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Nitrous oxide emissions from agricultural soils 
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[ISDA-ARS, PO.  Box E, Fort Collins, Colorado 80522. USA 
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Abstract 

m i s  paper addresses three topics related to NzO emissions from agricultural soils. First, an assessment of the 
current knowledge of N 2 0  emissions from agricultural soils and the role of agricultural systems in the global N2O. 
are discussed. Secondly, a critique on the methodology presented in the OECDIOCDE (1991) program on national 
i,lventories of N20 is presented. Finally. technical options for conuolling N20 emissions from agricultural fields 
:,rc discussed. 

‘The amount of N2O derived from nitrogen applied to agricultural soils from atmospheric deposition. mineral N 
fcriilizer, animal wastes or biologically fixed N, is not accurately known. It is estimated that the world-wide N2O 
emitted directly from agricultural fields as a result of the deposition of all the above nitrogen sources is 2-3 Tg 
N annually. This amounts to 20-30% of the total N 2 0  emitted annually from the earth’s surface. An unknown, 
hut probably significant, amount of N20 is generated indirectly in on and off fann activities associated with food 
production and consumption. 

Management options to limit direcr N20 emissions from N-fertilized soils should emphasize improving N-use 
clliciency.’Such management options include managing irrigation frequency, timing and quantity; applying N 
t inly to meet crop demand through multiple applications during the growing season or by using controlled release 
fcriilizers; applying sufficient N only to meet crop needs; or using nitrification inhibitors. Most of these options 
Ii:iae not been field tested. Agricultural management practices may not appreciably affect indirect N20  emissions. 

Introduction 

Ahout 70% of the N 2 0  emitted from the biosphere into 
the atmosphere is derived from soil (Bouwman 1990; 
Iloughton et al., 1992). It seems reasonable then, to 
:tsc~ime that human induced changes in N cycling in soil 
\yslcms have influenced the increases in atmospheric 
N 2 0  during the past century and will help dictate future 
changes in atmospheric N20.  What external factors 
perturb “normal” soil N cycling and thus increase N 2 0  

emissions? Land use conversion has been a prirnaq 
factor in the past (Houghton and Skole. 1990). Conver- 
sion of forests and grasslands to croplands accelerated 
C and N cycling and increased N 2 0  emissions from the 
wil. Globally, land use conversion is important now 
“illy in tropical areas. Most of the conversion of forests 
;ind grasslands in the northern hemisphere occurred SO 
10 200 years ago (Hammond, 1990). Global climate 
change may impan changes in soil temperature and 
moisture which will directly influence N cycling. A 
direct affect, that can be quantified, is the increae in  

N input into soil systems. This increase in N input 
is derived from atmospheric deposition. which ranges 
from about O S  g N m-’ y-’ in the central U . S .  to 6 g 
N m-2 y-’ in western Europe (Andreae and Schimel, 
1989). N fertilization with mineral N sources, animal 
manures and biological N fixation. Nitrogen fertilizer 
use and biological N-fixation are projected lo contin- 
ue to increase during the next LOO years to meet food 
demands (Hammond. 1990). 

To achieve the objective of determining NzO emis- 
sion budgets for various parts of the earth we must 
predict how much NzO is produced From each unit of 
fixed N (chemically or biologically) that is added to the 
soil. To make this prediction we first must understand 
how and where N20 is produced in the biosphere, what 
sinks exist for the gas, and how the gas moves from 
where it  is produced into the atmosphere. Research dur- 
ing the past several decadcs provides an understanding 
of how N?O is produced. factors that control it’s pro- 
duction, sourcdsink relationships, and gas movement 
processes. However, even with this large amount of 
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knowledge. we are not yet able to reliably predict the 
fate of a unit of N that is applied or deposited on a 
specific agricultural field. Studies of emissions of N20 
from presumably "similar" agricultural systems show 
highly variable results in both time and space. It is 
the complex interactions of the physical and biologi- 
cal processes involved that must be understood before 
appropriate predictive capability can bc developed. 

This paper is not a comprehensive review of the 
N 2 0  literature. since several reviews have been. pre- 
pared recently (those by B-ouwman, 1990; Duxbury et, 
d1,,~i993; andBatjesandBridges(1992)areexamples): 
This paper addresses the issues of (I) current knowl- 
edge of N 2 0  emissions from agricultural soils; (II) a 
critique on methodology of the OECDlOCDE (1991) 
program on national inventories; and (111) Technical 
options for emission control. 

