to provide 97 

insights into individual N cycling processes. Thus, to gain a mechanistic understanding 98 

regarding N cycling, scholars must unravel the complexity of interdependent N 99 

transformations by exploring individual gross N transformation rates (Hart et al. 1994; Accoe 100 

et al. 2004; Booth et al. 2005).  101 

Nitrous oxide is produced in soils through several N biological pathways, including 102 

denitrification, autotrophic or heterotrophic nitrification, nitrifier denitrification, and 103 

nonbiological processes, such as chemical decomposition of nitrite or hydroxylamine (Baggs 104 

2011; Braker and Conrad 2011; Butterbach-Bahl et al. 2013). Among these processes, 105 

autotrophic nitrification and denitrification are the two most important N2O pathways in the 106 

agricultural field (Zhang et al. 2016; Liu et al. 2017). However, increasing evidence showed 107 

that heterotrophic nitrification of organic N might play an important role in N2O emission 108 

from soils, especially acidic soils (Zhang et al. 2015). Multiple pathways involved in N2O 109 

production and N2O consumption occur simultaneously in different microenvironments 110 

within the same soil; thus, a significant challenge exists in allocating their relative 111 

contributions. To date, several techniques have been developed to measure the contributions 112 

of these processes to soil N2O emissions; examples of these techniques include the NO/N2O 113 
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ratio indicator approach (del Prado et al. 2006), acetylene (C2H2) inhibition technique (Garrido 114 

et al. 2002), 15N isotope enrichment approach (Inubushi et al. 1996; Zhang et al. 2011; Lan et 115 

al. 2013), 18O–15N dual-isotope labeling method (Wrage et al. 2005), and N2O-site preference 116 

method (Wu et al. 2016; Rohe et al. 2017). Among these methods, an effective and 117 

convenient C2H2 inhibition technique is acceptable for distinguishing among autotrophic 118 

nitrification, heterotrophic nitrification, and denitrification (De Boer and Kowalchuk 2001; 119 

Islam et al. 2007). 120 

In the present study, 15N tracing technique along with C2H2 inhibition method was used 121 

to 1) estimate gross N transformation rates, including rates of mineralization, immobilization, 122 

autotrophic nitrification, heterotrophic nitrification, and denitrification, in Australian pasture 123 

soils and 2) to evaluate the relative contributions of autotrophic nitrification, heterotrophic 124 

nitrification, and denitrification to N2O emission in pasture soils. The hypothesis of this study 125 

were:1) Heterotrophic nitrification bears importance and may dominate nitrification in 126 

pasture soils with high C availability and low soil pH. 2) Autotrophic nitrification, 127 

heterotrophic nitrification, and denitrification play equal important roles in N2O production 128 

from pasture soils. 129 

 130 

2 Materials and methods 131 

2.1 Soil sampling 132 

Surface soil samples were collected from two locations, namely, Glenormiston (GN) and 133 

(38.18° S, 142.97° E) and Terang (TR) (33.73° S, 84.43° E), in Victoria, Australia. At each 134 

site, 10 replicate top-soil (0–10 cm) samples were collected, thoroughly homogenized, and 135 

transported on ice to the laboratory. Roots and stones were removed, and fresh soil samples 136 

were sieved (<2 mm) prior to analysis and incubation experiments. Table 1 summarizes the 137 

physical and chemical properties of the soil samples. Soil moisture contents were determined 138 
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by oven-drying methods (at 105 °C for 48 h) and soil pH (1:5=soil:water), along with soil 139 

texture (sieve and hydrometer procedures), soil organic carbon (SOC) (wet digestion with 140 

H2SO4–K2Cr2O7), cation exchange capacity (CEC; extraction with 1 mol L−1 ammonium 141 

acetate), and total N (Semimicro–Kjeldahl digestion using Se, CuSO4, and K2SO4 as 142 

catalysts). 143 

 144 

2.2 Experimental set-up 145 

15N tracer incubation experiments were conducted using C2H2 to measure gross N 146 

transformation rates in pasture soils with emphasis on nitrification. Based on this information, 147 

the first step in autotrophic nitrification can be inhibited by C2H2 at low pressure (0.01%–148 

0.1%), whereas C2H2 at high pressure (1%–10%) blocks reduction of N2O into N2 during 149 

denitrification (Klemedtsson et al. 1977; Okereke 1984). Therefore, gross N autotrophic and 150 

heterotrophic nitrification can be distinguished by 15N tracing techniques combined with low 151 

C2H2 pressure. Denitrification rate (N2O + N2) can be measured as the N2O amount produced 152 

in soil treated with high-pressure C2H2. Similarly, the contributions of autotrophic and 153 

heterotrophic nitrification and denitrification to N2O emission can be quantified by different 154 

C2H2 pressures. 155 

Laboratory incubation experiments were conducted in the dark at 20 °C for 10 days. For 156 

each soil sample, a series of 500 ml capped vials containing fresh soil (equal to 60 g of 157 

105 °C-dried soil) was prepared. The samples were preincubated at 20 °C for 3 days. 158 

Afterward, 2 ml of each treatment was applied to each incubation vessel, and water was 159 

added to reach the targeted soil moisture content of 60% water-filled pore space (WFPS). The 160 

applied treatments contained 50 mg NH4
+–N kg−1 soil and 50 mg NO3

−–N kg−1 soil, which 161 

were added to the soils as follows: 1) 15NH4NO3 (T1), 2) NH4
15NO3 (T2), 3) NH4

15NO3+0.1% v/v 162 

C2H2 (T3), and 4) NH4
15NO3+10% v/v C2H2 (T4) (three replicates for each treatment). Both 163 
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NH4
+–15N and NO3

−–15N were at 10 atom% enrichment. For C2H2 treatments, C2H2 (0.1% v/v 164 

[T3] or 10% v/v [T4]) was injected using an air-tight syringe to replace the corresponding 165 

volume of headspace air in each vial. The vials were maintained airtight for 8 h for complete 166 

incorporation of C2H2 into the soil. The soils were aerated by removing the caps every 2 days. 167 

Soil moisture contents in the vials were then maintained every 2 days by weighing the vials, 168 

and C2H2 was replenished by reinjection. 169 

 170 

2.3 Gas sampling and analysis 171 

Headspace gas for N2O analysis was obtained from the 500 ml vials by using gas-tight 172 

syringes at 0, 2, 4, 6, and 10 days after N fertilizer application. The three replicate gas 173 

samples (20 ml) were collected from the 500 ml vials through gas-tight syringes at 0 and 12 h 174 

at each sampling day. A preliminary test performed before the experiments determined that 175 

gas accumulated linearly over 12 h between sampling. Prior to gas sample collection, 20 ml 176 

compressed zero air was injected into the 500 ml vials to maintain pressure. Then, 20 ml gas 177 

samples were collected and transferred into pre-evacuated exetainers (Exetainer®, Labco Ltd., 178 

