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Abstract. Emission of NO. (principally NO) and N20  
from soils is reviewed with panicular emphasis placed on the 
atmorpheric and ecological implications of this source. The 
phouxhcmistry of these species in the.atmosphere is 
summarized as well as the methods available for the 
determination of fluxes. h e s m  which produce and 
consume both NO and N2O in soils are principally 
microbiological in nature and are linked direclly and indmtly 
with the chemical and physical facmrs that control g m u s  
transpon through the soil medium. Linkages among these 
processes occur over many diffcrcnt temporal and s p a i i  
scales which makes interpretation of the available data 
diffculL A summary of results from labralory and field 
studies shows that considerable spatial and temporal 
variability exiSIs in the emissions. This variability can be 
relaled lo faclors such as temperature, water content, soil 
composition, nuuient availability. vegetation. disturbances 
(e& burning. agricultural practices). and others. Because 
NO, and N 2 0  play central roles in many important 
environmenlal problems, there is a need for accurate estimates 
of the magnitude of the soil source. but the large degxe of 
variability in the existing data makes exlrapolation highly 
uncemin. To overcome this unceminty. models are required 
which can simulate the processes &ponsible for production, 
consumption. and transport of these species at all relevant 
temporal and spatial wales. lntegraled field studies will also 
be requicd 10 validate the model rearlu. 
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I .  INTRODUCllON 

Numerous anicles in both the popular and technical press 
reflect increasing public and scientific concern regarding not 
only the prospect for global climate change but also 
additional potential health and environmenlal effects of 
changing atmospheric mu: gas concentrations. Among the 
m c e  gases of greatest concern, nitrous oxide (N20) and nitric 
oxidelnitrogen dioxide (NO + N R  = NO,) are dircc~Iy 01 

indirectly involved in atmospheric uanning, as well as the 
pduc t ion  and consumption of atmospheric oxidants such as 
omne ( W a n d  hydroxyl radical (OH), and the photochemical 
formation of nitric acid @IN%), which is the fastest-growing 
component of acidic deposition. Natural sources of N20 and 
NOx established the background atmospheric mcenualiations 
of these two gases that anthropogenic activities are MW 
perturbing. 
For NO,. five natllial sources have been identired, 

lightning, microbial processes in soil. o x i u o n  of 
atmospheric ammonia ("3). stratospheric injection, and 
photolytic processes in the oceans. The characteristics and 
magnitudes of each of these m e s  have been summarid in 
several recent review arlicles [Crutren. 1983; Ehhalt and 
Drummond. 1982: Homolya and Robinson. 1984; Logan. 
1983; Placet and Streell. 1987; Sledman and Shetter. 19831. 
Despite considerable disagreement regarding the magnitude of 
biogenic production ofNO in soil, all these reviews agree 
that the process represents a significant source of global 
atmospheric NO.. For example. Logan [I9831 calculated that 
microbial activity in soil contributes 4 to 16 Tg N (teragram 
(Tg) = IOt2 g) to the global NOx budget, equal to and perhaps 
greater than the lightning source. and much larger than the 
other three natural Sources lisled above. Using additional, 
more recent data, Davidson [I9911 estimated theglobal soil 
NO source U, be -20 Tg N yr-'. He noted that his e s h a t e  
was dominated by emissions from three savanna s i m  all in 
the same counuy: thus it is not only subject lo domward 
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revision once more savanna sites are studied but also subect 
lo upward revision because arid regims and desem have not 
been samded and were not included in thecalculation. This 
more c k e n t  estimate i s  comparable to the 21 Tg N yr.' 
estimaled for Klobal enerrwelaled combustion emissions 
quoted by Loian [I9831 and i s  much larger than he 12Tg N 
vr-I estimate of emissions from biomass burnine. Thus the - 
soil source of NO, may represent as much as 4G% of che 
global NO. budget (range: 25-99 Tg N yr-') Ogan. 19831. 
Conrad 119901 recently discussed these poinu in a review of 
soil NO. flux. 

Clearly, soil NO emissions conuibute subsmtially to 
atmospheric NO,: yet charac!srization of the soil source has 
been difficult because of the extreme variability ofthe 
emissions in space and time. Further. because of the 
reactivity of NO, the impact of the soil source m 
tropospheric phoIochemistry (e.g.. enhanced oxidant 
formation) tends to be more local or regional, thus estimates 
oflarge-scaJe source sangths may not iccurately reflect 
smaller-scale impacts. For example. a recent inventoly of soil 
NO emissions for the United States [Williams et al.. 19921 
indicated hat. during summer. the soil source i s  at most 14% 
of total combustion sources. However. for some rural 
agricultural areas in the Uniled States. the soil source can be 
much greater than combustion-related emissions. This level 
of variability i s  also present at smaller scales and represents a 
significant challenge lo undcrsmding and predicting soil NO, . .  
exchange. A majo;objective of this review is lo d&ribe the 
progress that has been made in the characlerizatim of Ihe soil 
k&cc  of NO and lo underscore the Uncehlinues ha1 remain. 

The rcbuvely long atmosphenc lifcume of N20 (I50 
v u r s  IHmel  al.. 19871 110 v w s  IKoctal..  19911land the ~. . I .  

smaller number of imponant natural sources of l h i s  gas. has 
made it possible to establish with somewhat greater cenainty 
both the magnitude of the total global source ofthis gas, as 
well as the fraction of the total represented by micmbial 
activity in soil. McElroy and Wofsy [I9861 estimated che 
former to be about 15 Tg N yr-' and the latler to be greater 
than one half. The estimaled 4 Tg N20-N hat i s  pnduced 
each year by combustion of fossil fuels nearly matched the 
amount required to support the observed 0.2-0.390 annual 
growth rale of atmospheric NzO over the p a t  few decades 
[Rinn et al.. 1990: Rasmussen and Khalil. 19861. sn a cause- 
and-effect relationship was generally assumed. Recently. 
though. the magnitude of the combustion some was reduced 
by more than a factor of 10 due to diszovery of an anifact in 
flask sampling procedures [Mwio and Kramlich. 19881. thus 
renewing inlerest in the possibility of an enhanced biogenic 
source. However, based on a comprehensive analysis of recent 
measuremenu from uopical temsvial ecosyslems, Matson 
and Vitousek [ 19901 found thai the estimaled magnitude of 
this biogenic N20 sowe must also be reduced 3 4  Tg from 
the 7.4 Tg N yr.' reponed by McElroy and Wofsy U9861. 
further upsetting the near balance between known sources and 
sinks. Finally, if the more recent shorter lifetime estimate of 
1 IO years i s  indeed correct. then the total source suengih for 
N20 must be increared KO et al.. 19911. 

Eichner [I9901 recenlly compared the N2O emission rates 
of N-fertilized and unfertilized agricultural soils across the 
United States; Sahrawat and Keeney [I9861 and Yoshinari 
[ 19901 gave more general reviews of soil N20 emission r a t s  
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and pmcesses: and the lntergovemental Panel on Climate 
Change (IF'CC) report 119901 summarized the present state of 
knowledge regarding the relative imponance of all ternvial, 
guatic. and atmospheric N20 sources and sinks. Because 
these reviews arc current. soil N70 emissions will not be . 
covered here with the m e  rigor as soil NO. emissions; 
neverthclcss. the look is included lo facilitate discussion of 
the many similariliks between the biogenic sourccs of these 
mce gases. When NO. emissions were reviewed by the 
authors cited earlier. the literature contained few soil NO 
emissions data. but since then soil emission of NO. has been 
measured from several different ecosyslem types under a 
varietv of soil and climatic mnditions around the world (cf. 
references associated with Table I ,  below). The results of 
these studies will be crilically reviewed and inco.porated into 
revised estimates of the imponance of soil NO. exchange lo 
current issues involving atmospheric mce gats. 

In  the first section below we place soil NO, and N 2 0  
emissions in perspective by providing a brief summary of the 
chemistry of these compounds in the atmosphere. So that 
available field and laboratory soil NO, and N 2 0  exchange data 
can be discussed at the process level. we then dcscribe present 
understanding of the basic chemical and biological processes 
resDonsible for oroduction and consumotion of the two eases - 
in soil. as well as techniques for measuring their exchange 
with the aunosohere. Then. alter summarizine the available 
data and a d & g  the influence of known sofand 
environmental conuollers on the exchange rates. we discuss 
approaches to mdeling the emission of these v d ~ e  gases 
fmm soil. Finally, we present same speculation regarding the 
ecological implications of these processes. 

2. ATMOSPHERIC CHEMISTRY OF NO, AND NlO 

?.I. Nifric OidelNifrogen D i o d e  (NOJ 

Nivic oxide panicipales actively in atmospheric chemistry. 
The principal end product of this chemistry. H N q .  i s  
incornlaled raoidlv bv aerosols. cloud waler. and rain and . .  
hen iost from the atmosphere by wet and dry deposition. For 
lhis reason the lifetime of the oxides of niuoeen NO. = NO I . ^  
+ N W  in the atmosphere is shon: mnwquenlly. NO. 
emitted at the surface does not reach the smlosphere. 
However, within the troposphere NO, ( I )  i s  imponant in 
reKulatina the concenmtion of the orinciml oxidizinn aeent . .  _ -  
&-the aunosphere. the hydmxyl radical (OH); (2) is central in 
the oholochemical oroduction 0101. which not onlv i s  a ~. 
ndihtively impor& mace species but also i s  an im&mant 
=on& collumt and a Drecmr  of O H  and 13) is the . . . .~,  ~ 

precursor of "03. which is one of Ihe principal componenu 
of acid dewsition IChameides and Walker. 1973: Cox. 1988: . ~~. 
Crulzen, i973. 1988; Fishman and Cmuen, 1978; Liu et al.. 
19871. 

ozone to form nilrogcn dioxide. 
When NO enters the atmosphere i t  reacts rapidly with 

.Although 0 3  i s  lost when i t  reacu with NO, the N@ that is 
lmed photodissociates during the daytime to reform 0,. 



353 TABLE 1. Comparison of NO Emissions From a Variety of Land h 

Land Use Category 

Recenrly fenilized 
~emuda p~ r r e x a ~ .  a9 
Beans (Canada, 0-5 mos.) 
Corn (Pennsylvania. one monh) 
Corn (Virginia, 5-3Odays) 
Barlcy/grass ley (Sweden. a 1 4  days) 
Unplanted field (Spain. 0-22 days) 

Bermuda glass I,TCxaS) 

Noi recently fenilized 

Beans (Canada, 19 yam) 
Wheat (Pennsylvania. one year) 
Soybeans (Virginia. lhree month) 
Wheat (Colorado. July, one year) 
Wheat (Colorado. July. irrigated. one year) 
Wheat (Colorado. May. one year) 
Barley/lucemc (Sweden) 
Bare soil (Spain, ten months) 

Flux. n g N h k -  
Meall Range 

Agricultural Fields 

44 13-186 
25 0.42-162 
94 1.6-338 
25 6.67 
IO 0. I 4 2  
52.6 2.2-203 

13 1-71 
-. 0.42-1 1.6 
1.2 0.21-3.8 
4 0.7-9.4 
2 0.001.6.1 
IO 2.4-16.0 
2.8 0.8-5.0 
3.5 0.1-17 
8.8 -2.2-107 

Grassland. pastures, meadows 
Pasture (Mexico. upland, dry season) 
Pasture (Mexico, flmdplain.dry season) 
Pasture (Mexico. upland, wet season) 
Pasture (Mexico, floodplain. wet season) 
Grassland (Cololado. pml) 
Crass (Illinois) 
Gras (Virginia) 
Paslure (United Kingdom, urine-treated) 
Pasture (United Kingdom, untreated) 
Grassland (Colorado. Aug.-Nov.) 
Crested wheat grass (Colorado) 
Grassland (Austnlia, pml) 
Bare soil (Germany) 
Paslure (Australia) 
Pasue (Australia. grazed) 

Savanndchaporral (arid/semi-arid) 
Savanna (Venezuela. rainy season) 
Savanna (Venezuela. dry season) 
Savanna (Venezuela. rainy season) 
Chaparral (California. burned. welldry) 
Chaparral (California. burned, weddry) 
Chaparral (California. unburned. weddry) 
Chapanal (California, unburned, weddry) 

Temperate forests 
Deciduous foreu (~MCSSCC) 
Forest clearing (Pennsylvania) 
Coniferous forest (Sweden) 

Forest (Mexico. upland, dry season) 
Forest (Mexico. upland, wet season) 
Semidmiduous forest (Venezuela) 
Tropical rain foreu (Brazil) 
Tropical rain forest (Brazil) 
Tropical evergreen rain forest (Brazil) 
Tropical cloud forest (Venezuela) 

Tropical forests 

Unfomted Areas 

0.25 ... 
9.9 ..- 
28.6 .-. 
25.6 ... 
10.0 1.15-52.9 
_.. 1.44.2 
3 0.003-9.0 
12 0.53 
0.5 neg.-7.2 
3.0 0.02845 
9 -9-26 
._. 0.6124 

2.2 -5.8-14.2 
1.6 0.62.6 
3.5 1.5-7.3 

0.64 0.076.70 
8 3-15 
56 2-250 
31 6.101 
27 ... 
13 cL35 
13 ... 