Current knowledge of N 2 0  emissions from agricul- 
tural soils 

Knowns and unknowns about N2Oj7ux in agricul~urul 
soils 

It is surprising that during the last few years, with 
the renewed interest on climate change and the role of 
radiatively active trace gases, little new information 
concerning emissions of N2O from agricultural fields 
has been published. Many recent review papers and 
inventory assessments have relied on published gas 
flux measurements from studies primarily conducted 
during the late 1970's and early 1980's. The number 
of nux  measuremenb and the variety of soil conditions 
examined are limited. Therefore, the data from which 
these reviews and inventories have been drawn are also 
limited. Because of the lack of data. inappropriate con- 
clusions may have been drawn. To assess the current 
knowledge of N20 emissions from agricultural soils 
let us first briefly review some things we know and 
some things we don't know about this topic. 

Knowns ubour h'?OPiu 01 agricultura/ soils 

As noted i n  the OECDlOCDE (1991) report. we know 
that N20 is produced primarily from the microbial 
processes of nitrification and denitrification i n  the soil. 
In  well aerated conditions. NzO emissions from nitri- 
fication of ammonium based fertilizers- can be sub- 
stantial (Bremner nnd Blacknier. 1978: Duxbury and 

McConnaughey, 1986). Other work suggesls that N~~ 
is a by product of nitrification (Yoshida and Alexan. 
der, 1970) and may occur by denitrification of nitrite 
by nitrifying organisms under oxygen stress (Path and 
Focht, 1985). Recent cvidence indicates that in well 
aerated. porous soils, little N20 may evolve but much 
larger amounts of NO may be emitted during nitricca. 
lion (Williamsetol.. 1993). In wctsoils whereaeration 
is restricted, denitrification is generally the source of 
N20  (Smith, 1990). Under these conditions both *e 
rate of denilrification and the N2OIW2 + N20)  ratio 
must be known to evaluate N20 emissions through den. 
itrification. According to Smith (1990). soil smctUre 
and water content which affect the balance between 
diffusive escape of N20 and its further reduction 10 N~ 
are important factors in determining the proponions of 

Ihe two gases. 
Research hasalsoshownthat anumberofindividu. 

al factors are controllers of nitrification and denitrifica- 
tion. Such factors include as Soil water content, which 
regulates oxygen supply; temperature, most organisms 
have a temperature range over which reaction rates 
are optimal, nitrate or ammonium concentration, sub. 
strates may individually regulate reaction rates and i n  
the case of denitrification regulate the N02/N2 ratio: 
available organic carbon. denitrifiers require usablc 
organic carbon and respiration of organic carbon may 
also regulate oxygen supply; and pH. is a controller 
of both nitrification and denitrification rates and the 
N20/N2.ratio in denitrification. 

Increases in the amount o f N  added to the soil gen- 
erally increasesN20emissions (Bouwman, 1990). The 
temporal pattern ofN2O emissions following fertiliza- 
tion is generally that of a large efflux of N20 occurring 
for a shon time (about six weeks). After this time. 
emission rates are reduced to fluctuate around a low 
base-line level independent of the amount of fertilizer 
applied (Mosier et 01.. 1983). Some studies indicate 
that N 2 0  emission rates are higher for ammonium- 
based fenilizers than for nitrate (Eichner. 1990). For 
example. Bremner et  al. (1981) found a much higher 
proportion of N2O released from anhydrous m 0 -  

nia than from urea or ammonium sulfate. Bouwman's 
(1990) review. however. suggested no panicular trend 
i n  N 2 0  emissions related to fertilker type. Byrncs el 
a/ .  (1990) suggest that N 2 0  emissions from the nitrifi- 
cation of fert i l i i~rs may be more closely related to soil 
properties than to the N source that is supplied. Mineral 
N applications and organic matter amendments gener- 
ally increac total denitrification and N 2 0  production- 

' 
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As discussed in more detail by Mosier( 1989). N20 
crllissions from the soil in a field can vary by orders of 
lllagnitude both spatially and temporally. These hetero- 
,peities in both space and time in measured as fluxes 

in the microbial activity which produces the gases 
;il:lkc prcdictions highly uncenain. 