Lampeter, Ceredigion, UK). The samples were analyzed for N2O concentration by a gas 179 

chromatograph (Agilent 7890, electron capture detector as detector). 180 

 181 

2.4 Soil sampling and analysis 182 

Measurements of mineral N (NH4
+–N and NO3

−–N) concentrations and their respective 15N 183 

abundances were carried out on days 0, 2, 4, 6, and 10. Soil (60 g) in the sample vials (three 184 

replicates for each treatment) was extracted with 300 ml of 2 M KCl by shaking for 1 h. The 185 

extracts were filtered through a quantitative filter paper (Whatman 42) and maintained at 186 

−20 °C prior to analysis by segmented flow analyzer (Skalar, SAN++). 15N abundances of 187 

NH4
+–N and NO3

−–N were determined after microdiffusion as reported by Saghir et al. (1993) 188 
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and analyzed using isotope ratio mass spectrometry (Hydra 20–20, SerCon, Crewe, UK). 189 

 190 

2.5 Calculations 191 

Net mineralization (mnet) was calculated from the differences in NH4
+ plus NO3

− 192 

concentrations between the samples measured at the start and end of incubation period. The 193 

measured net nitrification (nnet) was the value calculated from the differences in NO3
− 194 

concentrations. Gross rates of N mineralization (m), NH4
+–N immobilization (ia), and 195 

nitrification rates (ntot) were calculated through the classical isotopic dilution equation 196 

developed by Kirkham and Bartholomew (1954). Given the assumption that autotrophic 197 

nitrifiers can be completely inhibited by 0.1% v/v acetylene, gross nitrification rate (ntot) = 198 

nitrification rate in T2 = [autotrophic nitrification (na)+ heterotrophic nitrification (nh)]; 199 

nh=ntot in T3; na= ntot − nh. Denitrification rate = total N2O production in T4. Contributions of 200 

autotrophic (N2Oa), heterotrophic nitrification (N2Oh), and denitrification (N2Od) to N2O 201 

production were respectively calculated as follows: N2Oa = N2Otot (averaged N2O production 202 

in T1 and T2) − N2O produced in T3; N2Oh = N2Oa × nh/na; N2Od= N2O in T3−N2Oh.  203 

 204 

2.6 Statistical analyses 205 

Data were analyzed using SPSS 18.0 software for Windows, and means were compared by 206 

one-way ANOVA and least significant difference at a significance level of P < 0.05. 207 

 208 

3 Results and discussion 209 

NH4
+–N concentrations decreased, whereas NO3

−–N concentrations increased with 210 

incubation time in non-C2H2 treatments (T1 and T2) of GN soil, indicating the occurrence of 211 

nitrification (Fig. 2). By contrast, both NH4
+–N and NO3

−–N concentrations increased with 212 

incubation time in C2H2 treatments (T3 and T4) of GN soil, and both levels increased in all 213 
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four treatments of TR soil (Fig. 2). Additionally, NO3
−–N concentrations were lower, 214 

whereas NH4
+–N concentrations were higher in the presence than in the absence of C2H2 for 215 

both soils. Previous research demonstrated that C2H2 can completely block autotrophic 216 

nitrification (Liu et al. 2015b). Therefore, we deduced the occurrence of autotrophic 217 

nitrification in the studied acidic pasture soils. Increasing NH4
+–N concentration, which 218 

indicated NH4
+–N consumption processes (e.g., autotrophic nitrification and NH4

+–N 219 

immobilization), was overwhelmed by NH4
+–N production processes (e.g., mineralization of 220 

organic N to NH4
+ and heterotrophic nitrification of organic N to NH4

+). The average 221 

measured net mineralization rate (mnet) at days 0–10 were significantly lower in the GN soil 222 

(2.29 mg N kg−1 day−1) than in the TR soil (5.04 mg N kg−1 day−1) (P<0.05, Table 2). On the 223 

other hand, at days 0–10, no statistical difference in measured net nitrification rates (nnet) 224 

existed between the two soils (P>0.05, Table 2).  225 

In 15NH4NO3 applied treatment (T1), 15N enrichment of NH4
+ gradually declined, 226 

whereas that of NO3
− increased as incubation proceeded (Fig. 3). Such results indicated the 227 

continuous input of NH4
+ at natural abundance or low 15N enrichment in the 15N-labeled 228 

NH4
+ pool and nitrification of 15N–NH4

+. Gross N mineralization rates (m), which were 229 

calculated from the changes in NH4
+–N concentrations and the corresponding 15N abundance, 230 

were relatively constant in the GN soil during incubation but fluctuated with incubation time 231 

in the TR soil (Table 2). No statistical difference was observed in average m between the GN 232 

(7.76 mg N kg−1 day−1) and TR soils (8.52 mg N kg−1 day−1) (P<0.05). The determined rates 233 

of m in the present study were higher than those in grassland soils (2.53–4.80 mg N kg−1 234 

day−1) reported by Cheng et al. (2013), while they were comparable to those of forest soils 235 

(2.30 to 9.20 mg N kg−1 day−1) reported by Zhu et al (2013). However, these values lay within 236 

the range reviewed by Booth et al (2005). Similar to the high rates of m, gross NH4
+–N 237 

immobilization rate (ia) in the present study was high and resulted in a generally high MIT. A 238 
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positive relationship between ia and m in the two soils (r2 = 0.725, P<0.05) indicates the 239 

dependence of N immobilization rate on its mineralization rate, and this condition may be 240 

due to soil microflora, which are responsible for the release and uptake of inorganic N (Booth 241 

et al. 2005). At an ecosystem scale, the C/N ratio of soil organic matter is considered a key 242 

factor determining N MIT, because soil heterotrophs usually feature a lower C/N ratio than 243 

that of the soil they inhabit (van Veen et al.1984; Verhagen and Laanbroek 1991). When cells 244 

yield a C/N ratio of 10 and respire approximately 50% of their C uptake, they may be N-245 

limited above a soil C/N ratio of 20 and C-limited below (Tate et al. 1995; Bengtsson et al. 246 