Forests 

0.28 0.056-1.12 
I .2 0.184.1 
0.4 0.1-0.8 

0.92 ... 
2.78 ... 
0.51 ... 
2.1 (clay) .-- 
7.8 (sand) --- 
10.2 9.2-16 
_.. 0.1-2 

Reference 

Hutchinson and B m s  I19921 
Shepherdetal. 119911 

Anderson and Levine [I987 
lohansson and Oranat (19841 
Slemrand Seiler [I9841 

Hutchinson and Brams 119921 
Shepherd et al. 119911 
Williamset al. [I9881 
Anderson and Levine [1987] 
Andemn and Levine (19871 
Anderson and Levine 119871 
Andemn and Levine (19871 
Iohansson andCcanat 119841 
Slemrand Seiler [I9841 

Williamsetal. [I9881 

Davidson ctal. (19911 
Davidsonetal. (19911 
Davidson etal. [I9911 
Davidson et al. I19911 
Williams and Fehsenfeld [I9911 
Wesely etal. 119891 
Anderson and Levine 119871 
C o l b o h e  et al. 119871 
Colbaurne et al. 119871 
Williams et al. [I9871 
Delany etal. (1986) 
Galbally et ai. 119851 
Slemrand Seiler 119841 
Galbally and Roy 119781 
Galballyand Roy 119781 

Sanhueza et al. 119901 
Johansson et al. 119881 
Johansson and Sanhueza 119881 
Anderson et al. 119881 
Levine et al. 119881 
Anderson et al. 119881 
Levine et al. 119881 

Williams andFehsenfeld [I9911 
Williamset al. [I9881 
Johansson 11984) 

Davidsonetal. [I9911 
Davidson et al. I19911 
Sanhueza et al. [I9901 
Bakwinet al. 1199Cal 
Bakwinctal. 11990al 
Kaplan et al. 119881 
Johansson et al. 119881 
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TABLE I .  (continued) 

Land Use Category 
Flux. ngtilm2ls 

Meall Range Reference 

m r  

Tidal marsh (South Carolina) 0.034 0-0.08s WilliamsandFehsenfeld 119911 
Wetlands (florida. 3 silcs. unburned) 0.12 ._. Levine et al. 119901 
Wetlands (Florida. 3 si-, burned) 0.58 ... Levine et al. [I9901 
Temperate W e d  rice field (Ausuali) ._. 0.2-0.95 Galbally et al. [I9871 

NO2 + hv -i OpP) + NO 

O ( ' P ) + q  + M  + 0 3  + M 

0 
9) H + % + M - t H q + M  

OH + CO --t H + C q  

ll~lhese reactions typically proceed rapidly during daytime and. 
after a few minutes of exposure to sunlight, aunospheric NO, 
N q .  and 0, concenuations equilibrate yielding a 
photostationary slate. Consequently, in the absence of other 
processes, the continued occurrence ofreaclions (1)-(3) leads 
10 no funher net ozone omduction or loss for a eiven sunlieht 

In h e  presence of NO,, the combinalion ofreaclions (2) 
through (6) will lead u) 0, production [Chameidcs and 
Walker. 1973; Crutzen, 1973; Levy. 1971. 19721: 

net co+ 2% -t c q  + 0, 0 - _. 
inlensity. Because of this close coupling of NO and N a .  it 
is useful 10 consider NO and N@ as a single entity with the 
sum of the two species referred u) as NOx. 

2.1.1. Ozone producrwn. Compounds other than omne 
are also capable ofoxidizing,NO to N q . The most 
imponant of these [Cox. 1988: Crutzen. 19881 is the 
hydropemxy radical, H e ,  

Ha + NO --t OH + N q  

In the troposphere, H% is formed principally by the 
oxidation o f C 0  

Thus oxidation of CO in the troposphere in the presence of 
NO, produces 0,. It is imponant to note that, overall. odd 
hydrogen (HO, = OH + H 4 )  and NO. are neither pmduced 
nor lost in these coupled reactions but simply catalyze 
phaochernical ozone pmduclion at ram pmpom.onal to their 
abundances. 

A similar catalytic reaction sequence for oxidation of 
methane (CHd is shown diagrammatically in Figure 1 
[Logan et al.. 19811. The process is initiated by reaction of 
CH, with OH. and this leads to a complex series of reactions 
In Figure 1 boxes indicate those compounds that are stable 
enough to be present at reawnable concentrations in the 

(4) 

C H 3 0  

Fig. 1. A simple block diagram indicating the oxidation of methane in the mopsphere. 
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aunosphere. and which may terminate the photochemistry. 
Numbers enclosed in circles adjacent 10 each box indicate Ihe 
number of 0, molecules produced or destroyed in forming the 
boxed-in compound. Numbers enclosed in hexagons indicate 
the n u m b  of odd-hydrogen free radicals hi are generaled or 
IOSI in forming each of these terminal compounds. Note lhat 
if reactions destroy the odd-hydrogen radicals. then 0, 
photolysis. which produces these radicals, also becomes an 
0, destruction process. Dcslruction of odd-hydrogen radicals 
occurs when NO levels arc low. With an adequate supply of 
NO, reaction of methyl peroxide radical (CH300) with NO 
will dominate, and, during daytime, will lead 10 products that 
form 0, and free radicals, which specd uoposphcric oxidation. 
On the oher hand, in lhc ab%nce of NO the radical-radical 
reactions will dominate and lead w products wilhout 
producing 03.  Overall, free radicals will be deslmyed and 0 3 -  
forming oxidation will slow, which results in net 0 3  
destruction when OWN photolysis is considered. 

CO is not e x p l e d  to be the most important facwr 
controlling the photochemical production or loss of omne. 
There are ample concentrations of nonmehane hydrocarbons 
(NMHC) which, when coupled with their higher 
photochemical reactivities, can dominate 0, production. 
Nonetheless, in the case of NMHC. as with C&, the level of 
NO is expected w determine whether oxidation leads w 0 3  
production or loss. This process can be represented 
approximalely by the following simplified scheme [Liu et al.. 
19871: 

NMHC + OH + 9 + ROZ (s) 

R02 + NO + 9 -) NO2 + H q  + CARB (P) 

H O z + N O + N 0 2 + 0 H  (10) 

2 ( N 9  + hv + 9 + N O  + @) (I 1) 

net: NMHC + 402 + 2hv + 203 + CARB (12) 

In the continental boundary layer the oxidation ofC& or 

where R stands for a hydrocarbon radical and CARB dcnoles a 
carbonyl compound. Reaction (12) shows that IWO 03 
molecules an: produced for every NMHC molecule oxidized. 
In addition. the carbonyl compounds may undergo funher 
photochemical reactions which will result in a significant 
gain of hydrogen free radicals and. in turn. produce more 
ozone. 

o f C 0 ,  CH4. and NMHC in the presence ofNO can lead to 
0, prcduclion. However. this odd-hydrogen free radical 
chemisuy can also consume ozone. The most imponant of 
these 03-destroying reactions is 

H q  + 0 3  + O H  + 202 

Consequenlly. when NO concentrations arc small, and 
reaction (1 3) is favored over reaction (4). h e  oxidation of CO. 
CH4. and NMHC can lead to 0 3  destruction. 

catalyzing the formation of& during tropospheric oxidation. 
NO and N q  arc chemically processed, as illustrated in Figure 

The prcceding reactions show how tropospheric oxidation 

(13) 

2.1.2. Oxidation of nitrogen oxides. In addition to 

t deposition 

Fig. 2. A block diagram indicating the oxidation of the 
oxides of nitrogen in the troposphere. 

2. The oxides of nilrogen enter the troposphere from a 
variety of lwtural and anthropogenic sources. usually in the 
form of NO. During the day rapid intereonversion of NO and 
NO2 produces 0,. but this NO. can be further oxidized to a 
variety of other organic and inorganic compounds, 
collectively referred to a~ NO, (NOy= NOx + organic nitrates 
+ inorganic niwates + nilriles). The conversion of NO. w 
the other members of the NO, family lakes place within a 
few hours duriig phnlochemically active summer days but 
requires a few days during winter. 

The oxidation of organic compounds in the presence of 
NO. usudly leads to the formation of organic niuates 
[Atherton and Penner, 1988; Atkinson and Lloyd, 1984: 
Calvcrtand Mandronich. 1987; Crutzcn. 1979; Shepson et 
al.. 1985: Stockwell. 1986 Tminer et al., 19911. listed as 
R O O N 9 .  RC(O)OON@. and R O N 9  in Figure 2. 
Although the oxidalion of volatile organic compounds can 
form a large variety of organic nilrates. h e  most abundant. 
and by far the most studied of the% compounds. is 
peroxyacetic nimc anhydride. also called peroxyacetyl nitrate 
(PAN, CH3C(O)OON9). This compound was first observed 
in the atmosphere as a component of urban photochemical 
smog [Scou et al., 19571. Since that time, surface and 
aircraft observations have confrmed its ubiquity in the 
atmosphere [Bottenheim etal.. 1986 Buhr etal.. 1990 
Ridley et al., 1990 Rudolph et al.. 1987: Singh et al.. 1985. 
19901. The organic nivates. such as PAN, act to temporarily 
prescrve niuogcn oxides in h e  uopospheie. especially at low 
temperatures, and release hem at high temperatures or by 
pholochemical reacuons. Since the lifetimes ofthe organic 
niuates depend slrongly on temperature and sunlight 
intensity. the lifetime for a given organic niuale can range 
from less than an hour to several weeks (Robens, IWO]. 
Hence the impomncc of organic nitrates. and i n  pnicular 
PAN. relalive w NO, increases rapidly at lhc lower tempera- 
tures characteristic of winter, high latitudes, and high 
altitudes. Under these conditions. PAN levels may 
subsuntially exceed NO, levels. thus implying a significant 
role for PAN and h e  other organic niwates in the long range 
uansport of NOz hrough h e  atmosphere. 
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The principal inorganic niuate is H N q  formed mainly by 
the reaction 

OH + N 0 2 +  M + "03 + M (14) 

In addition, a1 night the reaction of NO2 with 03 forms the 
n ib te  ndical (Nq) and niuogcn pentoxide (N20,). which 
can funhcr react through homogeneous and hctemgeneous 
chemistry to form HNO, and NO3- [Liu et al.. 19871. 

Niuic acid and nimte ions are relatively swblc against 
photochemical destruction and in the absence of precipitation 
they can persist for extended per ids  (wccks) in h e  frcc t r o w  
sphere. Hence wet and dry deposition of these species 
represent the principl mcchanisms for removal of NOy from 
the troposphere. This H N q  and N q '  represent.? a 
component (and in locations with large emissions of NO,. an 
imporlllnt component) of acid deposition and a mechanism for 
the redistribution of biospheric N. However. since NO is 
rapidly convened to NO2 and other reactive N oxides once it 
enters the atmosphere and these species are more rapidly 
deposited 10 lhe surfacc than is NO, i t  is not cerlain how 
much of the NO lhat is emitlcd from thc soil survives in the 
atmosphere sufficiently long to influence the atmospheric 
chemisuy or to pariicipate in long-range redisuibuuon of 
biospheric N. Therefore i t  is impoMn1 lo m&e 
measuremenls to determine lhe net flux of soil-emitted NO, 
from lhe ncwsurface b u n d a y  layer. 

2.1.3. Conrrol of the rropospheric oxidorion rale. The 
principal process for the formation of the odd-hydmgen free 
radicals is initiated wilh the absorption of sunlight by 0 3  
[Chamcidcsand Walker:L973; C ~ l z e n ,  1973; Lcvy, 1971. 
1912: Liu et al.. 19871. 

0)  + hv (c 305 nm) + O('D) + 0 2  (15) 

The elcctronically excited oxygen atom O('D) is highly 
rwctivc toward water vapor. and unless it is quenched 1O a 
ground slate oxygen atom OpP) by reaction wilh Nz o r 0 2  
before it  collides with a water molecule. it creates two OH 
ndicals, 

O('D)+ H20 + 2 0 H  (16) 

Thus as NOx influences the production of 0 3 ,  it also 
eswblishes lhe rale that odd-hydrogen frce radicals can be 
produced in the atmosphere. 

Additionally, in the course of the chemistry oullined for 
the formation of 0 3 ,  it can bc scen that he concentration of 
NO also dircctly mediates the rclativc amounlS of perory 
radicals, H& and R01.10 that of OH. During the sunlight 
hours and at relatively low NO. mixing ratios (NO, < I p3n 
per billion by volume (1:109), ppbv) lhe amount Of OH 
present in the atmosphere will depend directly on the level of 
NO through reactions (4) and (9). Since OH is responsible 
for initiating the oxidation o f C 4  and NMHC and for the 
conversion of CO to C q .  under lhese conditions the 
concenuatim of NO also determines the rate of oxidation in 
the troposphere. However, at elevated NO, mixing mtim 
(NO, > 10 ppbv) the rapid reaction of NO2 and OH to form 
HNR will serve to reduce the amount of odd-hydrogen frec 
radicals in the atmosphere and thus slow the oxidation 
process. 