i iub iowns about N ~ O J W  

,ilthough the individual factors that regulate N 2 0  pro- 
duction are known, we cannot predict how these fac- 
lors interact under field conditions to produce mea- 
sured fluxes (OECD/OCDE, 1991). Both nitrification 
:mi denitrification and the regulators of N20M2 ratios 
1som denilrification have their own set ofoptimum con- 
&[ons. As a result, one process may be the primary 
X:O producer in one set of field conditions, but as soil 
conditions change, another process may predominate. 
The complexity of the interactive factors important 
to the different processes obviously makes a simple 
description of N20 production difficult (Mosier et al.. 
1983). Complex models, such as that described by Li 

( ' r  nl. (1992) may be the only way that NzO fluxes may 
IY predicted. Simpler, mechanistic models suc-h as that 
Llscribed by Parton et al. (1988) may, however, play 
:I sole in simplifying estimation of NzO emission. To 
;iccurately inventoty N2O emissions from agricultural 
soils we must be able to predict N2O emissions based 
o n  N application, soil, crop, management and climatic 
conditions. 

It is also likely that N20 production resulting from 
lcrlilizer and increased use of biological nitrogen fixa- 
tion is underestimated because the effect of a nitrogen 
iu:)iit is usual only partially traced through the envi- 
rwirnent. Figure I ,  taken from Duxbury er al. (1993) 
illustrates some of the flows of N following application 
of 100 kg ha-' of fertilizer N to a field on a typical 
dairy farm in the USA. Primary and secondary flows 
of N are shown by dashed and solid lines, respective- 
ly. In this example. 50 of the 100 kg are removed in 
the harvested crop and 50 are lost by a combination 
of leaching (FAO. 1990). surface run-off (Bouldin et 
d . 1984) and volatilization (Bymes et nl.. 1990, pri- 
llliuily denitrification). If N20 comprises 10% of the 
wlatilized N. 2 kg N20-N would be generated in the 
Primary cycle. Assessments of fertilizereffects on N 2 0  
emissions usually stop at this point even though only 
20 of the 100 kg N added have been returned to the 
atmosphere and it can be reasonably assumed at most 
would be returned within I O  years. 
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Secondary flows, shown by the solid lines (Fig. I), 
include feeding 50  kg ofharvested N lo animals, which 
generate 45 kg of manure N. The manure is returned to 
cropland to fertilize a second crop, however about half 
of this N is volatilized as NH, prior to or during manure 
application. Volatilized NH, is aerially dispersed and 
subsequently returned to and cycled through both nat- 
ural ecosystems and cropland. Ammonia volatilization 
from agricultural systems is globally important (Iser- 
mann, 1992) but its impact on NzO emissions has not 
been explicitly addressed. To provide some perspec- 
tive, it should be noted that the quantities of fertilizer 
N used and animal manure N generated by USA agri- 
culture are equal (Bouldin et a/., 1984). On a global 
basis, about 30 of the 80 Tg fertilizer N used each year 
are volatilized as "3. 

Similarly. the amount of N20  arising from leached 
nitrate. which may average 20-25% of applied N 
(Meisinger and Randall, 1991). is not known. Much 
of the nitrate may be denitrified in riparian zones or 
cycled through wetland or aquatic vegetation. A com- 
plete accounting of fertilizer N. biologically fixed N. 
and N mineralized from soil organic matter is difficult 
to achieve, but needed if we are to accurately assess the 
impact of increased use of N in agricultural systems on 
terrestrial N 2 0  emissions (Duxbury et a/.. 1993). 

Agricultural systems in the global NlO budget 

The present global average atmospheric concentration 
ofN20isabout  310ppbvanditisincreasingat the rate 
of 0.6-0.9 ppbv y-' (Prinn etnl..  1990; Watson er nl.. 
1990). The  concentration of N2O is about 0.75 ppbv 
higher in the Northern Hemisphere than in the South- 
ern Hemisphere (Prinn etnl., 1990). indicating greater 
source strength in the former. It is generally agreed that 
soils are the major source of N20 but global N 2 0  bud- 
geting exercises (Table I )  suggest that the strength of 
known sources is underestimated or that unidentified 
sources exist (Duxbury etol.,  1993; Robertson, 1993). 