2003). Soils with C/N ratios higher than 20 may then be characterized by rapid N 247 

immobilization; by contrast, soils with C/N ratios less than 20 may be characterized by slow 248 

N immobilization and a surplus of available NH4
+ derived from organic C deamination (Tate 249 

et al. 1995; Bengtsson et al. 2003). In this study, C/N ratios of the two pasture soils were 250 

approximately 10. Therefore, N immobilization may be overwhelmed by mineralization. 251 

Additionally, previous studies have shown that N mineralization can be modified by the 252 

ecophysiology of soil microbial communities. According to Bengtsson et al. (2003), N 253 

mineralization and immobilization in forest soils are more related to microbial community 254 

activity than to soil C/N ratio. Therefore, further investigations must be conducted to gain 255 

mechanistic insights into the effects of microbial community activity on high MIT in pasture 256 

soils. 257 

In the applied NH4
15NO3 treatment (T2, T3, and T4), 15N enrichment in the NO3

− pool 258 

declined during days 0–4 and 6–10, regardless of the presence or absence of C2H2 (Fig. 3). 259 

This observation indicates the input of NO3
− at natural abundance or low 15N enrichment in 260 

the 15N-labeled NO3
− pool. Herrmann et al. (2007) and Liu et al. (2015b) demonstrated that 261 

C2H2 completely inhibited autotrophic nitrification in acidic crop soils. Therefore, the 262 

enlarged decline in 15N enrichment and concentration in the NO3
− pool with C2H2 addition 263 
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suggests the occurrence of heterotrophic nitrification in the GN and TR soils. Gross 264 

nitrification rates (ntot), which were calculated by changes in NO3
−–N concentrations and the 265 

corresponding 15N abundance, increased from day 0 to day 4 but decreased afterward in the 266 

GN and TR soils (Table 2). On the contrary, no statistical difference was observed in average 267 

ntot between the TR (7.28 mg N kg−1 day−1) and GN soils (5.79 mg N kg−1 day−1) (P>0.05, 268 

Table 2). This finding implies that soil property difference between the two soils may not 269 

lead to differences in their N nitrification (Table 1, 2). The ntot measured in this study was 270 

comparable to the rates reported for other pasture sites (Islam et al. 2007; Liu et al. 2015c). 271 

Average autotrophic nitrification rates (na) at days 0–10 reached 2.85 and 4.03 mg N kg−1 272 

day−1, accounting for 49.2% and 58.1% ntot in the GN and TR soils, respectively. Average 273 

heterotrophic nitrification rates (nh) totaled 2.95 and 3.05 mg N kg−1 day−1, which 274 

corresponded to 50.8% and 41.9% of ntot in the GN and TR soils, respectively. Soil pH 275 

strongly regulates autotrophic nitrification and heterotrophic nitrification (De Boer and 276 

Kowalchuk 2001). Sahrawat (2008) demonstrated that autotrophic nitrification could occur in 277 

a wide range of arable soils, and autotrophic nitrification rate increases with pH, with pH 8.5 278 

as the optimum level. By contrast, heterotrophic nitrification is more prominent in soils with 279 

low pH and high recalcitrant organic C (De Boer and Kowalchuk 2001; Zhang et al. 2015). 280 

Consistently, in this study, the pH of the two tested soils reached less than 6, and their soil 281 

organic C contents were high (Table 1). Heterotrophic nitrification was demonstrated as 282 

important as autotrophic nitrification that produces NO3
−, which will be central in further 283 

recognizing the potential of NO3
− buildup in pasture soils. Similarly, Liu et al. (2015a) 284 

demonstrated that NO3
− production is mainly heterotrophic in acid dairy soils with high 285 

organic content in Australia. However, Islam et al. (2007) observed that heterotrophic 286 

nitrification only accounted for 7%–19% of total nitrification in two acid pasture soils. 287 

Heterotrophic nitrification has been reported to mainly occur in grassland and forest soils 288 
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(Müller et al. 2004; Nelissen et al. 2012; Zhang et al. 2015) but was recently observed in 289 

croplands (Chen et al. 2015; Liu et al. 2015c; Chen et al. 2017). In a literature synthesis of 290 

available data on heterotrophic nitrification, Chen et al. (2015) summarized that heterotrophic 291 

nitrification rate is not only positively related to soil organic C and C/N but also highly 292 

inversely related to pH and soil bulk density. According to Cai et al. (2010), heterotrophic 293 

microorganisms may carry out nitrification in environments unfavorable (low temperature 294 

and low moisture) for autotrophic nitrifying bacteria. Given the importance of NO3
− to plant 295 

growth and its environmental effects, heterotrophic nitrification should be considered when 296 

studying N transformation processes in pasture soils. The underlying mechanisms also merit 297 

further investigation.  298 

In contrast to high nitrification rate, in the present study, constant denitrification rates 299 

were observed during incubation, and they reached as low as 0.003–0.004 mg N kg−1 day−1 in 300 

the two tested soils under the selected incubation conditions (Table 2). Consistent with 301 

previous studies, denitrification rate was negligible under aerobic conditions and soil 302 

moisture content below 60% WFPS (Amha and Bohne 2011; Cheng et al. 2012). This effect 303 

can be ascribed to the proteins, which are only produced under anoxic conditions, required 304 

for denitrification; if anaerobically grown cells are exposed to oxygen, protein activities 305 

become inhibited (Fernandez et al. 2011).  306 

Fig. 4 shows the dynamics of N2O production rates in GN and TR soils. N2O production 307 

rates increased at 0–2 days in T3 treatment and 0–4 days in T1, T2, and T4 treatments. 308 

Afterward, the rates decreased in the GN soil. N2O production rates fluctuated with 309 

incubation time in the TR soil. No statistical difference was observed in N2O production 310 

among T1, T2, and T4 treatments in both soils (P>0.05). However, the rates in T1, T2, and 311 

T4 treatments were significantly higher than that in T3 treatment (Fig. 4). Assuming that N2O 312 

was only produced through autotrophic (N2Oa) and heterotrophic (N2Oh) nitrification and 313 
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denitrification (N2Od), relative contributions of these processes to N2O production were 314 

estimated (Fig. 5). In the GN soil, the contribution of denitrification to N2O emission 315 

decreased, whereas that from nitrification increased with incubation time. By contrast, N2O 316 

was mainly produced from denitrification on days 0–2 (67.5%) and 6–10 (60.7%) in the TR 317 

soil, whereas nitrification was the main N2O pathway on days 2–6 (Fig. 5). On average, N2Oa, 318 