2.2. Nirrour Oxide 

Nitrous oxide has two imporunt impacls on lhe chemistry 
and physics of lhe atmosphere in that it contribules to global 
atmospheric warming and i t  influences the chemistry of the 
smtospheric ozone layer. In the Uopcsphcrc N 2 0  absorbs 
long-wave terrestrial radiation and thus contribulcs to 
grecnhwse Warming oi the atmosphere. Because N 2 0  is inert 
to chemical reaction in the troposphere. the lifetime of this 
compound is subswntial. perhaps as long as 1 IO [KO et al., 
19911 to 150 years [Walson et al.. 19901. The only known 
sinks for N20 at the surface of the earth are uptake by soils 
[Blackmer and Bremner. 19761 and by the aifans [Elkins et 
al.. 19781. However. McElroy and Wofsy [I9861 noted that 
these arc not significant loss processes compared lo 
photochemical destruction in the stratosphere. On a per 
molecule basis, N20 is approximatcly 200 Limes more potent 
h n  C q  with respect to atmospheric warming. However. 
because of a much lower atmospheric concentration than C& 
( N 2 0  310 ppbv : C q :  353 pans per million by volume 
(1:106),ppmv)andamuchsmaller rateofincrease0.1~0 
0.25% yr-1: C q :  0.5% yr-'), N20 conuibutes only a few 
percent (-6%) to told warming and may not contribulc 
significantly to global warming over a time wale of up to a 
century IIPCC, 19901. 

NzO is by photolysis at wavelengths shorter than 250 nm 
[cf. Brasseurand Solomon. 19841, 

In Ihc stratosphere the principal destruction mechanism for 

N 2 0  + hv + N2 + 0 (ID). (17) 

In addition. N 2 0  is destroyed by reaction wilh excited oxygen 
atoms. The reaction has three possible channels: 

N ~ O  + 0 ( I D )  --t ZNO 

N2O + 0 ('Dl --t N2 + 0 2  

N 2 0  + 0 (ID) -+ N 2 0  + OOP) 

(18) 

(19) 

(20) 

(Davidson etal.. 1979: Wine and Ravishankara. 19821. and 
has a profound impact on smtnspheric chemisuy. While 
reaction (19) is thedominant channel. reaction (18) is alsn 
significant. being the largest source of NO in the slratmphere 
[Crulzen. 1971: Jackman et al.. 1980; Nicolct, 19711. The 
production of NO in the stratosphere initiates a complex set 
of gas-phase and heterogeneous reactions that pby a key role 
in !he chemical production and destruction of 03 in the 
stratosphere [ci. World Memmlogiwl Organimtion (WMO), 
1992, and the references therein). 

3. BIOCHEMICAL PROCESSES FOR NO, AND N 2 0  
PRODUCTION AND CONSUMFI'ION 

Both biotic and abiotic processes are involved in the 
production of NO and N20 in soils. Among the biotic 
sources. numerous groups of soil microorganisms contribute 
to the prcducuon o i l h u e  two N gases through a variety of 
biochemical reactions. The bacterial processes of nitrification 
and denitrification arc generally accepted to bc the principal 
sources of NO and N 2 0  in soil. but most all microbial 
processes that involve oxidation or reduction of N through he 
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+ I  or +2 oxihtion swtc probably yield at least trace amouncs 
of the two gaxs [Conrad. 1990. Firestone and Davidson. 
1989: Focht and Versuilcte. 1977: Haynes. 1986, and 
references therein: Knowles. 19851. For example,N20 
production by processes other !han nitrification or 
denitrification has h e n  observed in acid forest soils 
[Roberuon and Tiedje. 19871 and in pure cultures of some 
fungi [Bollag and Tung, 1972: Bufi and Ottow, 19831. so a 
fungal source seems likely. Nitrous oxide loss also occurs 
during assimilatory nitrate reduction by some yeasu [Blckley 
and Tiedic. 19821. and both NO and N?O are rewnedlv 
pruduccd in vaqing amounu by nondmmfymg nbtrate- 
reducing b.!ctcm IAndcerm and Levlnc. 1986. Smith and 
Zimmeian, 1981]. The impomnce oftheseand other 
nonnitrifyinglnondenitrifying processes to total biogenic NO 
and N20 production i s  uncenain; this topic was recenlly 
reviewed by Tiiedje [19881. 

primarily through a Y L  of reactions collectivelv termed 
Abiotic production ofN20, and particularly NO, occurs 

- 
chemodcnitrification. The most i m p o m t  of thcsc reactions 
i s  the disvromnionation of nitrous acid I"&) known to . -  
occur in k i d  soils [Nelson. 19821, especially those high in 
organic matter content [Blackmer and Cento, 19861. 
Although this reaction has not been demonstrated in neuual 
or alkaline soils in the laboratory. is occurrencz in the 
natural environment cannot h discounled bccause of thc 
possible existerne in undisturbed soils of microsites where 
the requircd accumulation of nitrite ( N O i  ) and low pH can 
occur as a result of solute concentration in thin water films 
dunng frec2mg or drymg. or bcc3use of p o x m i y  to a colony 
o fNt4 '  oxidi7.n [D3\i&on, 199231 Other abiulogcal 
processes for NO and N20 pmduclion in soil includi 
dccompasition of hydroxylamine (NH2OH) and reaction of 
N e  with the phenolic constiiuenu of soil organic matter, 
among others [Nelson. 19821. The contribution of the latter 
reactions to soil cmission of NO and N20 i s  apparently 
surp,msed by that of " 0 2  dismomrtionation. which icself . . .  
m2kcs 31 l u s l 3 n  ordcr of m3gnitudc sinilller conuibution 
Ilohansson and Galhally. 19x1. Rcmds ct al.. 19891 t h n  the 
biolugicd pmcsses of niuificmon and dmtrific3uon 
h w u r r d  below. 

3. I .  Ni~rrjicolron 

NWIGC~LO~ I, Jclm:d a i  thc b.ologic31 oxlJ3lion of NHl' 
10 SO? md SO>'. or 3 biJloglcdly indxcd I!KWLW in thc 
oxid3iion swlc of N lSuil Sclcncc S a i c i y  of Aincric3. 19871. 
Sumcrdus sludier have 1nJ:c3lcd h i  the process IS 3 
qumiiwuvcly mporcmt componcnl of h e  N c)cle In mosi 
culu\xcd agriail~ural sods Cuntrq to u r l w  I~tcraiun: 
[Bormlnn 2nd Likcns. 1979: >lclillo. 1981 I nitrificauun also 
pldys a bignificani rolc in thc N cyclc 01 m31uie natLral 
ccos)stcms. with the cxccpiwn of ucllmdr3nd many 
conifcrous forcbi sysicmb [Robencon. 19821. For example, 
D~vidron CI XI. 119901 rucnily rcponcd lhit despite thc 
previously h) pothcciwd p"or ahiliiy of nlmficrs io comprie 
u Lih p1m.s and hctirouophic micrcmrplims for ~v3113blc 
>lU, h i u w n  I? ad I6 psrccnl of h e  N uuncnlvcd ~n 3n 
undinurhd S.limiicd Cll fomu gr;li,l:md WJS u x ~ d ~ d  io 
N@'.cvcn during c u u n s  when plml upukc m d  m.crob;al 
irnmub~liauun u'crc buih Jct i \ r .  Ihcy  sprcubted t h ~ t  
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microsite heterogeneity in ".,+ mineralization rates and in 
the distributions of organisms and roou was at least pimially 
responsible for the high net nitrification rates. 

The prccess of nitrification is associated with the 
metabolism ofchemoautolrophic bacteria of the family 
Nilrobacreraceoe. as well as rveral species of heterotrophic 
micmorganisms. Heterotrophs such as Aspergillusflavus and 
Alcoligenes sp.. among many others. have been reponcd to 
form NOi or NO,. from "a+ or othw reduced forms o f N  
when groun in CUIIUIC mcdla lC3etignciu and Gunner. 19W 
Schmidi. 19821 Convrnctnv cvdcncc h a t  rdarrc rhr 
occurrcncc ofa panicular hekrotroph in iu natural 
environment to the progression of nitrificaiion in that 
environment i s  limited to foresl soils [Schimel et al.. 19841 
and soils with pH tcm low or temperature tw high to suppon 
the growth ofchemoautolrophic niuifiers [Sum et al.. 19861. 
Howcver.Andersonetal. [I9911 andPapenetal. [I9911 have 
recenlly provided evidence hat hetemLrophic niuification may 
have greater significance than is commonlv hlievcd. . 

The cunvcnuonal uiulom IS h a t  the prcpnrlerance of 
niuific3uon in sod LC ~ccumpliehcd bv J few genera of 
chemoautotrophic bacteria: Nirrosom& and Nirrosospira. 
which oxidize "4' to NW ; and Nirrobacrer. which 
converts NW 10 Nq-.  Although low numbers o fa  few 
other W'ax id iz ing  chemoautotrophs are also prernt in 
many soils, Nirroboc~er is the only genus known to be 
involved in the oxidation ofN02-, so i t  i s  surprising that this . .  
ion IS promptly oxidizcd and rxsly 3ccumu1~tcs in sod. 
Nowble excepliun, include 1rovica1 s ~ a n m h  llohansson and 
Sanhuew. 19881 and seasonaliy dry tmpical forest soils. 
[Davidson et al., 19911 lhat accumulate N@- during the dry 
season Oxygen i s  obligatory for the chemoautotrophic 
oxidation of either N&+ or NO>.. and bh reactions are 
coupled to elcctron transport phosphorylation, thereby 
providing the energy required for m w t h  and regeneration of 
the responsible organisms. All members of the family 
Nirrobacreraceae arc aemhs hat  synthesize their cell 
constituenu from C@ by way ofthe Calvin reductive 
pentose phosphate cycle. The relatively narrow species 
diversity of the chemoautolrophs responsible for nitrification 
in soil i s  thouaht to render the process unusuallv suweotible - 
1oeatsrn31 influences [tlaynes. 19861. 

remans a Subjzct of much dchte Thcrr i s  g o d  e \  ldcnce 
h i  EiHzOH (N ox1d311on swV .I) IS the fir,! inurmcd131c 
produci ofSH4' osihlion [Du3 CI d., IY791. bui subsequeni 
inlcrmedialec uih N or8d;lilon swtes +I a d  +2 arc no1 
knoun with m y  ccmnly Iliooper. 19841. Al l  intermedntcs 
formcd dumg thc convc'nion ol NHZOH to S e ' m  h L c \ c d  
In rcinan b u n d  10 thc iomplsx cntymc hydroxylJmmc omdo. 
rsducuw. l h c  oxllliuon of SO?' io b) Nrirobacrer I$ a 
simple tuodcctron <hill ~n S o x ~ l m o n  ,ule from -3  to + 5  
3nd involves no mtcrmediatcs ISchmidi. 19x21. 

shere IS nbundvit cvidcncc Out both KO 2nd K l O m  
unwlly included among the produce 01 chcmo~utotrophc 
nilnfimlion. More than half 3 ccnlury ago, Corbel 119351 
observed N 2 0  formilim by culturu~ of nltriliers suppllcd 
wth NH4' or NH2011. uhilc Rilchlc md Nlcholac 119721 
first rcpnrd ruluaion uf KO?' to NzO b) disiimil3lor) 
nitrite reducuw synlhesized by Nirroronlnwr ewopaeo m 
pure culiurc. Sevc rd  ) c x s  hlcr. Bremncr and Blackmcr 

Thc biochciniail p3thuay of chcmmutolrophic nitrificaiion 
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[I9781 recognized that nitrifying micmorganisms were 
responsible for production of a fraction of lhc soilemiued 
N20 formerly attributed entirely lo denitrification. Lkewise. 
it has long been known that NO is produced by 
chemoautotrophic nitrificrs in culture. but much more 
recently recognized that this process serves as a significant 
source of NO emittcd from soil. Studies using acetylene or 
niuapyrin [2-chlor~6-(trichloromelhyl)-p)7idine] lo inhibit 
NH.,+ oxidation and chlorate to inhibit N q -  oxidation have 
demonstralcd that both the N20 [Aulakh et ai.. 1984a: 
Blackmer et al.. 1980. Hynes and Knowles. 19841 and NO 
[Dwidson. 1992a. Torloso and Hutchinson. 19901 produced 
dwine chcmoaulolmohic nitrification arc a direct result of the ~-~~ ~ 

activity of tho% organisms responsible for oxidation of N h '  
l o N q ' .  