Analysis of the latitudinal distribution of atmo- 
spheric N 2 0  suggests that emissions of N20  between 
90-30N. 30N-equator. equator-30S, and 3 W 0 S  are 
22-24,32-39.20-29 and 11-15%. respectively of the 
global total. and that there is a large tropical source 
(Prinn et d. 1990). This result conflicts somewhat 
with the projection of Bouwman (1992) that these same 
latitudes contribute 32. 31. 29 and 9 %  respectively. to 
global N20  production. reinforcing the conclusion that 
our knowledge o f N z 0  sources is incomplete. 
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Fig. 1. Fate oi icnilirer N applied to a m i z e  field. Primary and secondary flows are shown by dashed and solid lines. mrpectively (Dubury 
crol.. 1993) 

Table I .  Estimated sources and sinks of niuous oude 
(Tg N per year) (Houghton ti 01.. 1992) 

SOWCeS 

Natural 

' Oceans 1.42 .6  
* Tropical Sails 

* wet forests 2.2-3.7 
' Dly savmnas 0.5-2.0 

* Forests 0.05-2.0 
* Crarrlandr ? 

* Cultivated Soils 0.03-2.0 
* BiornassrBtming 0.2-1.0 

* Tempente Soils 

Anthropogenic 

* Smlionary Combustion 0.14.3 
* Mobile Sources 0.24.6 
* Adipic Acid Rcducuon 0.44.6 
* Niuic Acid Rcducuon 0.1-0.3 

Sinks 

Removal by soils ? 

Atmospheric Increae 3 4 . 5  
Photolysis in the Suarorpkre 7-13 

Theonly known significant sink forN20isphotoly- 
sis in thc stratosphere (Watson er al., 1990). Anaerobic 
soils have large potentials for reducing N 2 0  to N2. and 
in fact. the major product of denitrification in soils is 
N2 rather than N2O. However. slow rates of dissolu- 

tion of atmospheric N20 and its slow transport in wet 
andor flooded soils prevents this process from being a 
significant regulator of atmospheric N20  (Duxbury er 
01.. 1986; Ryden, 1981). 

Total global NzO-N emissions to the atmospherc 
from 1978 lo 1988 averaged 13.0 f 1.5 Tg N y-1 
according to the calculations of Prinn etol(1990). This 
compares to a range of annual estimated production of 
5.2 to 16.1.Tg according to the 1992 IPCC.estimate 
(Table I )  (Houghton, 1992). The IPCC budget seems 
to be incomplete as i t  does not include any emission 
value for grasslands, although the global area of this 
biome is almost as great as that of forest land (3.1 
x IO9 ha vs 4.0 x IO9 ha). Using this area and data 
from Parton er a/. (1988) significant emissions of N20 
roughly 1 Tg. may be ascribed to grasslands. Addi- 
tionally. no contribution was included for biological N 
fixation in agricultural systems. By analogy to experi- 
ence in the tropical environment (Matson an Vitousek. 
1987). increased N cycling should lead to higher N20 
emissions in agricultural systems compared to the nat- 
ural ecosystems they replaced. 

A summary of the role of global agriculture i n  
estimated total and anthropogenic emissions of green- 
house gases indicates that agriculture contributes about 
70% of the anthropogenic emissions of N2O. Recent 
estimates. based on the amount of N fertilizer used 
and published estimates of NZO flux, ascribe an aver- 
age of 1.1 kg of N20-N emission per I 0 0  kg of N 
applied in fertilizer. about 7% of total N 2 0  production 
due to direct emission from agricultural fields each 
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,- (CAST, 1992). 

Critique on methodology IF'CUOECD program on 
national inventories 

The overview from Section D.. "Nitrous Oxide Emis- 
sions from Fertilizer Use and Nutrient Runoff' of 
[he OECD/OCDE (1991) report presents a concise 
description of the state of understanding of N20 emis- 
sions from agricultural systems. There are a few points. 
however, that merit further discussion. Fin1 the state- 
ment that N2O emissions directly from fertilizers are 
relatively small should be discussed. A critical look at 
the reviews of Eichner (1990). Bouwman (1990) and 
CAST (1992) indicates that a conservative estimate of 
direct emission of N20 from mineral fertilizer over a 
full yearisintherangeof I%oftheNapplied, currently 
about 1 Tg. or about 10% of current global emissions. 
Is this trivial? This estimate includes neiher organic 
N fertilizer from human and farm animal excreta nor 
N fixed by biological N.fixation. Limited data suggest 
that NzO emissions from these N sources are generally 
greater than from mineral N application (Bouwman. 
1990). Assuming that N emissions from all sources are 
equal, the direct emissions from all three N sources 
could total 3 Tg  annually, or 2&30% of current global 
emissions. 