N2Oh, and N2Od accounted for 29.1%, 23.4%, and 47.5% of total N2O emissions in the GN 319 

soil and 37.3%, 30.1%, and 32.7% in the TR soil, respectively (Fig. 6). N2Oa and N2Oh values 320 

were similar between the two soils, whereas the GN soil yielded a higher percentage of N2Od 321 

than TR soil (Fig. 6). 322 

Considering the soil aerobic conditions under incubation (60% WFPS), denitrification 323 

was negligible in the two tested soils (Table 2) but significantly contributed to N2O emission 324 

(Fig. 5). Inconsistent with previous results, the contribution of denitrification to N2O 325 

emission was <30% from agricultural soils under aerobic conditions (soil moisture content < 326 

60%) (Stevens et al. 1997; Müller et al. 2014). However, some researchers reported the 327 

important role of denitrification in N2O emission under aerobic conditions. For example, Zhu 328 

et al. (2011) observed that denitrification accounted for 22.5%–57.7% of N2O production in 329 

intensively farmed vegetable fields under a soil moisture content of 50% water holding 330 

capacity. Zhang et al. (2011) showed that denitrification was the primary source of N2O 331 

emission in subtropical acid forest soils and contributed more than 50% of N2O production 332 

under the soil moisture content of 40%–50% WFPS. A possible explanation for 333 

denitrification under aerobic conditions is the presence of anaerobic microsites created by 334 

either microbial growth or water saturation within soil aggregates after addition of labeling 335 

solution (Renault and Stengel 1994). Additionally, the high SOC content in two soils may 336 

also contribute to denitrification (Fernandez et al. 2011; Loick et al. 2016). 337 

In the present study, autotrophic and heterotrophic nitrifications played equal roles in 338 
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N2O emission (Fig. 5). In a review, Zhang et al. (2015) summarized that the contribution of 339 

heterotrophic nitrification of organic N to total N2O emissions depends on soil pH, C/N ratio, 340 

and land use. However, numerous bacteria and fungi can also carry out heterotrophic 341 

nitrification by using NH4
+ and organic N compounds as substrates (Zhang et al. 2014; 342 

Medinets et al., 2015). Nevertheless, fungi are considered the most efficient microorganisms 343 

for heterotrophic nitrification (Pedersen et al. 1999). Jirout et al. (2013) and Jirout (2015) 344 

demonstrated that N2O-producing fungi are the common constituents of fungal communities 345 

in pasture soils influenced by overwintering cattle. Consequently, we argue that high soil 346 

organic C and low pH may be factors that facilitate N2O production from fungus-mediated 347 

heterotrophic nitrification in the tested pasture soils. 348 

 349 

4 Conclusions 350 

In conclusion, two tested pasture soils were characterized by high MIT under selected 351 

conditions. However, further investigations are needed to gain mechanistic insights into the 352 

effects of microbial community activity on high MIT in pasture soils. High gross N 353 

nitrification rates were observed in both pasture soils. Heterotrophic nitrification played a 354 

role similar to that of autotrophic nitrification in total nitrification and N2O emission. We 355 

argue that in the tested pasture soils, high SOC and low pH may be factors facilitating 356 

heterotrophic nitrification by fungi. Denitrification rates in the two tested soils were 357 

negligible but contributed more than 30% of N2O emission under selected aerobic conditions. 358 

Therefore, except for autotrophic nitrification, the roles of heterotrophic nitrification and 359 

denitrification in N2O emission in the two pasture soils should be considered in mitigation strategy 360 

development Given the limited number of soil samples/sites and the specific conditions 361 

applied, further studies are needed to confirm our results. Specifically, realistic environmental 362 

conditions for N transformation processes and N2O pathways should be adopted. Additional 363 
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sampling sites at different pasture regions should be selected to definitively establish the 364 

underlying mechanisms and factors influencing gross N transformation rates and N2O 365 

production from different N transformation processes.  366 

 367 

Acknowledgments The authors acknowledge the financial support from Incitec Pivot, the 368 

Australian Government Department of Agriculture through the Grains Research and 369 

Development Corporation, the Australian Research Council (DE150100870, DP160101028, 370 

and LP160101134), and the National Natural Science Foundation of China (41501243). 371 

 372 

References 373 

Abdalla M, Jones M, Smith P, Williams M (2009) Nitrous oxide fluxes and denitrification 374 

sensitivity to temperature in Irish pasture soils. Soil Use Manage 25:376–388 375 

doi:10.1111/j.1475-2743.2009.00237.x 376 

Accoe F, Boeckx P, Busschaert J, Hofman G, Van Cleemput O (2004) Gross N 377 

transformation rates and net N mineralisation rates related to the C and N contents of 378 

soil organic matter fractions in grassland soils of different age. Soil Biol Biochem 379 

36:2075–2087 doi:10.1016/j.soilbio.2004.06.006 380 

AGO (2010) National Greenhouse Account, National Inventory Report 2008, Volume 2. 381 

Australian Greenhouse Office, Commonwealth of Australia, Canberra 382 

Amha Y, Bohne H (2011) Denitrification from the horticultural peats: effects of pH, nitrogen, 383 

carbon, and moisture contents. Biol Fert Soils 47:293–302 doi:10.1007/s00374-010-384 

0536-y 385 

Baggs EM (2011) Soil microbial sources of nitrous oxide: recent advances in knowledge, 386 

emerging challenges and future direction. Curr Opin Environ Sustain 3:321–327 387 

doi:10.1016/j.cosust.2011.08.011 388 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

17 

 

Bengtsson G, Bengtson P, Mansson KF (2003) Gross nitrogen mineralization-, 389 

immobilization-, and nitrification rates as a function of soil C/N ratio and microbial 390 

activity. Soil Biol Biochem 35:143–154 doi:Pii S0038-0717(02)00248-1  391 

Booth MS, Stark JM, Rastetter E (2005) Controls on nitrogen cycling in terrestrial 392 

ecosystems: a synthetic analysis of literature data. Ecol Monogr 75:139–157 393 

doi:10.1890/04-0988 394 

Bouwman AF, Boumans LJM, Batjes NH (2002) Emissions of N2O and NO from fertilized 395 

fields: Summary of available measurement data. Global Biogeochem Cy 16:1058 396 

doi:10.1029/2001GB001811 397 

Bouwmeester RJB, Vlek PLG, Stumpe JM (1985) Effect of environmental factors on 398 

ammonia volatilization from a urea-fertilized soil. Soil Sci Soc Am J 49:376–381 399 

doi:10.2136/sssaj1985.03615995004900020021x 400 

Braker G, Conrad R (2011) Diversity, Structure, and Size of N2O-Producing Microbial 401 

