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Abstract 
Rising atmospheric concentrations of nitrous oxide (N2O) can cause global warming and associated climate 
change. It is typically assumed that there is a linear relationship between N2O emission and nitrogen (N) 
input, and therefore, soil N2O emission is often estimated as a proportion of N additions using emission 
factors (EF). However, a growing body of studies shows non-linear, exponential relationship between N2O 
emission and N input. These studies commonly reported that N2O emission abruptly increases at 
superoptimal level of N additions. Additionally, this rise in N2O emission consistently causes EF to sharply 
increase and also to be directly dependent on N input rate. Meta-analysis revealed that increments in EF per 
additional unit of N input ranged from 0.0006 to 0.02, and these ∆EF/∆N input values exhibited significant 
negative correlation with soil pH (r= -0.793, P < 0.001). Results support the importance of N management 
based on optimal rates particularly in intensive agricultural systems and low pH soils. It also indicates 
current IPCC default N2O EF methodology could underestimate N2O emission from these systems. 
Additional research efforts are needed to improve N2O EF methodology and/or system modelling to capture 
the observed patterns of linear dependency of EF on N input rates.  
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Introduction 
Atmospheric N2O contributes to both greenhouse effect (Wang et al. 1976) and ozone layer depletion 
(Crutzen 1970). A change in the N2O mixing ratio from 270 ppb in 1750 to 319 ppb in 2005 caused an 
increased radiative forcing of 0.16 ± 0.02 W/m2 in part because N2O possesses a relatively high global 
warming potential (i.e., 298 and 25 times greater than carbon dioxide and methane, respectively; IPCC 
2006). Of the entire anthropogenic N2O emission (5.7 Tg N2O-N/y), agricultural soils provide 3.5 Tg N2O-
N/y (IPCC 2006). Use of N fertilizers and animal manure is the main anthropogenic N2O source and it is 
responsible for roughly 24% of total annual emissions (Bouwman 1996). Several early reports indicate a 
linear relationship between N input and N2O emission in various agricultural systems (Bouwman 1996). This 
relationship is adapted for current IPCC Tier I EF methodology (IPCC, 2006) which estimates N2O emission 
based on N additions in managed agricultural areas. However, there is a growing body of evidence indicating 
a nonlinear, exponential relationship between N input and N2O emission (Grant et al. 2006; Zebarth et al. 
2008). This nonlinear rise caused EF to increase with N additions, and therefore, N2O EF values are not 
constant but dependent on N input rates (Grant et al. 2006). To date, these contradictory results pattern have 
not been clearly explained. Thus, the objectives of this study were to compile available data on the subject of 
direct N2O EF in multiple agricultural systems with varying N input rates, to examine the dependency of 
N2O EF on N input rates, and to establish hypotheses to potentially explain these relationships. 
 
Materials and methods 
Data were acquired by searching existing refereed literature as well as through personal communications 
with individual data owners. We compiled field data from 20 independent referred studies encompassing 40 
experimental site-years worldwide. A complete list of the 20 assessed studies can be found within the caption 
for Figure 1. Based on this global dataset, direct N2O EF were calculated following IPCC (2006) Tier I 
methodology, and subsequently, the changes in EF as a function of increments in N input (∆EF/∆N input 
with units/kg N ha) were also calculated. Statistics included Pearson correlation analyses.  
 
Results and discussion 
N2O EF dependency on N input rates 
This data compilation resulted in a very wide range of N2O EF (i.e., 0.0005 to 0.16; Figure 1) revealing 
inconsistency amongst existing studies as well as when compared to the current IPCC single default value 
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for direct N2O emissions (i.e., 0.01; IPCC 2006) as previously discussed by other researchers (Grant et al. 
2006). Variations in N input sources across studies as well as dynamics soil-plant interactions in systems 
receiving superoptimal N addition rates could partly account for this ample EF variability. Extremely high 
EF values would likely occur when soil mineral N availability exceeds plant and soil N uptake capacities 
(McSwiney and Robertson, 2005). This collective evidence supports the critical need for enhancing existent 
N2O estimation methodology for superior accuracy of both field-specific and global budget N2O estimations. 
Furthermore, this meta-analysis also suggests that the pronounced variability in EF values across all assessed 
experimental site-years is directly associated with varying N input rates (Figure 1, Table 1). As N input (e.g., 
fertilizer or manure) rates increased, calculated N2O EF consistently increased in all studied cases. Based on 
fitting linear regression models to the existing data, values of ∆EF/∆N input (i.e., regression coefficient) 
ranged from 0.0006 to 0.02 and averaged 0.0074 (Table 1). In addition, the parameter ∆EF/∆N input 
preliminary appears to behave linearly within several studies (Figure 1B). This numerical description of N2O 
emission dynamics across multiple studies had not been previously documented in the existing literature. 