A second point h a t  needs to be addressed, but for 
which unfortunately there is no direct quantification. 
IS the overall fate of N applied in agricultural systems. 
Generally. agricultural soils are slowly losing total N 
content (CAST, 1992). With his in mind it is obvious 
that, most of the N applied through mineral and organic 
N fertilization and N fixation (about250 Tg yr-l total) 
is returned to the biosphere within a few years. The 
soil retains little of the N added, crops are quickly 
consumed by animals and humans, and storage time of 
N in animals used for human consumption is short. It 
then follows that the N used in agriculture is returned 
to the atmosphere through denitrification over a period 
Of a few years. What Fraction of this N is returned as 
N20? We have no idea! Obviously only a small fraction 
dramatically influences the global N z 0  budget. 
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Merhodology f o r  calculating N20 emission from N 
fertilizers 

A. The first methodology of OECDlOCDE (1991) is 
based on the amount of each type of fertilizer N con- 
sumed and an emission coefficient for the fraction of 
applied N that is released as N20-N for each fertiliz- 
er type. Emissions of N20-N are estimated for each 
fertilizer type. summed over all types (equation I). 

NzO Emissions (tonnes N2O-N) 

where F =Fertilizer Consumption (tonnes N) 

released/tonne N applied) 

Results are given as tonnes of N2O emissions: 

E =Emission Coefficient (Tonnes N2O-N 

f =Fertilizer type 

N20  Emissions (tonnes N20) = N2O-N 
Emissions x (tonnes N20-N)  x 44/28 

A three year average of fertilizer consumption. cen- 
tered on 1988. is the suggested po in t  of reference i n  
the OECD (1991) approach. 

This.methodology is based on the literature review 
and analysis by Eichner (1990) which reviews much of 
the N 2 0  emission research that was conducted before 
1988. This review still covers most of the N 2 0  field flux 
measurements since relatively little work has been pub- 
lished since that time. Considering the number of agri- 
cultural systems that exist world-wide and the number 
of sources of N available for use, the data set avail- 
able for these analyses is quite small. As a result single 
studies at single locations can dominate, and possibly 
skew the type of analysis used by Eichner (1990). 

Another point is that most of the data cited by Eich- 
ner (1990) were from studies conducted only during 
the cropping season, or part of the cropping season. 
little is known about N emissions before planting in 
the spring and following crop harvest. Sommerfeld er 
al. (1993) found that appreciable amouns  of N 2 0  are 
emitted from snow covered subalpine soils. Goodroad 
and Keeney (1984) measured large fluxes of N2O dur- 
ing winter thaw periods. 

The comments that follow should not be construed 
as demeaning the research cited or Eichner's (1990) 
analysis. In all cases the research was carefully con- 
ducted and the data representative of that found in the 



7oblc 2.  Effect oiN-source on NzO emission from Ulree .~ 
180’ 2502 
NzO-N (5% of N added) 

Sandyloarn AA 2.4 I 4.8 

Clay loam AA 7’’ 1.1 6.0 
U 0.3 - 

- 

Loam AA I .2 7.8 
U 0.3 - 

AA = Anhydrous ammonia. U =Urea; 
‘Breilenkck and Brernner. 1986 
’Bremner cr at.. 1981. 

studies. The conclusion is that there is not enough 
variety in the data available to make a case for vast- 
ly  differing coefficients for different redilizers. The 
data in Table 2 illustrates this point. These data are 
from two studies conducted i n  Iowa on three different 
soils (Bremner er ai.. 1981; Breitenbeck and Bremner. 
1986). Both studies indicate high, but quite different 
N20 emissions from anhydrous ammonia (AA). 1.1 to 
7.8% of the N applied. Differences between soils and 
N application rates are large. The techniques used for 
the two studies were essentially the same, in applica- 
tion method of the AA and in flux measurements. The 
Bremner era!. (1981) study was initiated after cutting 
off soybean plants at the soil surface and leaving the 
plant residue on the soil. Did the rapidly decomposing 
plant residue provide an immediately available carbon 
source toenhancedenitrification. that does not normal- 
ly exist at the time of fenilizer application? No crop 
was growing during this study. One must question if 
this set of data is comparable to most systems and if  i t  
should be used in inventory calculations. 