Communities in Soils-What Matters for Their Functioning? In: Laskin AI, Sariaslani S, 402 

Gadd GM (eds) Advances in Applied Microbiology, Vol 75, vol 75. Advances in 403 

Applied Microbiology. Elsevier Academic Press Inc, San Diego, pp 33–70 404 

doi:10.1016/b978-0-12-387046-9.00002-5 405 

Butterbach-Bahl K, Baggs EM, Dannenmann M, Kiese R, Zechmeister-Boltenstern S (2013) 406 

Nitrous oxide emissions from soils: how well do we understand the processes and their 407 

controls? Philosophical Transactions of the Royal Society of London. 368:20130122 408 

doi:10.1098/rstb.2013.0122 409 

Cai YJ, Ding WX, Zhang XL, Yu HY, Wang LF (2010) Contribution of heterotrophic 410 

nitrification to nitrous oxide production in a long-term n-fertilized arable black soil 411 

Commun Soil Sci Plan 41:2264–2278 doi:Pii 927518928 412 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

18 

 

Chen ZM, Ding WX, Xu YH, Müller C, Rütting T, Yu HY, Fan JL, Zhang JB, Zhu TB (2015) 413 

Importance of heterotrophic nitrification and dissimilatory nitrate reduction to 414 

ammonium in a cropland soil: Evidences from a 15N tracing study to literature synthesis. 415 

Soil Biol Biochem 91:65–75 doi:10.1016/j.soilbio.2015.08.026 416 

Chen ZM, Xu YH, Fan JL, Yu HY, Ding WX (2017) Soil autotrophic and heterotrophic 417 

respiration in response to different N fertilization and environmental conditions from a 418 

cropland in Northeast China. Soil Biol Biochem 110:103–115 419 

doi:10.1016/j.soilbio.2017.03.011 420 

Cheng Y, Cai ZC, Zhang JB, Lang M, Mary B, Chang SX (2012) Soil moisture effects on 421 

gross nitrification differ between adjacent grassland and forested soils in central Alberta, 422 

Canada. Plant Soil 352:289–301 doi:10.1007/s11104-011-0997-2 423 

Cheng Y, Wang J, Mary B, Zhang JB, Cai ZC, Chang SX (2013) Soil pH has contrasting 424 

effects on gross and net nitrogen mineralizations in adjacent forest and grassland soils in 425 

central Alberta, Canada. Soil Biol Biochem 57:848–857 426 

doi:10.1016/j.soilbio.2012.08.021 427 

De Boer W, Kowalchuk GA (2001) Nitrification in acid soils: micro-organisms and 428 

mechanisms. Soil Biol Biochem 33:853–866. doi:10.1016/S0038-0717(00)00247-9 429 

Di HJ, Cameron KC (2002) Nitrate leaching in temperate agroecosystems: sources, factors 430 

and mitigating strategies. Nutr Cycl Agroecosys 64:237–256 431 

doi:10.1023/A:1021471531188 432 

Di HJ, Cameron KC (2016) Inhibition of nitrification to mitigate nitrate leaching and nitrous 433 

oxide emissions in grazed grassland: a review. J Soils Sediments 16:1401–1420 434 

doi:10.1007/s11368-016-1403-8 435 

del Prado A, Merino P, Estavillo JM, Pinto M, Gonzalez-Murua C (2006) N2O and NO 436 

emissions from different N sources and under a range of soil water contents. Nutr Cycl 437 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1016/S0038-0717(00)00247-9


 

19 

 

Agroecosys 74:229-243 doi: 10.1007/s10705-006-9001-6 438 

Denk TRA, Mohn J, Decock C, Lewicka-Szczebak D, Harris E, Butterbach-Bahl K, Kiese R, 439 

Wolf B (2017) The nitrogen cycle: A review of isotope effects and isotope modeling 440 

approaches. Soil Biol Biochem 105: 121–137 doi: 10.1016/j.soilbio.2016.11.015 441 

Fernandez LA, Bedmar EJ, Sagardoy MA, Delgado MJ, Gomez MA (2011) Denitrification 442 

activity in soils for sustainable agriculture. 443 

Galloway JN, Dentener FJ, Capone DG, Boyer EW, Howarth RW, Seitzinger SP, Asner GP, 444 

Cleveland CC, Green PA, Holland EA, Karl DM, Michaels AF, Porter JH, Townsend 445 

AR, Vöosmarty CJ (2004) Nitrogen cycles: past, present, and future. Biogeochemistry 446 

70:153–226. doi:10.1007/s10533-004-0370-0   447 

Garrido F, Henault C, Gaillard H, Perez S, Germon JC (2002) N2O and NO emissions by 448 

agricultural soils with low hydraulic potentials. Soil Biol Biochem 34: 559–575. doi: 449 

10.1016/S0038-0717(01)00172-9 450 

Geisseler D, Horwath WR, Joergensen RG, Ludwig B (2010) Pathways of nitrogen 451 

utilization by soil microorganisms - A review. Soil Biol Biochem 42:2058–2067 452 

doi:10.1016/j.soilbio.2010.08.021 453 

Hart SC, Stark JM, Davidson EA, Firestone MK (1994) Nitrogen mineralization, 454 

immobilization, and nitrification methods of soil analysis: Part 2—Microbiological and 455 

biochemical properties. sssabookseries:985–1018 doi:10.2136/sssabookser5.2.c42 456 

Herrmann AM, Witter E, Katterer T (2007) Use of acetylene as a nitrification inhibitor to 457 

reduce biases in gross N transformation rates in a soil showing rapid disappearance of 458 

added ammonium. Soil Biol Biochem 39:2390–2400. doi: 10.1016/j.soilbio.2007.04.014 459 

Hu HW, He JZ (2017) Comammox-a newly discovered nitrification process in the terrestrial 460 

nitrogen cycle. J Soils Sediments 17: 2709-2717 doi: 10.1007/s11368-017-1851-9 461 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

20 

 

Inubushi K, Naganuma H, Kitahara S (1996) Contribution of denitrification and autotrophic 462 

and heterotrophic nitrification to nitrous oxide production in andosols. Biol Fert Soils 463 

23:292–298. doi:10.1016/S0038-0717(01)00172-9 464 

IPCC. 1996. Climate change 1995, the science of climate change. Contribution of Working 465 