Recent evidence suggests that production of N20 by 
autotrophic N&+ oxidizers results from a reducliveprocess in 
which the organisms use N q '  as an electron acceptor. 
especially when 9 is limiting [Poth and Focht. 19851. ?his 
mechanism not only allows the organisms to conscrvc 
limited 0 2  for thc oxidation of NH4+ (from which lhey gain 
energy for growth and regcneration). but also avoids the 
potential for accumulation of toxic levcls of N W .  Our 
knowledge of nitrificr physiology is not sufficient to predict 
whether the in situ production of NO also results from NO2. 
reduction. as propssd from studies of cell-free e x m t s  by 
Hooper 119681 and work with intact cells by Rcmdc and 
Conrad [I9901 and Anderson etal. IlWI]. or ifil represents 
decomposition of an intermediate in the oxidation pathway 

from NH4+ to N q ' ,  as proposed from cell-free e x ~ t  studies 
by Hcoper and Teny 119791. Some evidence indica- that 
NO production during nitrification also increasa as 9 
availability decreases [Lipschullz etal.. 19811, but Anderson 
and Levinc 119861 and Remdc and Conrad [I9901 observed no 
dependence on the partial pressure of 9. and it is generally 
accepted that N20 production by nitrifiers is more sensitive 
to this condition. As a result. the NO:N2O ratio of 
nitrification products. normally ofthe order of 10 lo 20 in 
fully aerobic environments Forloso and Hutchinson. 19901. 
docrases along with 9 panial pressure. 

The mounts of nitrification-induced NO and NzO evolved 
from soil arc rcgulatcd by two separate. but intcrdcpendcnl, 
sets of controllers: those that eslablish the overall ratc of the 
niuification pmccss and those lhat dclcrmine the NO:NO3. 
and N 2 O N q -  ratios of nitrification products [Fuestonc and 
Davidson. 19891. Chemoautotrophic N&+ -oxidizing bacteria 
arc widely distribulcd in soil and requirc only C q .  9, and 
"4' to proiiferate. Carbon dioxide is essentially never 
absent, and O2 is usually adequate (excepl lor brief 
intermiuent periods) in all but a few very anaerobic 
environments (e.g.. sediments. togs. sludge). so N h +  
availability is the factor that most frequently limits the 
overall rate of nitrification. Other less imponant factors that 
limit nitrifier activity in cenain cnvironmcnls include N W  
toxicity, phosphate availability, temperatux extremes. low 
water potential. and allelopathic compounds [Haynes. 19861. 
Low pH is also commonly listed among the factors lhat limit 
nirririer activity. but DeBoer et al. I1991 1 showed that 

Controls on Nitrification 

I 
Aluminium 

Distal Level  of Regulat ion Proximal  

Fig. 3. A conceptual model of conlrols on nitrification [Robertson. 19891. This diagram Iabelsas "proximal" conlmllcn those 
factors that exert influence at thc cellilar level. 
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aggregated ccl ls were able to nitrify at pH 4, whems single 
Cells did noL The imponance ofN&+ availability is 
illustrated in Figure 3. a Conceptual model of controls on 
nitrification reproduced from Robemn [19891. This dwgram 
labels as "proximal" contmllcrs those factors that exert 
influence a1 the cellular level and shows pictorially how these 
are. in turn. regulated by increasingly remote "distal" 
Conmllers (mostly soil and environmental paramelers). In 
addition 0 k i n g  essential for all microbial life processes. 
water is shown 10 exen an additional imponant influence on 
nitrification by controlling the diffusive supply o f 9  and 
"4'. Similarly, temperature has a modifying influcncc on 
both proximal and distal controllers. as well as on the process 
itself. 

Many of the controllers shown in Figure 3 influence not 
only the overall rate of the nitrification process. but also the 
N O N q  and NzONO3- ratios of its products. Although 
Control of these ratios is much less well understood. cennin 
relationships are evidenL For example. because N 2 0  
apparently results from a reductiveprocess. its imponance as 
a product of nitrification should increase as 9 availability 
decrwscs. but whether that incmsed importance vanslates 
into higher total N20 production depends on how much the 
overall process rate is reduced by thc limited availability 01 
9. The N O  and N 2 0  yields of nivification are normally 
relatively small. For N 2 0  the highest reponed value was 20 
percent of the W+ oxidized in an acid forest soil fc~lJixd 
with urea [Manikainen. 19851. Such high yields are unusual. 
and chemical formation of NzO from N 0 2 -  may have been 
involved. The next highest reponed yield ofN2O was 6.8 
percent of the o m - N  added w a pmrly dnincd Iowa soil 
[Bremner et al.. 19811. The N 2 0  yield is typically less than 
I percent. often much less. The NO yield of nitrification in 
well-aerated soil is more conswnt. most commonly falling in 
the range 1 to 4 percent of the N&+ oridid [Hutchinson and 
Brams. 1992; Hutchinson et al.. 1992. 19931, but values as 
high as 10 percent [Hutchinson and Follcu. 1986: Shepherd 
elal., 19911andaslowas0.1pcrcentIDavidsonetal.. 19931 
havc been reponed. 

3.2. Denirrificalion 

For the purposes of this review. denitrification is defined as 
respintory reduction of N@' or N@ to gaseous NO, N20. 
or Nz that is coupled 10 elcctron uanspon phosphorylation. 
Other anaerobic processes often included in the definition of 
this term (but excluded here) were described briefly at Ihe 
beginning of this section. Dfnitrification occupies a position 
of pivotal imponance in h e  N cycleofthe biosphere. In its 
absence. all biologically available N that has been released 
from igneous rmks of the Eanh's original crust and mantle 
would havc been convened long ago to is more 
thermodynamically stable form of N q -  in the oceans 
(Lindsay et al.. 19811. Therefore this process. which is often 
viewed by biologists as a mechanism for loss of plant- 
available N. also represents the first step in the recovery of 
excess oxidizcd N by replenishing the supply of atmospheric 
N2 available to symbiotic and nonsymbiotic N-fixing 
microorganisms. Denitrification also represents the only 
biological process for consumption of N 2 0  [Fireswne and 
Davidson, 19891, but biological uplake and reduction of 
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atmospheric N 2 0  has been dcmonsvatcd outside the 
laboratory only for wellands [Ryden. 19811. 

Unlike the nmow species diversity of organisms 
responsible for nitrification in soil, denitrification capacity is 
common to several Oxonomically and physiologically 
different bacterial groups Fccht and Vemmele. 1977; Payne. 
19851. Denitrifiers. which are basically aerobic backria with 
the altemtive opacity to reduce N oxides when 9 becomes 
limiting. arc so widely distributed in lwture that any 
restriction of the denitrifying activity in a given habitat can 
usually be assumed not to result from lack of enzyme but 
rather from limiled substrate availability or the environmental 
conditions that regulate the prccess [Firestone and Davidson, 
19891. One possible exception this generalization is the 
shon-term response to a very large and sudden change in 
resource availability. but even this exception is likely to be 
brief. Denitrifying enzyme activity persists for months, even 
in very dry soil [Smith and Parsons. 19851, and the activation 
of these enzymes, as well as heir de novo synthesis. begins 
almost immediately following soil weuing by precipitation 
or irrigation mu&. et al., 19911. Hen?, when abrupt 
changes in soil water contcnt c m t e  conditions that favor 
denitrification, its rate is unlikely to be enzyme-limited for 
more than a few hours. 

lithouophs. and organotrophs hat derive energy for growth 
and regeneration lrom light. inorganic substrates. and organic 
substrates. respectively. The latter group dominates the 
denitrifying populations of N I U d  soil and waler 
environments. Within this group species of Pseudomonos 
predominate. probably becauw of their versatility and 
competitiveness for C substrates. and except in special or 
unusual environments most of the remaining denitrifying 
organisms arc species of the closely related Alcoligenes 
[Tiedje. 19881. The resulting similarity in the characteristics 
of numerically dominant populations in a wide range of 
natural habiwts suggests that the controllers of NO and NzO 
production (or consumption) by denitrification should also be 
similar across major global environments pkmwne  and 
Davidson. 19891. 

Although the identity of N compounds involved in the 
biochemical pathway of denitrircation is well established 
[FiUery. 1983; F'ayne. 1981; Wijler and Delwiche. 19541, the 
nature of the participation by NO in this proccss and the exact 
mechanism for formation of the N-N bond during reduction of 
N@ to N20 remain Ihe subjects of cunent research [Averill 
and Tiedje. 1982; Goretski u al., 1990, Goretski and 
Hollocher. 1990: Heiss etal., 1989; Hoglen and Hollocher, 
1989; Weeg-Aerssens et al., 1988; Zafiriou et al.. 19891. 
The complex biochemisvy of denitrification is beyond he 
scope of this paper. and for our purposes it is sufficient w 
know that the pathway includes NO and N2O as intermediates 
and lhat both gases can be produced or consumed by 
denitrifying bacteria. 

denitrifying enzyme, remaining requirements for this process 
to occur are availability of suitable reductant (usually organic 
C). restriclcd 9 availability. and presence of N oxides (Nq-. 
N e - .  NO. or N20). The relative importances of these t h m  
denitrification controllers varies among habitats. but for soil 
and other habitats exposed to he atmosphere. 9 availability 

Included among the denitxilien arc phototrophs, 

Having already eslablished the near omnipresence of 
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is nearly always h e  most critical; Tiedje [I9881 discussed this 
topic in detail. Although conlrols on denilrification at the 
cellular level are easy to itemize and visulize. environmental 
fxtors th31 regulate these cellular conmollen are numerous. 
inlencuve. and difficult LD conceptualize and model 
[Chalamet. 1985: Focht and Verstraete. 1977; Hayncs. 19861. 
To illusmale this point. Firestone and Davidson 119891 used 
the example that in nonf lded  tenestrial ecosystems. plant 
roo& can ( I )  reduce 9 availability lhrough root respiration 
and stimulntion of microbml respintion by root exudates. (2) 
incr- 9 availability by enhancing gas diffusion r a w  
through removal of soil water, (3) increase C availability by 
root exudation. and (4) decrease N oxide availability through 
N q -  upwke. Robcrlson's I19891 ordering of the factors 
regulating denilrification into proximal and incrusingly distal 
classes with a hicnrehy of i m p o m c e  establishcd within each 
class (Figure 4) is probably the most useful and informauve 
conceptd model available for understanding and potentially 
developing simulation models that encompass the many 
complex interactions Lhal are possible. Figure 4 emphasizes 
the imponance of 02 availability and shows pictorially how 
this factor is slrongly influenced. for example. by the 
dilTusional consvainls imposed by soil water, which is in 
turn regulated by precipitation, infiltration, and 
evapotranspiration, which are in turn governed by climale. 
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and N2O produced by denilrification in soil depend Mt only 
on factors lhat determine the overall rate of the process. but 
also on parameters that conmol the ntios of its potential 
producls [Fircstone and Davidson, 19891. Dinilrogen and 
N20 are considered lo be the usual end producls of 
denilrification. and that fraction ofthe process interrupted at 
N2O ranges from almost none to the preponderance of N 
reduced. depending on such faclors as N oxide concenlration, 
9 availability. organic C availability. mil gas diffusion 
rates. pH. temperature. sulfide concentration. enzyme activity 
ratios. and time since initiation of&ni!rX~cation activity 
(Tiedje. 1988. and references therein]. The regulation 
imposed by most of hese panmeten can be explained by 
considering their influence on the relative availability of 
oxidant versus reductant. When the availability of oxidant 
overshadows !he supply of reducwn~ then substrate N oxide 
may be incompletely reduced resulung in a larger N20N2 
ratio of end producls. Conversely. when !he overall rate of 
denimification is limiled by the supply of oxidanl. most of 
the N oxide is converted to N2. An analysis of the 
denilrification sequcnce bas& on the Michaelis-Menton model 
of enzyme kinetics predicts that the proponion ofN2O should 
increase whenever any of the other conmllen listed above 
dows the overall rate of reduction below the maximum that 
can be supporlcd by existing enzyme [Bellach and Tiedje. 
19811. soil type. plant community svucture. ctc. 

AS was the case for nitrification, the mlal amounl.9 of NO Nilric oxide is not usually considered to be a major end 

C o n t r o l s  on D e n i t r i f i c a t i o n  

Di s t a l  P rox ima l  
Level  of Regu la t ion  

Fig. 4. A conceptual model of conmls on denilrification [Robenson. 19891. This diagram shows an ordering of the facmn 
regulate denitrification at the cellular level into proximal and increasing dislal classes with a hierarchy of imporiance established 
within each class. 
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Product of denitrification in soil or water. Although this 
belief may pmially reflect that sensitive methodology f?r NO 
analysis has been widcly available for only the last dewde. 
mass balance experiments long ago confmed the absence of 
a major unknown denitrification producr Nevenhclcss. 
Tonoso et al. [ 19861 reponed that NO was the principal 
denitrification product when they initialed the process in 
Iaboralory-incubated soil (100-kPa water plential) by 
removing 0 2  from the airstream sweeping the incubatim jar 
headspace. Johansson and Galbally [ 19841 and MCKCM~Y et 
al. I19821 also found NO to be a major product of 
denitrification in soil columns incubated under anaerobic flow 
conditions, and Muiou  et al. [I9891 demonstrated that this 
gas was the dominant product of denitrification by 
Pseudomomspfectomrina when gown in low-density cell 
suspensions tliat wcrc highly sparged lo remove gaseous 
products. The condition common lo these three data seu that 
separates them from the body of denitrification literature is 
lhat the pmess was initiated without restricting rapid 
equilibration of gaseous intermediates and products with the 
ambient atmosphere. In the natural soil environment, 
denitrification generally occurs only when the soil's water 
content is high enough lo restrict 02availability. which also 
restricu the diffusion rates of other gases in soil. The 
resulting increase in time requircd for NO diffusion lo Ole soil 
surface. combined with its instabili!y toward funher 
reduction. allows very little of this gas lo escape. 