Other data indicate that overall N sources are not so 
important (Table 3). In 3 maize fields N20  emissions 
ranged from 0.8 to 2.1% of the N applied from AA.  
animonium sulfate (AS) and urea (U)  fertilization. The 
span of variability of 0.8 to 2.1% was with U feniliza- 
tion. Emissions from AA and AS fell within this range. 
As Byrnes el  a/. (1990) concluded from one of their 
studies. “NzO emissions may be more closely related 
to soil propenies than to the N source that is applied’. 

World-wide, ammonium.based fertilizers are the 
major fertilizer N sources (FAO. 1990). Since the bulk 
of the data available do not indicate that mmonium.N 
sources dramatically influence N20  emissions (Bouw. 
man, 1990) it seems of litile utility to worry about 
accounting for N source in the N20  emission calcula. 
lions, except where site specific data are available 
warrant such calculations. 

B. The second OECDlOCDE (1991) methodology 
includes the fertilizer source variable discussed in see- 
tion A and also includes the crop type to which the 
fertilizer is applied. The approach is the same as in 
section A except that emissions of N20-N are summed 
over all fertilizer and crop types. instead of just over 
all fertilizer types. 

N20-N Emissions (tonnes N2O-N) 

= C(Ftc x E d  (2) 
rc 

where F=Fertilizer Consumption (tonnes N) 

releasdtonne N applied) 
E=Emission Coefficient (tonnes N2O-N) 

f=Fertilizer Type 
c=Crop Type 

NzO Emissions (tonnes N20)  = N20-N 
Emissions (tonnes N2O-N) x 44/28 

Including crop type in  the calculation seems rea- 
sonable since the type of crop tends to regulate soil 
water content, the timing of mineral N uprake, and the 
release of mineralizable carbon into the soil. All of 
these factors are regulators of N2O-forming process- 
es. If crop type is used what multiplication factor is 
appropriate? As noted in OECD/OCDE (1991) there 
is not enough information lo calculate the necessary 
coefficients for each crop type. 

Some of the data that are available (Table 3) is so 
variable that it is probably not useful for calculating 
emission coefficients. Timing of rainfall, frequency 
and intensity of irrigation, timing of N additions rela- 
tive to crop development stage. and timing of N addi- 
tions relative to water addition are factors that may 
dictate the amount of N 2 0  emitted. Some of these 
events are manageable, others are not. 

Suggested N20 emission calculation method. 

In my view, the d a u  available from which to calculate 
NzO cmission coefficients based on either N fertilizer 
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Table 3. Effect of N-Source on N10 emissions from cercal cropped fields in Colorado. 
New York and England 

~~ 

MaiX 
AA 1.3 Maricr & Hutchinron. 1981 
AS I .5 Morier cr 01.. 1986 
u I .6 Branson erol.. 1992 
U 0.8 Bronson crol.. 1992 
u 2. I Durbury & McConnaughy. 1986 

CN 0.3 Durbuly & McConnaughy. 1986 

Spring Barley 
AN 0.6 Mosiercr a/.. 1982 

0.4 Mosier crol.. 1986 AS 
ss I .4 Mosierrr o l .  1982 

wtnter Wheat 
AN 3.5 Burfordcrol.. 1981 

AN 1.7 plowed. clay soil 
AN 0.9 direct reeded. clay loam 
AN ' 0.4 plowed. clay loam 

direct seeded. clay rail 

AA =Anhydrous ammonia: AS = Ammonium sulfate: U = Urea: 
CN =Calcium nitrate: AN = Ammonium nitrate: S S  = Sewage sludge. 

source or crop are not adequate to make such calcula- 
-tions. It is.also unlikely that within the next few years 
sufficient studies will be conducted to make adequate 
coefficient calculations. Based on the reviews concern- 
ing N20 emissions and their relationship to fertilizer 
applications (Bouwman. 1990; Eichner. 1990; CAST, 
1992: Duxbury et 01.. 1992; Robertson, 1992; Batjes 
m d  Bridges, 1992; and OECDIOCDE. 1991) Isuggest 
simplifying the NZO-fertilizer emission calculation: 

NzO-N Emission (tonnes NIO-N) 

= C F x 0 . 0 1  (3) 

where F = Fertilizer Consumption (tonnes N) 

NzO Emissions (tomes NzO) = N2O-N 
Emission (tonnes N20-N) x 44/28 

Because of the limitations of the data available and 
the scope of the data, a value of I % /year of fertilizer 
N evolving directly from agricultural fields does not 
seem unreasonable. The literature on field NzO fluxes 
is adequate to provide the order of magnitude of the 
tnuhiplication coefficient. that is greater than 0.00 1 and 
less than 0.1 (CAST, 1992). 