Group 1 to the Second Assessment report of the intergovernmental Panel on climate 466 

change. Cambridge University Press, Cambridge, UK 467 

IPCC. Climate change 2007: the physical science basis. In: Solomon S, Qin D, Manning M 468 

(eds). Contribution of working group I to the fourth assessment report of the 469 

Intergovernmental Panel on Climate Change. Cambridge: Cambridge University Press, 470 

2007 471 

Islam A, Chen D, White RE (2007) Heterotrophic and autotrophic nitrification in two acid 472 

pasture soils. Soil Biol Biochem 39:972–975 doi:10.1016/j.soilbio.2006.11.003 473 

Jirout J, Simek M, Elhottova D (2013) Fungal contribution to nitrous oxide emissions from 474 

cattle impacted soils. Chemosphere 90:565–572 doi:10.1016/j.chemosphere.2012.08.031 475 

Jirout J (2015) Nitrous oxide productivity of soil fungi along a gradient of cattle impact 476 

Fungal. Ecology 17:155–163 doi:10.1016/j.funeco.2015.07.003 477 

Kirkham D, Bartholomew WV(1954) Equations for following nutrient transformations in soil, 478 

utilizing tracer data. Soil Sci Soc Am J 18:33–34 479 

doi:10.2136/sssaj1954.03615995001800010009x 480 

Klemedtsson L, Svensson BH, Lindberg T, Rosswall T (1977) The use of acetylene inhibition 481 

of nitrous oxide reductase in quantifying denitrification in soils. Swedish Journal of 482 

Agricultural Research 7:179–185 483 

Lan T, Han Y, Roelcke M, Nieder R, Cai Z (2013) Processes leading to N2O and NO 484 

emissions from two different Chinese soils under different soil moisture contents. Plant 485 

Soil 371: 611–627 doi: 10.1007/s11104-013-1721-1 486 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://dx.doi.org/10.1016/j.funeco.2015.07.003


 

21 

 

Lan T, Han Y, Cai Z (2014) Denitrification and its product composition in typical Chinese 487 

paddy soils. Biol Fert Soils: 1–10 doi: 10.1007/s00374-014-0953-4 488 

Liu R, Suter H, Hayden H, He JZ, Chen DL (2015a) Nitrate production is mainly 489 

heterotrophic in an acid dairy soil with high organic content in Australia. Biol Fert Soils 490 

51:891–896 doi:10.1007/s00374-015-1026-z 491 

Liu R, Hayden H, Suter H, He J, Chen D (2015b) The effect of nitrification inhibitors in 492 

reducing nitrification and the ammonia oxidizer population in three contrasting soils. J 493 

Soils Sediments 15:1113–1118 doi:10.1007/s11368-015-1086-6 494 

Liu R, Suter H, He J, Hayden H, Chen D (2015c) Influence of temperature and moisture on 495 

the relative contributions of heterotrophic and autotrophic nitrification to gross 496 

nitrification in an acid cropping soil. J Soils Sediments 15:2304–2309 497 

doi:10.1007/s11368-015-1170-y 498 

Liu SW, Lin F, Wu S, Ji C, Sun Y, Jin YG, Li SQ, Li ZF, Zou JW (2017) A meta-analysis of 499 

fertilizer-induced soil NO and combined N2O emissions. Global Change Biol 23: 2520–500 

2532 doi: 10.1111/gcb.13485 501 

Loick N, Dixon ER, Abalos D, Vallejo A, Matthews GP, McGeough KL, Well R, Watson CJ, 502 

Laughlin RJ, Cardenas LM (2016) Denitrification as a source of nitric oxide emissions 503 

from incubated soil cores from a UK grassland soil. Soil Biol Biochem 95:1–7 doi: 504 

10.1016/j.soilbio.2015.12.009 505 

Long A, Heitman J, Tobias C, Philips R, Song B (2013) Co-occurring anammox, 506 

denitrification, and codenitrification in agricultural soils. Appl Environ Micro 79: 168–507 

176 doi: 10.1128/aem.02520-12 508 

Lu CQ, Tian HQ (2017) Global nitrogen and phosphorus fertilizer use for agriculture 509 

production in the past half century: shifted hot spots and nutrient imbalance. Earth Syst 510 

Sci Data 9: 181–192 doi: 10.5194/essd-9-181-2017 511 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

22 

 

Medinets S, Skiba U, Rennenberg H, Butterbach-Bahl K (2015) A review of soil NO 512 

transformation: Associated processes and possible physiological significance on 513 

organisms. Soil Biol Biochem 80:92–117 doi:10.1016/j.soilbio.2014.09.025 514 

Morkved PT, Dorsch P, Bakken LR (2007) The N2O product ratio of nitrification and its 515 

dependence on long-term changes in soil Ph. Soil Biol Biochem 39:2048–2057 516 

doi:10.1016/j.soilbio.2007.03.006 517 

Müller C, Stevens RJ, Laughlin RJ (2004) A 15N tracing model to analyse N transformations 518 

in old grassland soil. Soil Biol Biochem 36:619–632 doi:10.1016/j.soilbio.2003.12.006 519 

Müller C, Laughlin RJ, Spott O, Rütting T (2014) Quantification of N2O emission pathways 520 

via a 15N tracing model. Soil Biol Biochem 72: 44–54. 521 

doi:10.1016/j.soilbio.2014.01.013 522 

Nannipieri P, Eldor P (2009) The chemical and functional characterization of soil N and its 523 

biotic components. Soil Biol Biochem 41:2357–2369 doi:10.1016/j.soilbio.2009.07.013 524 

Nave LE, Vance ED, Swanston CW, Curtis PS (2009) Impacts of elevated N inputs on north 525 

temperate forest soil C storage, C/N, and net N-mineralization. Geoderma 153:231–240 526 

doi:10.1016/j.geoderma.2009.08.012 527 

Nelissen V, Rütting T, Huygens D, Staelens J, Ruysschaert G, Boeckx P (2012) Maize 528 

biochars accelerate short-term soil nitrogen dynamics in a loamy sand soil. Soil Biol 529 

Biochem 55:20–27 doi:10.1016/j.soilbio.2012.05.019 530 

Okereke GU (1984) Prevalence of nitrous oxide reducing capacity in denitrifiers from a 531 

variety of habitats. Plant Soil 81:421–428 532 

Pedersen H, Dunkin KA, Firestone MK (1999) The relative importance of autotrophic and 533 

heterotrophic nitrification in a conifer forest soil as measured by 15N tracer and pool 534 

dilution techniques. Biogeochemistry 44:135–150 535 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://dx.doi.org/10.1016/j.soilbio.2003.12.006
http://dx.doi.org/10.1016/j.soilbio.2012.05.019