4. TECHNIQUES FOR MEASURING NO. AND NzO 
EXCHANGE 

4.1. Almspheric NO, Concenrrarion Measurcmenr 

Most aunosphcric NO. concentration measurements made 
during the past decade were performed using one of two types 
of chemiluminescence deteclors. Before that time. studies of 
NO. exchange between soil-plant syslems and Ihe aunosphere 
depended m a variety ofgas chromalographic (GC) rahniques 
using thermal conductivity [Bailey and Beauchamp, 19731. 
uloasooic [Blackmer and Bremner. 19771. or elecum capture 
detection [Kaspar and Tiedje. 19801, or a wet chemical 
technique involving absorption of NO and NO2 in alkaline or 
acidic permmganaw solution followed by analysis of lhe 
solution for N q -  and N0,- Plelson and Bremner. 1970 
Smith and Chalk, 1979; Kim, 19731. Both the GC and 
absorption techniques suffered from lack of adcquale 
sensitivity and were subject to multiple inlerfercnces. The 
principles of operation and present capbililies of the Iwo 
chcmilumincscence detectors are summarized below. 

4.1.1. NO103 chemiluminescence. During the past two 
decades a sensitive. specific chemiluminescencedeleclor for 
determining lhe NO and NO, contents of complex air 
samples has been devcloRd by Fontijn et al. 119701. Ridlcy 
and Howlett [19741, Stelfenson and Stedman [19741, Kley and 
McFarland (19801.and Bollingcr 119821. The system 
employs a red-sensitive photomultiplier tube to collect and 
count photons emitted during the decay of excited N q  
molcculcs produced by lhc reaction ofNO with e x c w  0, in 
a chamber with infrared-reflective walls. Ridley and Howleu 
[ 19741 showed that this photon flux, which has  a wavelength 
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range from Mx) nm well into the infrared. is propoNonal lo 
h e  ambient NO miring ratio. A detection limit beuer than 
IO parts per trillion by volume (l:l0l2; pplv) at a signal-to- 
noise ratio o f 2  can be achieved using a IO s averaging time. 
At slightly higher concentrations. the insmment is adaptable 
lo fast response detection of NO and N q  [Delany et al.. 
19861. 

Specificity of the detector is enhanced by using a red filter 
to prevent light with wmelengths shoner than 620 nm from 
reaching the pholomultiplicrand by adjusting the sample 
residence time in the reaction chamber lo minimize 
inlezferencc from competing chemiluminescent rcactions with 
different kinetics. The red filler specifically avoids 
interference from the blue pholon flux resulting from 4- 
hydmarbon reactions. as well as any other 
chemiluminescence outside the red spectral region. Becausc 
the reaction of NO with 0, is very rapid compared lo most 
interfering chemiluminescent reactions. residence time of the 
sample in the reaction chamber is kept quite short by 
adjusting the chamber's volume and pressure within limits 
imposed by additional eKects of [hue  two panmeters on 
sensitivity and quenching [Delany et al.. 19821. Gmd 
agreement between soil NO emissions measured 
simultaneously by enclosure and gradient techniques (section 
4.3) indicates that there is no significant interference from 
other compounds that collect in errlosum placed over Ihe 
soil surface. 

The detection of N q  by this technique depends on its 
prior conversion lo NO, which is accomplished in most 
commercial instruments by lhermal and catalytic conversion 
processes that are simple, efficient. and reliable, but lack the 
specificity required for some applications. To avoid the 
potential for interference from olherreactive N oxides (Nq 
compounds), photolysis of N q  by ulmviolet light can be 
utilized IKlcy and McFarlmd. 19801. This reaction is 
underslmd on a more fundamental basis, so products of the 
conversion process can be more accuralely predicted. 
Regardless of whal prccess is used to reduce N q  to NO. the 
Na mixing ratio is estimated from the increase in the NO 
signal following conversion, after adjusting for wnversion 
efficiency as determincd u,ith an N R  calibration source. 

development of a second chemiluminescence detector for gas- 
phase NOx determination [Maeda et al., 1980; Schiff et al.. 
1986; Wendel etal.. 19831, but unlike the one justdescribed. 
it responds to N a  directly without prior conversion lo NO. 
The detector is based on he chemiluminescent oxidation by 
N q  of luminol (5-amino-2.3dihydm-l .4-phihaJazinedionc) 
in alkaline solution. Sample air (at amosphcric pressure) is 
dnwn past the surface of a wick weued with a specially 
formulated luminol solution in a small chamber viewed by a 
pholomultiplier tube. The strong chemiluminescence 
produced during luminol oxidation is directly proponional to 
NO2 mixing ratios above about 1 ppbv. At lower levels the 
rate controlling step of the reaction is second order in N q ,  
causing photomultiplier output to become nonlinear with 
N a  mixing ratio. Drummond et 81. I19891 generaled an 
algorithm for estimating N02mixing ratio from the signal 
obtained undcr these conditions, It should be noled that the 
nonlinearity at low N q  mixing ratios is a function of the 
reaction hislory during the previous 3 to 5 min, a limiwtion 

4.1.2. Lum'nol chemiluminescence. The 1980s wilnessed 
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techniques. For N q  levels greater than a b u t  0.2 ppbv no 
inlerferences were found for either technique. However, in the 
interpretation of dau lmm the TDLAS technique it was 
determined that a high-corrclaUon coefficicnl. which is used as 
a quantiwtive mmure  of the overall overlap of the m w m d  
specrmm LO that of the N e  reference specuum. should not 
be used as the criterion to evaluate dam which arc ne31 the 
detection limit Fehsenfeld et al.. 19901. At these levels the 
background noise will be normally dislribuled a b u t  the 
reference N q  spectrum. thus selection of data with high 
correlation coefficients leads to inferred No2 levels that arc 

hat must be recognized when using the instrument in fast 
response applications. 

chcmilurninescence with luminol only i n  Ihc prcscncc of 
metal ion cawlysu in the liquid phase, luminol oxidation by 
N q  appovs LO be a surface rcaclion not requiring the 
presence of mew1 ions [Schiflet al.. 19861. The only known 
exceptions to this generalization (on which specificity of the 
luminol chemiluminescence detector is based) arc Lhal 0, and 
PAN cause positive interlcrcncc equal to about 0.6% and up 
IO lCO%. respec~ivcly. of an equivalent mixing ratio of NO2. 
Interference by Q is reduced by adding melhanol and NazSO3 
to the luminol solution and that due to PAN, by adding any 
of xveral alcohols lSchill u al.. 19861. 

detector is operationally simple. compacL rugged. 
lightweight, portable, operalcs from rechargeable battencs, 
and provides real time measurements with good time 
resolution. making it well suilcd to measurements in the 
field. Iu detcction limit is approximately 5 pptv calculatcd as 
the signal equivalent to noise measured with a clean air 
sample. Response time (0 to 95%) fw  a slep change of 10 
ppbv NO2 is about 1 s. The insmment has been adaplcd LO 
also measure NO following oxidation to N@ by 10% (wlw) 
CrO3 on silica gel Wendel et al.. 19831. Levaggi et al. 
119741 reponcd 1W% efficiency fw conversion of NO to N q  
by C#3 at intermediate relative humidities. but lhe wawr 
contents of very wet and very dry m p l e s  required adjustment 
to obmin accepublc conversion efficiency. Methyl nimw. 
(CH3ONO) is also convened by C l q  to N q  and is therefore 
measured as NO, other potential interferences to the 
measurement of NO using this convencrldctecior combination 
have not yet becn investigated. In a ground-based 
intcrcompmison. Fehsenfcld et al. [I9901 lested the 
photolysislchcmilumincscc~e and luminal techniques. l l ~ c  
resulu indicated that PAN and ozone inlerfcred with N q  
mcasuremcnts made using the luminol technique. However. 
those interferences were sufficiently consistent that, for N q  
lcvels above 0.3 ppbv. corrections could bc made using 
simultaneously musured values of Q and PAN Fehsenfeld 
et al.. 19901. 

rechnology. Newer technology is emerging lo musure N q  
mixing ratios. Two of the newer wchniqucs which show con- 
sidcrable promise arc pholofragmen~lio~lwo-photon I m r  
induced fluorescence &IF) [Bradshaw and Davis. 1982: 
Bradshaw et al.. 1985: Davis et al., 1987; Sandholm et al.. 
19901 and tunable diode laser absorption spccuomeuy 
(TDLAS) IHastie et a1..,1983; Schiff et al.. 1983. 19901. 
The LlFand TDLAS techniques provide specific specuo 
scopic methods LO determine NO2 mixing ratios. TDLAS. 
which uses a long-poth absorption cell to improve 
sensitivity. combines the wide applicability of infnrcd 
absorption for molecular detection with the spectral resolution 
of tumble laser diodes needed to discriminale among 
molecules. The most successful LlF approach uses 
photofragmentation to conven NO2 to NO that is 
subsequenlly uniquely deleclcd by twophoton laser induced 

Unlike most atmospheric oxidmu that produce 

The only commercially available inslrumcnt utilizing &is 

4.1.3. Recent developmenrs in NO. measuremenr 

nuorescence (TP/Lm. 
In a ground-baed intercompmison, Fehscnfcld et al. [I9901 

tested the TDLAS and phololysis/chemiluminescence 

too high. 
Rccenllv. an airborne intercomoarison of the TDLAS. LIF. 

and phololyuc con~cncrlchcmiluminecncc Nhniqucs was 
coiiduc~ed by Grrgory et ill. [ 19901. In ambiml air 31 N e  
mixing ratios grater thm 0. I ppbv the lrvcl of agrccmenl 
m m g  the in,trumcnic *as obscrved to k of the order of 30- 
40%. For Y e  l e s  th3n ab0111 0.05 ppbv the TDLAS 
q s v m  ovcrcsum3ud thc NO: mixing ratio. prcrumahly as a 
result oi thr n.liancc on concbtion cocfficicnu as lhr dam 
sclcction cnlenun AI t h c r  low levels lhr agrcerncnt 
brtuccn LIFand the phntolysir/r'~riiiluniinc~cnce 
nicwrcmenlr uas u h i n  0.02 ppbv with an equal trndency 
for onr II) bc hi@ or low compared IO thc othcr. This 0.02 
ppbv agrrcmenl IS lypically n ilhin the swlul uncerwinurr of 
thc IWO whniqucs a i  N q  mixing rauos le.\$ h n  0.05 ppbv. 

prusenlly. 11 IS klirvrd !ha1 llie LIFand TDLAS 
lcchniques are wpable of the mcmuemrnt of Sq to IcvelS 
well hclow 0.1 ppbv and free of significant 3 n l i 3 C I  or 
inlerfcrcncr. which indicates adquate capbilily lor muiunng 
SO, l c ~ e l s  in Ihc. uopocphcrc. To &le. huucbcr. there 
adranccd sp?cuo.wopic methods have not kcn appliullo llie 
mcxurcmsnt of N e  flurcs. 

4.1.4. Tor01 rtmrtve odd-ntrrogcn oxides rNO,] l h e  
drvelopmcnl of rrry m s i u w  mrthds to niuiurc NO har 
d.w proodd the kxis for thc muwrcment of owl rucuve 
N oudcs. NO, PO, = NO, f organic niualcs * Inorganic 
niuaics). Setrral NO, rnearumncnr lc'chnq.rt hdse t u n  
prupxd.  In general. a11 hrse twhniqucs rcly on the 
rcdwuon of NO, sperira LO SO folloued by thr dctecuon uf 
the SO. A ground-hwd rnlcrcnmpxwn ul IWO of thrw 
lrchniqur,. thc Aucaulyzed coiiversion of SO, u) SO in Ihe 
pmwnce oi CO md thc rcducuon of NO, to SO on 3 hulcd 
molyhlsnum oridc curfacc. hls b w n  donc IFchwnfrlJ el J.. 
19871. Thsse iniuumcnis ucrc found to g65c m n h r  reiulu 
fur thr mcasurcir~cnt of SO, in ambient air undcr condiuuns 
llial \xid frvm clcan conunmwl bxkgmund 35 LO t)pcaI 
u b m  31,. u ith NO, levrl, k luecn  0.4 and Iw) ppbv 

A,?. Aimrpheric NlO Concenrrorion h f e m u m r n r  

Allhoudh y.veraI mrlhods havc b n  prupuscJ for AX 
phase ti20 dzxrniinalion (includmg n u s ,  s,xcuomcuy. 
nonaspcnivc ininred spccuuscnpy. gaj film cnm~btion 
anlljsis. vld tunable diode lxu sysvms), GC mclhods hsve 
kcn used almost exclurivcly to mcxure so11 cmision of this 
gu. The limited sns i ln  tty of inusl GC dslwtors rrquires 
conccnwiuon of 920 in anibient 3ir omples prior to 
md)  si(. 20 mu51 #mcsllgsloK have adoplrd thc hcawd 
(3SO'C) b l S ~  elccuon caprun. (EC) d.k'clor [Bwmncr and 
Blackmer. 1982: Mosicr 3nd Mack. 19x0; Ramussun e! al.. 
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19761. which has adequate sensitivity for direct N 2 0  analysis 
Of as little as I mL of air. Disadvantages of the EC delcctor 
are its ndioactivity. requirement for frequent calibration. 
Susceptibility to inlerlercncc from chlorofluomcarbons. C q .  
and water vapor. and extreme sensitivity LO ihe temperatun of 
is environment. The latler problem can be at least @ally 
overcnme by operatine. the GC only in a tcmmrature- 
controlled Iabo&ory. ind  inlcrfcre&s can ti minimized by 
using the two-pan column described bv Mosier and Mack 
[19801. Theirprecolumn is  backflushed to remove 
chlomfluorocarbons and water vawr alter N70 moves onto 
l c  andytic31 column. C02 I $  removed by an Arwntc rap on 
the GC i n l c ~  When suffiiicni umvlc volume 19 sva~hblc LO 
overcome the limiled N 2 0  sensitivity of the ulmonic 
debxtor. some researchers orefer the GC method Drowsed bv 
Blackmerand Bremner [I9781 hat avoids the prdblems 
assaiated with the CC-EC detector and h s  the additional 
imporunl advantage that i t  permits use of the Xe in air as an 
inlernal sm&rd. 