There is certainly room for arguing the validity 
of this suggestion. For example in a flooded rice field. 
when fertilizer N is added immediately before flooding. 
little N 2 0  is emitted (Freney el  al., 1981). We do 
not know, however, how much N20 evolves from the 
field when the water is drained for harvest or during 
the intercrop dry period. Some evidence indicates that 
appreciable N20 is evolved from a rice field following 
a dry fallow period as the field becomes water saturated 
(Byrnes er al., 1993). A simple equation relating soil 
mineral N content and soil% water-filled pore space 
to N20 emissions integrated through the entire year 
may represent N 2 0  emissions reasonably well. There 
is, unfortunately, no possibility to link this to national 
inventory calculations. 

Technical options for emission control 

To increase agricultural production to meet growing 
demands for food required by the rapidly growing 
world population. N fertilizer use will necessarily 
increase. While N fertilization is no1 the only sourcc 
of N20 emitted to the almosphere, it accounts for a 
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large part of the global budget. Direct and indirect 
emissions from N fertilization may total 2 to 3 Tg N 
y-’. These N emissions can be in part controlled by 
management. Undesirable effects of fertilizer use on 
increased N2O production can be mitigated by agri- 
cultural management without decreasing production; 
probably reducing rather than increasing costs (Mosier 
and Schimel. 1991) 

CAST (1992) suggest a number of N management 
strategies: 
- use soil testing to determine fertilizer N require- 

ment; this will project and adjust for N mineraliza- 
tion from soil. legumes, manures, organic wastes, 
and any mineral N added by irrigation water or 
atmospheric deposition; 

- dispense with the “maintenance” concept 
- adjust the rate of N application to a reasonable yield 

goal for specific fields; 
- place N fertilizers deep enough in the soil to lower 

the N20R‘12 ratio when denitrification occurs; 
- time N application to when it  is needed by the crop. 

The rate and timing of fertilizer application should 
have a goal of leaving as little residual N as possible 
i n  the soil during the non-cropped periods uf the ear. 
Additionally, agr’cultural systems that provide contin- 
uous plant cover should be utilized whenever feasible 
to minimizeleachinganddenitrification of nitrate asso- 
ciated.with bare soils and 10 enhance nutrient recycling. 
In irrigated systems, better water management can be 
used to limit denitrification. 

In irrigated systems. timing and frequency of irri- 
gation also influence N20 production (Rolston et al., 
1982). Large. less frequent irrigations result in low- 
er N 2 0  production. Careful adjustments in irrigation 
scheduling are required, however, to minimize both 
N20 emissions and nitrate leaching. 

Multiple fertilizer applications or slow release fer- 
tilizer formulations will conceivably limit N 2 0  emis- 
sions, by controlling the nitrate supply subject to den- 
itrification. A single application of a fenilizer formu- 
lation that provides mineral N to match crop uptake is 
a likely conservation mechanism. Field testing of this 
concept to limit N20  production has not been conduct- 
ed. 

Since ammonium based fertilizers are the major fer- 
IilizerN sources world-wide (FAO, 1990), maintaining 
added N in the ammonium form should result in less 
N 2 0  production in fertilized soils. One mechanism of 
inaintaining added N as ammonium is to apply a nitri- 
fication inhibitor (NI) with the fertilizer (Broedbent 
and Tyler. 1957; Buiidy and Brciiiner, 1973; Brnati 

and Hogan, 1991). Using NI’s frequently does not p r ~  
duce increased crop yields (Scharf and Alley, 1988) bur 
studies suggest that NI’s should decrease ~~0 
tion from ammonium based fertilizers (Bremner e,o,., 
1981). It has been recognized for more than a decade 
that acetylene is one of the more effective 
inhibitors (Walter el ai.. 1979; Bremner and 81ack. 
mer, 1978; Hynes and Knowles, 1978, Saharawat c, 

a!. (1987). However. McCarty and Bremner (1986) 
concluded that acetylene “has little, if any, 
tial practical value as a soil nitrification inhibitor”, 
because no way existed to maintain appropriate con. 
centrations over time in the field. They tested a n u n l h r  
of acetylenic compounds and found that several, par. 
ticularly 2-ethyenylpyridine and phenylacetylenc tiad 
potential (McCany and Bremner. 1986). 