 

23 

 

Renault P, Stengel P (1994) Modeling oxygen diffusion in aggregated soils: I. Anaerobiosis 536 

inside the aggregates. Soil Sci Soc Am J 58 doi: 537 

10.2136/sssaj1994.03615995005800040004x 538 

Rohe L, Well R, Lewicka-Szczebak D (2017) Use of oxygen isotopes to differentiate 539 

between nitrous oxide produced by fungi or bacteria during denitrification. Rapid 540 

Communications in Mass Spectrometry 31: 1297–1312 doi: 10.1002/rcm.7909 541 

Russow R, Stange CF, Neue HU (2009) Role of nitrite and nitric oxide in the processes of 542 

nitrification and denitrification in soil: Results from 15N tracer experiments Soil Biol 543 

Biochem 41:785–795 doi: 10.1016/j.soilbio.2009.01.017 544 

Saghir NS, Mulvancy RL, Azam F (1993) Determination of nitrogen by microdiffusion in 545 

mason Jars. I. inorganic nitrogen in soil extracts. Commun Soil Sci Plan 24: 1745–1762. 546 

doi: 10.1080/00103629309368912 547 

Sahrawat KL (2008) Factors Affecting Nitrification in Soils. Commun Soil Sci Plan 548 

39:1436–1446 doi:10.1080/00103620802004235 549 

Saggar S, Tate KR, Giltrap DL, Singh J (2008) Soil-atmosphere exchange of nitrous oxide 550 

and methane in New Zealand terrestrial ecosystems and their mitigation options: a 551 

review. Plant Soil 309:25–42 doi:10.1007/s11104-007-9421-3 552 

Shan J, Zhao X, Sheng R, Xia YQ, Ti CP, Quan XF, Wang SW, Wei WX, Yan XY (2016) 553 

Dissimilatory nitrate reduction processes in typical Chinese paddy soils: rates, relative 554 

contributions, and influencing factors. Environ Sci Technol 50: 9972–9980 doi: 555 

10.1021/acs.est.6b01765 556 

Smith KA, McTaggart IP, Tsuruta H (1997) Emissions of N2O and NO associated with 557 

nitrogen fertilization in intensive agriculture, and the potential for mitigation. Soil Use 558 

Manage13:296–304 doi:10.1111/j.1475-2743.1997.tb00601.x 559 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

24 

 

Stevens RJ, Laughlin RJ, Burns LC, Arah JRM, Hood RC (1997) Measuring the 560 

contributions of nitrification and denitrification to the flux of nitrous oxide from soil. 561 

Soil Biol Biochem 29:139–151 doi:10.1016/S0038-0717(96)00303-3 562 

Tate KR, Parshotam A, Ross DJ (1995) Soil carbon storage and turnover in temperate forests 563 

and grasslands - A New Zealand perspective. J Biogeogr 22:695–700 564 

doi:10.2307/2845972 565 

van Veen JA, Ladd JN, Frissel MJ (1984) Modelling C and N turnover through the microbial 566 

biomass in soil. Plant Soil 76: 257–274 doi:10.1016/S0038-0717(96)00303-3 567 

Vitousek PM, Aber JD, Howarth RW, Likens GE, Matson PA, Schindler DW, Schlesinger 568 

WH, Tilman DG (1997) Human alteration of the global nitrogen cycle: sources and 569 

consequences. Ecol Appl 7:737–750 570 

doi:10.1890/10510761(1997)007[0737:HAOTGN]2.0.CO;2  571 

Verhagen FJM, Laanbroek HJ (1991) Competition for ammonium between nitrifying and 572 

heterotrophic bacteria in dual energy-limited chemostats. Appl Environ Micro 57: 3255–573 

3263 574 

Wrage N, Groenigen JWv, Oenema O, Baggs EM (2005) A novel dual-isotope labelling 575 

method for distinguishing between soil sources of N2O Rapid Commun Mass Sp 576 

19:3298–3306 doi:10.1002/rcm.2191 577 

Wu D, Koster JR, Cardenas LM, Bruggemann N, Lewicka-Szczebak D, Bol R (2016) N2O 578 

source partitioning in soils using N-15 site preference values corrected for the N2O 579 

reduction effect. Rapid Communications in Mass Spectrometry 30: 620-626 doi: 580 

10.1002/rcm.7493 581 

Yang WH, Weber KA, Silver WL (2012) Nitrogen loss from soil through anaerobic 582 

ammonium oxidation coupled to iron reduction. Nat Geosci 5: 538-541 doi: 583 

10.1038/ngeo1530 584 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

25 

 

Zhang J, Cai Z, Zhu T (2011) N2O production pathways in the subtropical acid forest soils in 585 

China. Environ Res 111:643–649 doi:10.1016/j.envres.2011.04.005 586 

Zhang J, Sun W, Zhong W, Cai Z (2014) The substrate is an important factor in controlling 587 

the significance of heterotrophic nitrification in acidic forest soils Soil Biology and 588 

Biochemistry 76:143–148 doi:10.1016/j.soilbio.2014.05.001 589 

Zhang JB, Muller C, Cai ZC (2015) Heterotrophic nitrification of organic N and its 590 

contribution to nitrous oxide emissions in soils. Soil Biol Biochem 84:199–209 591 

doi:10.1016/j.soilbio.2015.02.028 592 

Zhang Y, Zhang J, Meng T, Zhu T, Müller C, Cai Z (2013) Heterotrophic nitrification is the 593 

predominant NO3
− production pathway in acid coniferous forest soil in subtropical 594 

China. Biol Fert Soils 49:955–957 doi:10.1007/s00374-012-0772-4 595 

Zhang Y, Zhao W, Zhang J, Cai Z (2016) N2O production pathways relate to land use type in 596 

acidic soils in subtropical China. J Soil Sediment: 1-9. doi: 10.1007/s11368-016-1554-7. 597 

Zhu T, Zhang J, Cai Z (2011) The contribution of nitrogen transformation processes to total 598 

N2O emissions from soils used for intensive vegetable cultivation. Plant Soil 343:313–599 

327 doi:10.1007/s11104-011-0720-3 600 

Zhu TB, Meng TZ, Zhang JB, Yin YF, Cai ZC, Yang WY, Zhong WH (2013) Nitrogen 601 

mineralization, immobilization turnover, heterotrophic nitrification, and microbial 602 

groups in acid forest soils of subtropical China. Biol Fert Soils 49:323–331 doi: 603 