4.3. Approaches IO NO, and NzO Exchange Rare Esiimarion 

Scvcral techniques are available for determining the 
exchange of NO and N 2 0  between soil and the aunospherc. 
Enclosure techniques are by far the most commonly used even 
though they necessarily interfere with production. 
consumplion. snd transfer proccsses normally operating in the 
field by crating anificid environmental conditions over the 
study arca. The p o p u l d y  of enclosure methods (also called 
chamber or soil cover methods) is based primarily on their 
simplicity. convenience. low equipment cost, and adaptability 
to small plots. which allows for multiple sampling siles and 
for research requiring replicate mmurcments coincident in 
space or time [Hutchinson and Livingston. 19921. In 
addition. the technique has high sensitivity. because elevaled 
N O  OT N 2 0  concentrations are measured; it can bc usul both 
day and night; i t  is relatively unaffected by changing 
concentrations of aunospheric constituents outside the 
enclosure: and it permits systematically and independently 
varying the concentrations of almospheric constituents within . .  
the chambcr LO WSI lliuir influcncc on the n icxurd  flux. 

Tu0 dtfCcrcn1 approdchcs Lo dctcrmin3tiun of flux utth a 
chamhr have been UEed: thew are known as open and closed 
chamhn. Open chamber techniques employ a consmt gas 
flow IO flush the chambcr volume. where. after a few 
minutes. a study stax mixine. ratio is established from which - 
the flda IS calcul~leJ IS lmr  and Seller. 1984. H'111niii~ ct 
al . 19881 Closed c h a r n k r  Icchnwcc hdsc no IorccJ air 
exchange or recirculating. closed-Imp gas flow, and the flux 
i s  calculaled from the nte of increax in gas mixing ntio 
during the rust few minutes after a chamber h k  been in place 
over the soil surface [Galbdly et 81.. 1985: Johansson et al.. 
19881. The relalive advantages and disadvantages of open 
VCKUS closed coven have been discussed by Denmad 119791. 
Hutchinson andMosicr [1981l,lohansson and Grana1 119841. 
and Hutchinson and Livingston [19921. Hutchinson and 
Mosier [I9811 also presenled formulae for estimating 
optimum closed cuver vent dimensions and developed a 
logyilhmic equation for computing flux that compensates for 
transport-related nonlinwity that often occurs in the rate of 
NO or N20 accumulation beneath a closed soil cover. 

especially when mmuring small exchange ~ l e s  over porous 
soils. Anthony and Hutchinson [I9901 confirmed the 
mporuncc ofcmplo)ing 3 nonlincas flu model in thew 
silulions from s t a i ~ i c d  andycic of a Lvgc ICI of NzO flux 
measuremenb performed in a Bcrmuda gras (CbMdon 
dacr)lon) pacturc on sandy w11 tn 3 humid rubmpical region 
of soulhem Teras. Although only 441 of h e i r  2224 
meawrements met crileria they established for using the 
logarithmic equation. this gmup included 73% of the 255 
fluxes greater lhan 10 g N ha-l d-I. and the resulting estimale 
of annual N 2 0  emissions from this site was 27% larger than 
was computed under the traditional assumption of linear N20 
accumulation. 

The net recovery of N O  from both open and closed soil 
coven depcnb strongly on factors such as the presence of 
vegetation. wetness of the enclosed soil and vegeutiin. NO 
to N Q  emissions ratio. 0 3  concentration of heenclosed air. 
e=. To  CORE^ NO, emissions estimates for deposition 
vrocesses (sce section 5.2.5). several methods have been .. 
developed to adjust for rcabsorption of NO andJor N@ during 
their residence in the enclosum IGalballv and ROY. 1980. 
Galbally el al.. 1985; Williams-et al.. Ib881. lhlhose 
inslances where ambient air is used to sweep an open 
enclosure Icf. Slemr and Sciler, 19841 significant quantities of 
NO2 may be introduced into the chamkr. Moreover. emitled 
N O  may be convcmd u) N Q  within the chamhr by rcaction 
with ambient 0, contained in the sweep gas. Because N q  is 
much more rapidly deposited ban NO, correcting fw 
deposition i s  difficult and imprecise [Galtally et al.. 1985). 
For this reason, more reliable and consislent meaSurernens of 
Ihe 50s flux of N O  from soil can be obtained using a closed 
soil cover [Johansson et al., 19881 or an o p n  cover swept by 
a synthetic zero air mixture [Kaplan et al.. 1988; Williams et 
al.. 1987. 19881. Hutchinson and Brams 119921 recirculated 
sample air from their closed covers to supply the 1.4 L min.! 
sample required by the luminol-based NO, d e m w  without 
crating the problems assccbted with ( I )  replacing sample air 
with ambicntaircontainingNO~andO~,or(Z)c~inn .~ 
cylinders of compressed zero air into th; field. Rcs idd iO,  
N q .  and water vapor wen: SCNbbed from the sampleair 
before returning it  to the enclosure. and the measured NO 
accumulation rate was adiusted accordinelv. 

Several other methods-have been useib delemine the flux 
of NO and NTO from soil. Rolston et al. I19761 measured in - . .  
situ N 2 0  concentrations within the soil mavix and wlculaled 
thc flux from diffusion theory. In addition to the problems 
associated with sampling the soil atmosphere. this appmach 
presents other difficulties (e.g.. determination of the N f i  
diffusion ccellicient in soil air) and yields a fluX chmteristic 
ofa much smaller soil area (typically - IOJ m2) than 
enclosures (typically -I m2). Micromcleomlogical 
techniques for the measurement of trace gas exchange, which 
were recently reviewed by Fowler and Duyzer [19891. an 
attractive because they inlegrale the flux over an even larger 
area (typically -Id m2). and bccaw they do nm disturb the 
aerial and soil environmens under study. On the other hand. 
they require a much larger investment in time and equipment, 
and, as a result, they havebcen used principally in 
inlercompaiison studies conducted to validale a d c u l a r  
enclosuni technique. For example. Hutchinsonand M a s k  
I19791 used a naditional aerodynamic approach to &Wine 
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the eddy diffusivity required to compute lk vertical flux of 
N20 from is measured concentration gradient above an 
irrigatcd field of corn (20 mays). Parrish et al. 119871. 
Kaplan et al. 119881, and Johmsson et al. I198Rl measured 
nighttime fluxes of NO from soil using a technique that relies 
on thc measured NO concentration d i e n t  with height above 
the ground to define the venical mixing and, hus. avoids the 
usual requirement for simulmwus measurement of 
mctwrological parameters. This technique. described in dclail 
by Parrish et al. 119871. is b w d  on the premise that during 
the night when photcchcmical production of NO from NC9 is 
inoperative, net soil emission of NO is equal toils integrated 
loss in the lower atmosphere due to reaction with 0 3 .  Steady 
swte NO and C+ concentration profiles and negligible 
horizonwl divergence are assumed. 

Knmm et al. [I99 I] presenlcd a modified profile method 
for dcwrminalion of the flux of ozone and reactive N species 
(NO. N q .  " 0 3 ) .  Numerical solution of a set of coupled 
nonlinm ordinary differenbJ equalions using dam on the 
vertical profiles of wind, temperature. humidity. and trace gas 
concenmlions yields the flux of03 and " 0 3 .  These fluxes 
arc required as input daw into a set of budget equations 
describing the NO-N@03-H303 syslem from which the 
flux of the other species is compulcd. An interesting 
this technique is that it accounu for vertical flux divergence 
due to chemical reactions by combining reactive species into 
groups which arc chemically conservative. 

Ihc eddy correlation technique has also been uscd to 
determine flux of reactive N oxides IDelany et al.. 1986; 
Hicks et al., 1986; Hicks and Matt, 1988; Wescly ct al.. 
1982, 1989; Zeller et al.. 19891. This technique relies on the 
fast (1-10 Hz) measurement oiverlica! wind. temperature. 
humidity. and trace gas concenmtions. The flux is calculated 
by averaging the deviations of the product of the vertical air 
motion and gas concentration from a mean value over some 
time interval that is long enough to provide Slalislical 
significance. The eddy correlation method can bc used both 
from ground-bad  as well as aircraft platforms to mmure 
flux of trace species over large arm [Desjardins and 
MacPherson. 19891. Application o i  lhis method to 
determination of fluxes of NO. and N 2 0  has been limiled 
because of h e  lack of sensitive. fast-response chemical 
sensors. patticularly for N20. However. as specmwopic 
detection techniques become more powerful. flux 
determinations via eddy correlation will be possible (C. Kolb. 
personal communication. 1991). 

4.4. Techniquesjor Measuring Ancillary Soil Parameters 

of 

Process-level undersunding of both small-wale and large- 
%ale temporal and spatial variability in soil NO and N20 
cxchangc raws frequently requires simullaneous delcrmination 
oisoil physical, chemical. and biological properlies such as 
( I )  activities of various microbial groups responsible for 
mediating lhe prxcsses involved in production of the two 
gases (section 2). (2) pml sizes and lransformation rates of 
several soil organic and inorganic N-containing compounds 
and ions that represent subsmlcs. intcrmediales. or products 
of hose processes. and (3) soil physical and environmenlal 
paramclers that determine not only the suilability of a given 
habilat to a particular microbial group but also the diffusive 

Williams et al.: NO. and N 2 0  Emissions From Soil 

transport of subsmtes and prcducu to and from that habilal. 
Temperature is one of h e  principal factors that controls 

both production and mnspon of trace gases in soil and thus is 
routinely measured during fieldexperimenu. However. the 
magnitude and variability of soil lemperatwe changes 
subscantially wih  dcph below the surface. For example. 
Arya 11988, pp. 37-46] noted hat  lhc amplitude of the diel 
change of soil temperature docraws exponentially with depth. 
Depending on whether nitrification or denitrification serves as 
the source of soil-emitted NO cf N2O. the depth of the 
primary production zone in the soil may also vary. Thus 
determination of the appropriate depth for measuring soil 
temperature is not suaighlrorward and may influence its 
cornlation with the m m u r e d  flux. Generally soil temperature 
is determined at depths of I to 10 cm with a sheathed 
thermxouple or thermistor probc 1e.g.. Anderson and Lcvinc. 
1987; Williams et al.. 19871. although soil water 
conrnl/rmperaturc block CombiNtiOn probes [Hutchinson et 
al.. 19921 and soil temperature plates [Slemr and Seiler. 
19841 have also k e n  employed. 

Sail water content is commonly measured because of h e  
multiplicity of i s  effects on boh biotic and abiotic processes 
in soil. Direct gravimetric mmurement is the simplest, least 
expensive. and most commonly used approach, bul il is time 
consuming and involves desmt ive  sampling. so several 
nondcsvuctive inslrumental techniques have also been 
employed (e.& gamma ray or neutron attenuation. neutron 
thermalization. and techniques bosrd M waterdependent 
changes in h e  electrical properlies of soil). Gardner 119861 
provided a comprchcnsivc overview of all dircCt and indircct 
methods for measuring soil w a w  content except time domain 
reflectometry. a relatively new and promising technique that 
yields a measure of volumetric soil water content ha t  is 
reponed to be largely independent o i  soil texture. density, and 
salt content, thus indicating liule need for calibration [Dalton 
and van Genuchten. 1986: Topp et al., 1980 Topp, 1987: 
Zcgelin et al.. 19891. Regardless of what approach is wed to 
determine soil waler contenl. h e  multiple effects o i  lhis 
parameter on emission of NO and N20 from soil are more 
easily inlerprelcd when thedalaarewrnbined with 
measuremens of soil bulk density to yield estimates of water- 
filled pore space (WFPS). which is the ratio of volumetric 
soil water content to total soil porosity Linn and Doran. 
19841 (see section 5.2.3). 

useful and common soil analyses performed to explain and 
predict variation in soil NO or N20 exchange rates arc 
various assays inlcnded to measure soil N availability. Soil 
core samples oi I to I O  cm de@ are wken and either 
subsampled according to deph or homogenized into a bulk 
sample. Conccnuations of the inorganic ions N%+, N02.. 
and NC+- are generally dewrmined by colorimetric analysis of 
IM or 2M KCI exuacs of fresh soil samples, while the rates 
of such processes as mineralization and nitrification we 
usually inferred from changes in the concentrations of hese 
same ions during long-term incubation of unamended soil. 
Activities of various microbial groups may be expressed as 
the result of any of several counting techniques or in terms of 
their rates of product formation in the presence of unlimited 
substrate. Prcccdures for measuring soil chemical and 
microbiological properlies were summarized by Page et al. 