Since that time Banerjee and Mosier (1989) found 
that coating .calcium carbide, with layers of waxes 
and shellac provided a slow release S O U T C ~  of accty. 
lene that has  proven effective in limiting nitrification 
and increasing yield of flooded rice in India (B;~ncr. 
jee el aL, 1990) and in increasing cotton l in t  yicld in 
Australia (Freney et al.. 1993). A number of receni 
field tests show that using nitrification inhibitors. S L I C ~ I  

as acetylene, in conjunction with fertilizer N applica- 
tions clearly decreases N2O production (Bronson er ol. .  
1992; Keerthisinghe er a!.. 1993) (Table 4). Dccrcucd 
N2O emissions were observed with NI’s i n  both upl:intl 
crops and flooded rice that were fertilized with ure:i. 

Nitriftcation inhibitors also influence CH4 f lux  i n  
agricultural systems. Methane is generated from organ. 
ic matter decomposition in flooded soils. Howcvcr. 
atmospheric methane is oxidized in aerobic soils. 7hc 
NI’s nitrapyrin and acetylene both decrease nictliiinc 
oxidation in upland crops (Table 4). In fertilizcd 
upland systems. N 2 0  are relatively more impon:lnl 
in the radiatively active trace gas balance than is thc 
aerobic soil sink capacity so the decrease i n  oveli l l l  
“greenhouse” gas flux from upland soils is enhanced 
by NI’s (Bronson and Mosier. 1993). Acetylene 31So 

inhibits CH, production in flooded rice systems (Table 
4) (Bronson and Mosier, 1991; Keerthisinglic er a/.. 
1993), so it may be a possible way to increase fertil- 
izer use efficiency while limiting CH, emissions f r lm  

these systems. 
 here are a variety of management options ;l\,ajI. 

able that may limit direcr N20 emissions from N- 
lertilized soils, but most of these options have no1 
field tested. Managing irrigation frequency. timing and 
quantity; applying N only to meet crop demand. e i the r  
by multiple applications during the growing sci“(”l ‘Ir 
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'\ 7nwe 4. Effect of nitrilication inhibitors on N20 and CHI flux in 
grasslands and cultivated. soils 

Cas Rux Rater' 
N 2 0  CH, 

gN hac 'd- '  gC ha-' d-'  
_- 

r m v e  Grzisland' 
Fsnilized Grassland' 
Irrigated Maize' 

Urfa 

Control 
Irrigated Wheat' 

Urea 

Control 
Dry Seedcd Rice6 

Urea 
Urea + Ni4 
Control 
Control + NI' 

urea + N I ~  

urea + N I ~  

0.3 
0.6 

16.5 
4.6 
1.1 

6.0 
2.5 
2.0 

13 
14 
38 
I 6  

-6.3 
-4.1 

-0.6 
-0.3 
-0.6 

-0.9 
-0.2 
-0.8 

3.0 
4.3 

15.4 
5.8 

'Mean of weekly flux mcasuremem over 10 to 18 months. 

'Morier el 01. (1991); 
'Bronron cral. (1992): 
'Acetylene genernted from encapsulated calcium carbide was 
the nitrification inhibitor in there studies: 
5Bronson and Mosier(1993): 
6Kccnhiringhc <I 01. (1993). gar flux measurements of 37 days. 
between planting and pcmanent flooding 23 days later: 

except for rice: 

!'y using controlled release fertilizers; applying N only 
ici meet crop needs and not soil maintenance; or using 
nilrification inhibitors to limit N20 production. These 
arc examples of management options which can lim- 
it direct N 2 0  emissions from N-fertilized fields while 
improving fertilizer use efficiency. 

Agricultural management practices may not appre- 
ciably affect indirecf N 2 0  emissions. Since we under- 
stand the magnitude or sources of indirect emissions 
m e n  less than the direct emissions. it is not possible 

this time 10 implement technical options for their 
control. 
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