10.1007/s00374-012-0725-y 604 

Zhu T, Meng T, Zhang J, Zhong W, Mueller C, Cai Z (2015) Fungi-dominant heterotrophic 605 

nitrification in a subtropical forest soil of China. J Soils Sediments 15:705–709 606 

doi:10.1007/s11368-014-1048-4 607 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

26 

 

Table 1 Soil physical and chemical properties of the studied soils 

Soil Organic matter 

(%) 

Organic C 

(%) 

Total N 

(%) 

C/N pH 

(1:5 water) 

CEC 

(c mol kg−1) 

Clay 

(<2 m, %) 

Silt 

(2–60 m, %) 

Sand 

(60–2000 m, %) 

Soil texture NH4
+–N 

mg kg−1 

NO3
−–N 

mg kg−1 

Terang (TR) 7.9 4.60 0.5 9.3 5.50 7.67 8 63 29 Sandy Loam 12.3 6.90 

Glenormiston (GN) 10.0 5.90 0.6 9.8 6.00 24.0 11 53 36 Sandy Loam 12.2 14.9 
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Table 2 Nitrogen transformation rates in the two tested pasture soils (mg N kg−1 day−1) 

Soila Time period (day) mnet
b nnet m ia ntot na nh d 

GN 

0–2 8.95 (0.13) c 8.50 (0.75)  8.29 (1.35)  2.13 (0.32) 2.64 (0.34)  0.33 (0.10)  2.36 (0.24) 0.003 (0.000)  

2–4 −3.60 (0.80) 2.10 (0.01)  7.80 (2.26)  2.59 (0.87) 12.1 (1.01)  10.7 (0.00)  1.41 (1.01)  0.004 (0.000)  

4–6 3.50 (0.42) 6.30 (0.90)  6.51 (1.22)  3.01 (1.52) 4.10 (1.66)  0.55 (0.59)  3.62 (1.07)  0.004 (0.000)  

6–10 1.30 (0.48) 4.58 (1.08)  8.10 (1.41)  0.99 (0.43) 5.04 (0.12)  1.33 (0.11)  3.75 (0.22)  0.004 (0.000)  

0–10 2.29 (0.46) 5.21 (0.76)  7.76 (1.53)  1.94 (0.83) 5.79 (0.65)  2.85 (0.18)  2.96 (0.55)  0.004 (0.000)  

TR 

 

0–2 15.6 (1.16) 14.0 (0.74) 7.06 (1.14)  2.56  (1.55) 1.76 (0.40)  0.64 (0.52)  1.12 (0.30)  0.003 (0.001)  

2–4 4.90 (1.55) 2.20 (1.10) 1.66 (1.22) 0.49 (0.12) 11.4 (2.48)  8.15 (0.96)  2.24 (1.51)  0.004 (0.001)  

4–6 −2.66 (1.56) −0.86 (0.87) 4.10 (1.08)  1.31 (0.48) 2.80 (2.02)  1.11 (0.40)  1.69 (0.42)  0.004 (0.000)  

6–10 3.69 (0.33) 2.44 (0.19) 14.9 (1.10)  6.32 (1.09) 10.2 (1.50)  5.13 (1.13)  5.10 (0.40)  0.004 (0.000)  

0–10 5.04 (0.98) 4.04 (0.62) 8.52 (1.13)  3.40 (0.92) 7.28 (1.58)  4.03 (0.83)  3.25 (0.60)  0.004 (0.000)  

a, GN: pasture soil from Glenormiston, Victoria, Australia. TR: pasture soil from Terang, Victoria, Australia. 
b, m is gross N mineralization of organic N to NH4

+; ia is gross NH4
+ immobilization rate; ntot is total gross N nitrification rate; na is autotrophic 

nitrification rate; nh is heterotrophic nitrification rate; d is denitrification rate; mnet is net mineralization rate, and nnet is the measured net 

nitrification rate. 

c, Values in brackets are standard deviations (n = 3)
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Fig. 1 Processes involved in soil N transformation: mineralization (m), autotrophic 

nitrification (na), autotrophic nitrification (nh), denitrification (d), immobilization (i), 

volatilization (v), biological N2 fixation (f), dissimilatory nitrate reduction to 

ammonium (DNRA), and anaerobic ammonia oxidation (an) (Denk et al. 2017). 

Fig. 2 Dynamics of NH4
+–N and NO3

––N under different treatments (T1: 15NH4NO3, 

T2: NH4
15NO3, T3: NH4

15NO3 + 0.1% C2H2, and T4: NH4
15NO3 + 10% C2H2) in GN 

and TR soils after 10 days of incubation. Vertical bars indicate the standard errors of 

three replicates. 

Fig. 3 15N enrichment of NH4
+ and NO3

– pools in GN and TR soils from different 

treatments (T1: 15NH4NO3, T2: NH4
15NO3, T3: NH4

15NO3 + 0.1% C2H2, and T4: 

NH4
15NO3 + 10% C2H2) after 10 days of incubation. Vertical bars indicate the 

standard deviations of three replicates. 

 

Fig. 4 Dynamics of NH4
+–N and NO3

––N under different treatments (T1: 15NH4NO3, 

T2: NH4
15NO3, T3: NH4

15NO3 + 0.1% C2H2, T4: NH4
15NO3 + 10% C2H2) in GN and 

TR soils after 10 days of incubation. Vertical bars indicate the standard errors of three 

replicates. 

 

Fig. 5 Contribution percentages of autotrophic nitrification (N2Oa), heterotrophic 

nitrification (N2Oh), and denitrification (N2Od) to N2O production in GN and TR soils 

after 10 days of incubation 

 

Fig. 6 Average contribution percentages of autotrophic nitrification (N2Oa), 

heterotrophic nitrification (N2Oh), and denitrification (N2Od) to N2O production in GN 

and TR soils. Different capital letters indicate significant difference at P<0.05 among the 

N2O production pathways within the same soil; different lowercase letters indicate significant 

difference at P<0.05 of one production pathway between the two soils.
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 

0 2 4 6 8 10

90

120

150

180

210

240

0 2 4 6 8 10

60

90

120

150

180

210

240

N
2
O

 p
ro

d
u

c
ti
o

n
 r

a
te

 (
n

g
 N

2
O

-N
 k

g
-1
 h

-1
)

 T1  T2

 T3  T4
GN

TR

Incubation time (Day)
 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

33 

 

Fig. 5 
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Fig. 6 
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