In addition to soil tern?xratun: and water content lhe most 
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(19821 and soil physical properties by Klute [1986]. The 
ProCedures described in these two volumes are widely used and 
generally appropriate. excepc that modifications pmposed by 
Yadvinder-Singh and Beauchamp (19851 were recently shown 
10 vasliy improve the sensitivity and reproducibility of the 
PrCViOuSly accepted method for determining shon-term 
niwifier activity in soil. which is known to be an imponant 
indicator of the potential for NO and N20 emission from 
well-oxygenated soil (G. L. Hutchinson and A. C. Tortoso. 
unpublished daw, 1991). 

5. FIELD AND LABORATORY RESULTS 

5.1. Summary of Soil NO,  and N20 Exchange 
Measuremenis 

In the following wtions we will summarix the current 
soil NO, and N 2 0  emissions daw and then briefly describe 
some of Ihe features and patterns that can be discerned in these 
dala. 

5.1.1. Nirric oxide ondniirogen dioxide. Table 1 presents 
a summary of available field measurements of soil NO 
emissions. Tnere is general agreement among the authors 
cited in the wble that the preponderance of NO, emitted by 
soil is NO. with direct soil emission of N@ accounting for 
less than 10% of the toul. lnswnces where a larger fraction 
wasreponedasN02canprobablybeauributedeitherw 
postemission oxidation of NO in the chamber atmosphere or 
w nonspecificity of the technique chosen for determining the 
N q h a c t i o n o f N 4 .  OnlyNOandNqhavebeen 
unambiguously identified among soil-emitled NO, 
compounds, but resent evidence suggests that othcrs may be 
included [Slemr and Sciler. 19911. Emission of NO and N q  
from plants has been reponcd [Klepper, 19791. although 
plants are normally considercd to represent a sink for both 
gases Wetsclaarand Farquhar. 19801. 

Most of the measurements in Table 1 were made using a 
variation of the enclosure technique. but a few authors 
[Kaplan et al.. 1988: Johansson et al.. 1988: Parrish et 81.. 
1987: Williams et al.. 1988; Williams and Fehsenfeld. 19911 
compared their enclosure measurements with flux estimates 
obtained using the nighttime gradient technique outlined in 
section 4.3. In every case the two techniques agrccd within 
30% and showed no systematic overall differences. 
Considering Ihe characteristically high temporal and spatial 
variability in soil NO emissions, the agrcemcnt is remarkably 
good and indicates that no serious bias is involved i n  using 
the somewhat more invasive enclosure technique. Only two 
ofthe daw sets in Table I [Delany et d.. 1986: Wesely et al.. 
19891 were obtained by eddy correlation, which is probably 
the most fundamenwlly sound approach 10 flux estimation. 
Although results from the% experimenls were no1 compared 
simultaneously with data obtained by one of the other 
techniques, there w a  reasonable agmmenl with averaged 
chamber data from soils under similar conditions. 

especially acmss different ecosystem types. The field- 
measured NO fluxes in Table 1 vary over4 orders of 
magnitude. from less than 0.1 up 10 231 ng N m2 s-l .  
Slemr and Sciler [I9841 reported even higher variability. with 
their derived fluxes ranging from less than Lem (i.e., 

ll~cre is immense variability in NO emissions from soil, 
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deposition) w pa le r  than 250 ng N m-2 SI on unfertilized 
soils, and from less than zero to more than Zoo0 ng N m.2 
s-' on feniliied soils. Mean values reponed by the various 
investigators vary almost as much. ranging from 0.034 ng N 
m2 s-' for a tidal marsh [Williams and Fehsenfeld, 19911 to 
94 ng N m2 s-' for a recently fertilized corn field [Williams 
et al.. 19881. There are more than fifty different sets of 
measUrements listed in Table 1 with an arithmetic mean 
emission rate of 12.6 ng N m2 s-I and standard deviation 
18.4 ng N m.'s-'. Some ofthis variability may be due to 
differences in measurement techniques, especially in the 
methods used to separate emission from deposition (scc 
section 5.2.5 below), but the greater pan probably reflects 
differences among sim in the natwc and rates of the 
predominant pmcesses for NO production. consumption, and 
transpon. Large temporal variability is also apparent in soil 
NO emissions. For example. Williams and Fehscnfeld 
[1991lmeasuredanearly IO-fold increaseintheraleofN0 
emission from hor. dry grassland soil within an how 
following a brief rain shower ( ~ 0 . 0 3  cm). 

measurements of soil N f l  emissions from different arcas 
m u n d  the globe. Several reviews of N20 sourccs and sinks 
have been publisbed in the last ten yean powden. 1986: 
Dandson. 1991; Eichnu. 1990: Hahn and C~lzen.  1982: 
Schlesinger. 1991, pp. 329-331; Sahrawat and Keeney. 1986; 
Stedman and S h e w .  1983; Ipcc. 19901. Y) we present h u e  
only m e  rccent examples from the large and growing soil 
N20 emission daw bare. As war Ihe cast with NO, the 
maprity of these me;L.;urements were obtained with enclosure 
methods bccause of Ihc conveniexe and high switivity  ha^ 
this technique affords. Because of UK need for fast response. 
hi@ sensitivity duection system. Nfl flux d m i n a t i o n s  
via micromeceomlcgical mahods are ran. Howeva. Mosiu 
and Hutchiinson [I9811 complred soil N20 emission ram 
measured by chamber and rnicmmetmrological @adient) 
techniques and found approaimaiely M% agnxment. similar 
to lhat noted for NO flux method inlemmparisons. Spatial 
variability in soil N20 exchange is even greater than that 
noted for NO. For example. Folorunso and Rolston [I9841 
calculated coefficients of variation x high as 282.379% for 
N f l  fluxcs measured wi th i  a small area of apparently 
uniform soil. and the data in Table 2 indicate the high level of 
variability wrounlcred acros dilferent land trre typcs. 

5.1.3. Fcarves common 10 NO and Y O  emissions. 
Some investigators have attempled to identify the procesres 
responsible for their reponed NO and Nfl  exchange rates. 
F a  example. based on observed correlations of heir mmUrCd 
emission rates of the two gases with soil temperature. soil 
N Q -  wncenmtion. and soil w a I a  wntent. Anderson and 
Lcvinc[1987] concluded thatmostoftheNOwasproduced 
by niuifiers. and most of the N20 by denilrifiers. Similar 
evidence was presenled by L c v i r e  c( al. 119881. Several 
laboratory soil incubation swdies employing acetylene 
IDavidson ec al., 19931 or n i q y r i n  Fonoso and 
Hutchinson. 19901 to inhibit chemoautorrophic nilrifiers have 
provided additional smng evidenoc hat  this microbial p u p  
is responsible for NO production. an interprewtion that is 
also consis1ent with most resulls from pure cullure studies of 
Niirosomom europac [Anderson and Levine. 1986: 
Lipschullz el al.. 19811. However. at higher concentrations 

5.1.2 Niirour oxide. Table 2 prcmts a summary of field 
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TABLE 2. Comparison ofN2O Emissions From a Variety of Land Areas 

f lux. ngN/m2/s 
Land Use Category Mean Range Reference 

Recenlly f e n i l i i  
Bermuda gfass (Texas. 0 9  weeks) 
Beans (CaMda, 0-5 mos.) 
Corn (Virginia. 5-30 days) 

Batnu& (Texas) 
Beans (Canada. 19 years) 
Soybeans (Virginia. fhree monfhs) 
wheat (Colorado, July. one year) 
wheat (Colorado, May, one year) 
Barleyiluceme (Sweden) 
Bare soil (Spin, Len monas) 

Not r a l l y  fenilired 

Gnssland. pa”eF.  meadows 
Pasue (Mexico. upland, dry season) 
P a m  (Mexico, floodplain. dry season) 
Pasture. (Mexico, upland. wet season) 
Pasture (Mexico; flmdplain. wet season) 
Paslure (Colorado) 
Pasture (Brad) 

Savanna (Venezuela. rainy season) 
Savanna (Venezuela. dry season) 
Chaparral (California, burned. welldry) 
Chaparral (California, burned, weddry) 
Chaparral (California. unburned. welldry) 

Savannakhapd (aridlsemi-arid) 

Temperale  for^ 
Red pine foresl (Mass., annual average) 
Hardwood foresl (Mass.. annual average) 

Tropical forests 

6.5 0 1 4  - 0-124 
85 28-241 

2.8 0-4 
-. 017.2 
88 65-109 
21 16-25 
IS7 9.7-234 
3.5 0.1-17 
8.8 -2.2-107 

Unformed Areas 

Foresl (Mexico, upland 12 sircsl. dry season) 
Forest (Mexico. upland 12 sites], wet season) 
Semideciduous forest (Venezuela) 
Tropical upland forest (Brazil) 
Uplandlwwdand forest (Brazil, average) 

Rice fields (China. average) 
Udrained marsh (Wisconsin. average) 
Drained marsh (Wisconsin. average) 
Wet meadow (Wisconsin. average) 

0.39 
1.5 
0.94 
2.9 
2.9 
28.6 

... 
1.2 
62 
13 
c 2  

Forests 

0.032 
0.054 

0.48 
1.4 
6.3 
6.4 
3.6 

Other 

-0.97 
0.13 
IS 
3.9 

... 

... 

... 
-_. 
... 
... 

2.04.7 
0.42-2.5 
... 
... 
-.. 

._. 

... 

... 

... 
2.7-12 
... 
... 

4.44.8 
... 
... 
... 

Hutchinson and B m s  119921 
Shepherd et al. 119911 
Anderson and Levinc ll987! 

HuLehinson and B m s  I19921 
Shepherdet al. I19911 
Anderson and Levine I19871 
Andenon and Levine 119871 
Anderson and Levim 119871 
Johansson and Grana! 119841 
Slemrand Sciler I19841 

Davidson et al. [I9911 
Davidson etal. I19911 
Davidson el al. 119911 
Davidsonet al. [I9911 
Mosieretal. 119911 
Mosier et al. I19901 

Sanhueza etal. 119901 
Ha0 el al. I19881 
Anderson et al. 119881 
Levine et al. (19881 
Levine et al. 119881 

Bowden et al. (19901 
Bowden el al. [I9901 

Davidsonetal. I19911 
Davidson et al. 11991] 
S&hue?act al. [I9901 
Keller et al. 119881 
Livingslon et al. [I9881 

Khalil et al. [I9901 
Goodroad and Keeney I19841 
Goodroad and Keeney I19841 
Goodroad and Keeney 119841 
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acelylene is also known 10 block N20 reduclare activity in 
denitrifying bacteria [Davidson a al.. 1986: Ryden el al.. 
19791 and may rcacl with NO. thus resuk from field studies. 
where cmtro! of the amylene level may n a  be as ac~urate as 
in the labralory. should be interpreted with caution. 

Several roccnl field and laboratory smdies arc wnmdicwry 
IO h e  atractively simple hypthcsis that NO arises primarily 
from the activily of niuifying bacteria and N20 primarily 
from deniuifiers. For example. bawd on studies with pure 
CuItuTCs. Anderson and Levine [ 19861 concluded ha1 lmh 
niuifiers and denitrifiers may be involved in h c  production of 
NzO in anaerobic soils or anaerobic microsites in aerobic 
soils. Davidson el al, [I9931 concluded from amylene 
inhibition experimenu in a seasonally dry Mexican tropical 
forest that nitrification was the dominant source of bolh gases 
during the dry season and during initial soil welting lhat 
marked the beginning of the wet season but that 
denitrification may be the most important N20 source during 
the remainder of the wet season. Similarly, Hutehinson and 
Brams 119921 found lhat nitrifien were responsible for 
production of bah NO and Nz0 in a 
loam in humid. subtropical southern Texas. Colboum u al. 
(19871 also indicated that nitrification may have contributed 
to N20 emission from urine-treated pasture, but 
denitrification seemed to be the principal source: they funher 
indicated that, although nitrification appeared primarily 
responsible for the sizable obse~cd emission of NO.. a 
denitrification NO source could nol be ruled WL Laborawry 
studies [e.& lohansson and Galbally. 1984; Remde et al.. 
1989) usually indicate much larger NO emission rates under 
anaerobic than aerobic conditions. but Galbally and Johansson 
[I9891 showed that NO emission rates observed in the 
laboratory malch those m u w e d  from the same soils under 
similar wnditions in the field only in the aerobic case. The 
latter observation i s  likely explained by the transpon 
dependence of the NO and N z 0  yields of denitrification 
described in m u o n  3.2. 