 
Figure 1. Direct nitrous oxide emission factors as a function of nitrogen (N) input rates across 20 studies. Ranges 
of N input from (A) 0 to 800 and (B) 0 to 250 kg N/ha. The 20 assessed studies are labelled as A (Hyde et al. 
2006), C (Zebarth et al. 2008), D (Clayton et al. 1997), E (Zhang and Han 2008), F (Abdalla et al. 2010), G (Hua et 
al. 1997), I (Kilian et al. 1998), K (Allen et al. in press), L (Sehy et al. 2003), M (Mosier et al. 2006), N (Ma et al. 
2009), O (Cardenas et al. in press), P (Engel et al. 2009), Q (Letica et al. 2009), R (Hoogendoorn et al. 2008), S 
(Jarecki et al. 2009), T (Rochette et al. 2000), U (Rochette et al. 2004), V (Breitenbeck and Bremner, 1986), and 
W (Mosier et al. 1982). 
 
Another interesting observation of this meta-analysis is that ∆EF/∆N input exhibited a negative correlation 
with soil pH (r= -0.793, P < 0.001; Table 1). It is well established that N2O reductase activity is inhibited at 
low pH (e.g., 4.5 to 6.5) (Knowles 1982), and consequently, N2O:N2 production ratio typically increases with 
decreasing pH. This pH effect can also partly account for variations in ∆EF/∆N input across studies.  
 
Hypothetical mechanisms for explaining observed patterns of EF and ∆EF/∆N input 
Several hypotheses can be postulated to account for the observed EF shifts depending on N input rates. As 
discussed above, this response appears to be primarily associated with excessive N supply (e.g., > 100 kg N 
ha−1; Bouwman et al. 2002) and soil microbial mediation. This soil N surplus would concomitantly lead to 
lower plant N uptake efficiency, and therefore, the resulting soil residual N would likely served as substrate 
for additional N2O production (Zebarth et al. 2008). Additionally, excess soil N under these conditions could 
also indirectly promote soil N2O production as it is known increased NO3

− can inhibit N2O reduction to N2 
producing wider N2O:N2 ratios (Firestone et al. 1979). Alternatively, exogenous N additions to soils can 
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cause priming effects by stimulating microbial mobilization of native N boned within pre-existing soil 
organic matter (Kuzyakov et al. 2000). This enhanced soil native N mobilization and accessibility can result 
in increased N2O emissions derived from the soil N pool (Di and Cameron 2008). Finally, based on this 
meta-analysis (Table 1) and as discussed above, changes in soil pH can also determine the outcome of N2O 
production by interfering with N2O reductase activity. Therefore, it can also be hypothesized that soil pH 
decreases can drive abnormally greater soil N2O emission as a result of increasing N additions in intensively 
managed agricultural systems using certain acidifying N sources [e.g., ammonium sulphate: (NH4)2SO4]. 
 
Table 1. Estimated ∆EF/∆N input parameter and soil properties for 18 selected assessed site-years.  

Reference ID (as shown in 
Figure 1) 

∆EF/∆N input 
(kg-1 N ha) pH Sand 

(%) 
Clay 
(%) C (%) N (%) C/N 

Hyde et al. 2006 A (2002) 0.0063 5.8 22 18 0.032 0.28 11.4 
Zebarth et al. 2008 C (2003) 0.0147 6.6 59.2 10.6 1.54 0.1 15.4 
Zebarth et al. 2008 C (2004) 0.012 6.6 36.7 13.4 2.07 0.086 24.1 
Zebarth et al. 2008 C (2005) 0.016 6 38.2 13.8 1.5 0.096 15.6 
Clayton et al. 1997 D (1993) 0.018 5.5 17 22 5.5   
Zhang et al. 2008 E (grassland) 0.0012 7.21   2.45 0.238 10.3 
Zhang et al. 2008 E (cropland) 0.0008 7.07   1.89 0.187 10.1 
Abdalla et al. 2010 F (2004) 0.003 7.4   1.94 0.19 10.2 
Abdalla et al. 2010 F (2005) 0.0009 7.4   1.94 0.19 10.2 
Hua et al. 1997 G (urea) 0.0006 7.99   1.85 0.116 15.9 
Hua et al. 1997 G [(NH4)2 SO4] 0.0012 7.99   1.85 0.116 15.9 
Kilian et al. 1998 I (compost-N) 0.02       
Sehy et al. 2003 L (synthetic-N) 0.0197 6.1 20 29 1.4 0.15 9.3 
Mosier et al. 2006 M (no tillage) 0.0041 7.7 40.2 33.4 1.28 0.152 8.4 
Mosier et al. 2006 M (with tillage) 0.0016 7.7 40.2 33.4 1.19 0.147 8.1 
Ma et al. 2009 N (2006) 0.0081 6.1   2.38   
Ma et al. 2009 N (2007) 0.0027 7.7   2.18   
Ma et al. 2009 N (2007) 0.0024 6.9     2.55     

 
Conclusions 
Results from this meta-analysis using global data for N2O emission from agricultural fields underscore the 
need for additional hypothesis-driven studies to enhance the current understanding on how excess N input 
affect N2O emissions in N managed ecosystems. In further detail, this study clearly evidences extremely 
inconsistent EF values across assessed site-years as well as a linear dependency for EF changes on N input 
(∆EF/∆N input). These preliminary findings could provide insights for improving N2O EF methodology. 
 
References 
Abdalla M, Jones M, Ambus P, Williams M (2010) Emissions of nitrous oxide from Irish arable soils: effects 

of tillage and reduced N input. Nutrient Cycling in Agroecosystems 86, doi: 10.1007/s10705-009-9299-y 
Allen DE, Kingston G, Rennenberg H, Dalal RC, Schmidt S (in press) Effect of nitrogen fertilizer 

management and waterlogging on nitrous oxide emission from subtropical sugarcane soils. Agriculture, 
Ecosystems & Environment doi: 10.1016/j.agee.2009.11.002. 

Bouwman AF (1996) Direct emission of nitrous oxide from agricultural soils. Nutrient Cycling in 
Agroecosystems 46, 53-70. 

Bouwman AF, Boumans LJM, Batjes NH (2002) Emissions of N2O and NO from fertilized fields: Summary 
of available measurement data. Global Biogeochemical Cycles 16, 1058. 

Breitenbeck GA, Bremner JM (1986) Effects of rate and depth of fertilizer application on emission of nitrous 
oxide from soil fertilized with anhydrous ammonia. Biology and Fertility of Soils 2, 201-204. 

Cardenas LM, Thorman R, Ashlee N, Butler M, Chadwick D, Chambers B, Cuttle S, Donovan N, Kingston 
H, Lane S, Dhanoa MS, Scholefield D (in press) Quantifying annual N2O emission fluxes from grazed 
grassland under a range of inorganic fertiliser nitrogen inputs. Agriculture, Ecosystems & Environment 
doi:10.1016/j.agee.2009.12.006 

Clayton H, McTaggart IP, Parker J, Swan L, Smith KA (1997) Nitrous oxide emissions from fertilised 
grassland: A 2-year study of the effects of N fertiliser form and environmental conditions. Biology and 
Fertility of Soils 25, 252-260. 

Crutzen PJ (1970) The influence of nitrogen oxides on the atmospheric ozone content. Quarterly Journal of 



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

43

the Royal Meteorological Society 96, 320-325. 
Di HJ, Cameron KC (2008) Sources of nitrous oxide from 15N-labelled animal urine and urea fertiliser with 

and without a nitrification inhibitor, dicyandiamide (DCD). Australian Journal of Soil Research 46, 76-
82. 

Engel R, Liang DL, Wallander R, Bembenek A (2009) Influence of urea fertilizer placement on nitrous oxide 
production from a silt loam soil. Journal of Environmental Quality 39, 115–125. 

Firestone M, Smith M, Firestone R, Tiedje J (1979) The influence of nitrate, nitrite, and oxygen on the 
composition of the gaseous products of denitrification in soil. Soil Science Society of America Journal 43, 
1140-1144. 

Grant RF, Pattey E, Goddard TW, Kryzanowski LM, Puurveen H (2006) Modeling the Effects of Fertilizer 
Application Rate on Nitrous Oxide Emissions. Soil Science Society of America Journal 70, 235-248. 

Hoogendoorn CJ, de Klein CAM, Rutherford AJ, Letica S, Devantier BP (2008) The effect of increasing 
rates of nitrogen fertiliser and a nitrification inhibitor on nitrous oxide emissions from urine patches on 
sheep grazed hill country pasture. Australian Journal of Experimental Agriculture 48, 147-151. 

Hua X, Guangxi X, Cai Z-C, Tsuruta H (1997) Nitrous oxide emissions from three rice paddy fields in 
China. Nutrient Cycling in Agroecosystems 49, 23-28. 

Hyde B, Hawkins M, Fanning A, Noonan D, Ryan M, O’Toole P, Carton O (2006) Nitrous oxide emissions 
from a fertilized and grazed grassland in the South East of Ireland. Nutrient Cycling in Agroecosystems 
75, 187-200. 

IPCC – Intergovernmental Panel on Climate Change (2006) Guidelines for national greenhouse gas 
inventories. Available at http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html [verified 15 Oct. 
2009]. Geneva, Switzerland. 

Jarecki M, Parkin T, Chan A, Kaspar T, Moorman T, Singer J, Kerr B, Hatfield J, Jones R (2009) Cover crop 
effects on nitrous oxide emission from a manure-treated Mollisol. Agriculture, Ecosystems & 
Environment 134, 29-35. 

Kilian A, Gutser R, Claassen N (1998) N2O-emissions following long-term organic fertilization at different 
levels. Agribiological Research 51, 27-36. 

Knowles R (1982) Denitrification. Microbiological Reviews 46, 43-70. 
Kuzyakov Y, Friedel JK, Stahr K (2000) Review of mechanisms and quantification of priming effects. Soil 

Biology & Biochemistry 32, 1485-1498. 
Letica SA, de Klein CAM, Hoogendoorn CJ, Tillman RW, Littlejohn RP & Rutherford AJ (2009) Short-term 

measurement of N2O emissions from sheep-grazed pasture receiving increasing rates of fertiliser nitrogen 
in Otago, New Zealand. Animal Production Science 50, 17-24. 

Ma BL, Wu TY, Tremblay N, Deen W, Morrison MJ, Mclaughlin NB, Gregorich EG, Stewart G (2009) 
Nitrous oxide fluxes from corn fields: on-farm assessment of the amount and timing of nitrogen fertilizer. 
Global Change Biology 16, 156-170. 

McSwiney CP, Robertson GP (2005) Nonlinear response of N2O flux to incremental fertilizer addition in a 
continuous maize (Zea mays L.) cropping system. Global Change Biology 11, 1712-1719. 

Mosier AR, Halvorson AD, Reule CA, Liu XJJ (2006) Net global warming potential and greenhouse gas 
intensity in irrigated cropping systems in northeastern Colorado. Journal of Environmental Quality 35, 
1584-1598. 

Mosier AR, Hutchinson GL, Sabey BR, Baxter J (1982) Nitrous Oxide Emissions from Barley Plots Treated 
with Ammonium Nitrate or Sewage Sludge. Journal of Environmental Quality 11, 78-81. 

Rochette P, Angers DA, Chantigny MH, Bertrand N (2004) Carbon dioxide and nitrous oxide emission 
following fall and spring applications of pig slurry to an agricultural soil. Soil Science Society of America 
Journal 68, 1410-1420. 

Rochette P, van Bochove E, Prevost D, Angers DA, Cote D, Bertrand N (2000) Soil carbon and nitrogen 
dynamics following application of pig slurry for the 19th consecutive year: II: N2O fluxes and mineral 
nitrogen. Soil Science Society of America Journal 64, 1396-1403. 

Sehy U, Ruser R, Munch JC (2003) Nitrous oxide fluxes from maize fields: relationship to yield, site-
specific fertilization, and soil conditions. Agriculture, Ecosystems & Environment 99, 97-111 

Wang WC, Lacis Y, Mo T, Hansen J (1976) Greenhouse effect due to man made perturbation of trace gases. 
Science 194, 685-690. 

Zebarth BJ, Rochette P, Burton DL (2008) N2O emissions from spring barley production as influenced by 
fertilizer nitrogen rate. anadian Journal of Soil Science 88, 197-205. 

Zhang J, Han X (2008) N2O emission from the semi-arid ecosystem under mineral fertilizer (urea and 
superphosphate) and increased precipitation in northern China. Atmospheric Environment 42, 291-302. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