Despite the intimidating variability of soil NO, and Nz0 
emission rates and h e  diversity of biotic and abiolic processes 
involved in the production. consumption. and transpon of 
these N gases. various patterns emerge immediately from 
inspection of Tables 1 and 2. Wanner, dryer soils are mwe 
copious sources oi NO per unit area han weuer, cmler soils. 
For this mson, grassland and savannah soils tend to be 
stronger sources than forest soils at the same latitude. For 
example. Johansson et al. [ 19881 observed larger average NO 
emission rrom savannah areas h n  forested areas in 
Venezuela. l l c y  also noted that the NO fluxes measwed 
from boh arcas were a factor of 3 w 30 larger than the fluxes 
from analogous ecosystems in temperate regions. The greater 
importance of tropical versus temperate and boreal biogenic 
sources also holds for NzO [IFCC. 19901. bul because 
denitrification has more significance as a source of this gas, 
the C-rich and usually weller forest soils at each latitude 
typically suppon larger N20 fluxes than their grassland or 
savannah counlerparts. Further inspection ofTables I and 2 
suggesu that fertilizd and burned-over soils are stronger 
emitters of both g a m  than unfenilized and unburned soils at 
Similar locations. These and nlher patterns in the available 
data indicate hat both NO and NzO exchge acmss the soil- 
atmosphere boundary are strong functions of soil temperature. 

paslure MI a sandy 
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soil water content. vegetative cover, site history (fertilization. 
burning, domestic animal grazing. ex.). and other factors. 

5.2. Environmnral Conrrols of NO, and NIO Exchange 

In  the following scctions we will discuss in detail several 
of the environmental facwn ha control h e  exchange of NO, 
and Nz0 between h e  soit and the atmosphere. 

5.2.1 Soil iemperorwc. Several field studies have shown 
a strong temperature dependence in measured NO. emissiom 
from soil [Anderson and Levine. 1987: lohansson. 1984; 
Iohansson and Granat. 1984; Shepherd el al.. 1991; Slem 
and Seiler. 1984; Williams u al.. 1987. 1988; Williams and 
Fehsenfeld. 19911. This dependence is illusmted in Figure 5 
taken from Williams and Fehsenfeld [1991]. Although the 
emission rates shown in the figure vary subsrantially from 
one location lo another. their dependence on soil temperature 
over h e  range 15' to 35°C is similar a1 all locations. The 
approximate doubling of the NO emission rate for each l V C  
rise in temperature over his range matches the temperature 
dependence of soil NzO emissions [Blackmer et aI., 19821 as 
well as most microbial processes. including nitrification 
IFccht and Verslraete, 19771 and denitrification [Galbally. 
19891. 

Because the rates of microbial processes generally peak at 
modcrale temperatures. biogenic NO. and N20 production in 
soil declines near the extremes of h e  nwmal range of soil 
temperatures that occur in the field. For example, dam from 
h e  Pawnee National Gnrrland in nonhern Colorado (Figure 
5) indicatc a decrcase in he soil NO releZFe rate at 
temperatures greater than about 35°C. Lower NO emissions 
at high temperature may result panially from soil desiccation 
and is consequent reduction in the mobility of available 
nutrienu bul i s  probably due primarily to the failure of 
autotrophic nihifien to grow above 4 0 T  [Focht and 
Versuaete. 19771. The possible quantitative significance of 
heterouophic nitrification in high-temperature environments 
such as desen soils and corngosting systems was noted in 
section 3.1; the responsible heterotrophic micrmrganisms 
have much greater toleraw LO high temperature. B e w w  h e  
heteromphs responsible for denitrification have similar 
tolerance lo high temperalure. and because h i s  p m s s  has 
greater significance as a source of NzO. soil emission ofthi  
gas docs not exhibit the same sensitivity to elevated 
temperature characteristic of NO emissions. In fact. the 
Arrhenius equation h a t  describes this exponenlial temperature 
dependence generally applies only over h e  range 15' to 35°C 
for niuification but applies over the much broader range 15- 
lo 7 5 T  for denitrification Focht and Verstraete. 19771. 

At the other lempcralure exueme, low but nonzero NO 
emission rates have been repwted a near-freezing soil 
tempratures at a grassland site near Boulder. CO (Figure 5) 
and several agricultural fields in Virginia [Anderson and 
Levine. 19871. Changes in lemperaturetclow about 15°C 
typically have much greater effccl on lhe rates ofal l  
biochemical processes lhan changes above this lhreshold and 
are not well characterbrd by h e  Arrhenius equation 
[Ingraham. 19621. However, the potential for important soil 
emission of NO and N 2 0  at low temperature cannot be 
discounted because the organisms responsible for both 
nitrification and denitrification are b o r n  lo possess a 

- - c 
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SOIL TEMPERATURE, "C 
Fig. 5. ?he flux of NO versus soil temperawe. The venical lines represent the standard deviations of the average NO flux 
measmd over the soil lemprature range spanned by the horizontal bars. Heavy crosses, which represent laboratory dam. are single 
data poinu Williams and Fehsenfeld. 19911. 

significant capacity for adaptation to extreme climates [ F a h t  
and Vcnuaete. 19n.  Hayncs and S h u l a k .  19861. 

In addition to ils elfect on the microbial production of NO 
and N20 in soil. temperawe also has a strong influence on 
the physical and chemical paramelcn h a t  regulate gaseous 
mnspon raws through soil and subsequent exchange with the 
atmosphere (sce Figures 3 and 4). Unfonunalcly. these 
parameten (e.g., diflusion cccfficienu. solubilities) also 
depend on soil texture. soil waler content. the composition of 
aqueous and nonaqueous soil phases. elc.. which significanlly 
complicates achieving a predictive u n d e n d i n g  of the net 
effect of temperature on soil NO and N20 exchange 
p r a e s e s .  For example, Anderson and Poth 119891 noted that 
the relationship between flux and lemperaturc observed at 
higher soil walcr contents disappeared at low soil water 
contents. Empirical relationships (cf. Figure 5 )  that integrate 
the tempcrature dependence of all physical, chemical. and 
biological factors have been used to dcscribe the elfect of his 
environmental conuoller in the soil NO emissions invenlory 
presenled in scction 6.2. 

5.2.2. Soil niirogen avai/abi/iry. There is abundant 
evidence that the availability oforganic and inorganic N in 
soils strongly influences rater of NO and N20 emission. For 
example, Rotenson and Ticdje 1 19841 found that a net 
nitrification assay conelaled well with N20 pmduction in 
intact cores of forest soils from Michigan. while Matson and 
Vitousek 119871 reponed a good cornlation between a net 
mineralization assay and N20 flux from uopical forest soils. 
but not from nearby pasturcs. In NO emission studies. 

Williams and Fehsenleld [I9911 found h t  soil N q -  
concentration was a good predictor of the differences in 
emission rays of widely-varying ecosystem types across the 
United Slates. but Hutehinson et al. 119931 reponcd that 
emissions from a grass pasture on sandy loam in humid 
subtropical southern Texas were much more suongly relatcd 
to soil W+ than soil NOj- concenmtion. Unfortunately. 
all these correlations and others [e.g.. Aulakh et al.. 1984b 
Davidson and Swank. 1986: Rolslon et al.. 19841 tend to be 
site-specific or study-specific. and no single predictive 
parameter or suite of parameters has emergcd that accunlely 
reflecu the effect of N availability on soil NO. and N2O 
emissions across all sites and studies. 

Becam biogenic production of NO and N20 arises 
principally from the microbial processes of niuificalion and 
denivification. the measured rate ofthe predominant praess 
between these two should scrve as Ihc best index of the 
influence ofsoil N availability on emission ntes. Indeed, 
recent field studies have documenled that nitrification rates 
were strongly comlaled with emission of NO from a dry 
tropical forest soil [Davidson et al.. 19931 and with emission 
ofbolh NO and N20 from a well-draincd subuopical 
grassland IHutchinson et al.. 15931. However. nitrification 
and denitrification rates are difficult and time consuming to 
estimale, and the relative imponances of he  two processes, as 
well a s  lheir yields of NO and N20. vary across small 
distances and shon times. thus limiting the usdulness of 
measured mean process rates in many cases. 

Alternatively. bccaw both niuificalion and denitrification 
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Fig. 6. The flux of NO venus the nilrate mnlcnt of soil [cf. Williams and Fehsenfcld. 19911. The NO flux i s  an average over a 
tempraturc range of 20°C to 30°C. 

arc often substrate-limilcd (Figurcs 3 and 4). soil ".I' or 
soil N q '  pool sizes might be expected to serve as useful 
indicators of the rate of N vansformation, and thus 10 forecasl 
NGand  N2O exchange rates. Examples supporting lhis 
concept include the correlations of NO fluxes with soil N&+ 
levels repwted by Slcmr and S c i b  119841, Anderson et al. 
119881. and Levine et al. 119881, as well as similar 
correlations of N20 fluxes with soil N&+ conccnlrations 
reponed by Mosier et al. 11982. 19831. However. because the 
turnover rates of soil inorganic N pools are sometimes very 
rapid. pool sizes may not accurately rcflect h e  prevailing rate 
of N cycling or, more specifically. the rate of substrate 
supply to niuifying or denitrifying bacteria. For example, 
Davidson et al. [I9901 estimaled that turnover time of the soil 
"4' pool in a dry California grassland was about one day, 
so low measured N&' conccntntions were a poor indicator 
of the raw of N&+ supply. 

parameccrizc lhe dependence on soil N availability of the soil 
source of NO and N20 in atmospheric photwhemical models. 
soil emission inventories. or other similar applications. That 
dependence in the inventory presented in scction 6.2 is based 
on the linear correlation reponed by Williams and Fehsenfcld 
[I9911 between soil N q '  levels and cmision of NO 
measured from dillercnt ecosystems and agr icu l ld  areas at 
soil temperatures betwecn 20' and 30°C (Figure 6). Modeling 
studies using data from both agricultunl and grassland soils 
showed b t  N q '  pool size i s  also an imporwnt predictor of 
roil NzO emission raws [Mosier et al.. 19831. It i s  not clear 

All h i s  complexity makes it exuemcly difficult to 

whether lhcsc correlations rcflcct the imporlance of N@ as a 
substrate for denitrification or as a product of nitrification or 
simply that N Q -  tends to accumulate in soils where N i s  
abundant compared to the availability of readily oxidi7able C ,  
which generally results in a leaky N cycle. 

Several investigators have demonsuated that soil NO and 
N20 emissions may be substantially enhanced by addition of 
Nq' fmilizcr. thus supporting the use of N@- pool sue as 
an index for gauging dependence of the emission rates on N 
availability. For NO, t h i s  effect was noted in agricultural 
soils by Shepherd et al. [I9911 and Johansson and Granat 
[1981]. in forest soils by Johansson 119841 and Kaplan et al. 
[1988]. and in savannah soils by Johansson et al. [I9881 and 
Sanhueza et al. (19901. For N20. a similar effcct was notcd 
by Conrad et al. 119831. Kellcr et al. [19881. Livingston et al 
119881, and Rolston et al. I19821, as well as by Sahrawal and 
Kecney 11986, and refercnces therein]. On the other hand, 
there i s  little agreement among various authors regarding the 
lraction of applied fenilizer lost as NO w N20. which could 
be intclprcted as arguing against the use of an inorganic N 
pool size 14 forecast emission rates of the two gases. For 
example, Iohansson and Granat I19811 reported that about 
0.2% of the N Q -  applied IO an agricultural field was lost as 
NO, not toa dissimilar from the 0.35% loss as NO observed 
for a fertilized forest [Johansson. 19811, but SICIN and Seiler 
119841 found that lhc amounl of applied N lost as NO. 
dcpnded suongly on the fenilixr sourCe. Their estimatCs 
ranged from 0.1% for N a N Q  IO 5.4% for urea. In contnst, 
measurcments by Galbally et al. [ 19871 indicated that only 
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about 0.002% of the urea applied IO a flmded rice field added 
was lost as NO.. and C o l t o m  et al. [I9871 found that tcial 
NO, emission amounted IO only 0.03% of the N in callle 
urine (principally urea) in the two week  following its 
application to a field. In fertilized fields in Virginia, 
Andemm and Levine [I9871 determined that in one year 
0.79% of fertilizer N was lost as NO, while 1.2% was lost as 
NzO in only three months. After just 9 wecks. Hutchinson et 
al. 119931 measured 3.2% loss as NO and 0.3% loss as N P  
from app:ied IO a well-drained submopid grassland. 
Finally, Shepherd et al. [I9911 observed even higher losses in 
a 5-month sludy in Canada, where 11% of N W O 3  fertilizer 
was volatilized as NO, and 5% as N20. It is impomnt lo 
realize that although these fractional losses of applied 
fertilizer are small enough that they have little agronomic or 
ecmomic significance, they are large enough IO have 
considerable imponance to the chemisiry of the atmosphere. 
especially on a lccal or regional basis. 

5.2.3. Soil vorer conieni. The dependence of soil NO. 
and N20 emissions on temperature and N availability 
described above is funher confounded by the effects of soil 
water content on the b i d c  and abiotic pmesses involved in 
the production. consumption. and transport of the two gases. 
As noled by Davidson [1992b],becauseofthe multiplicity 
and complexity of thesc effects, soil water content is one of 
the most imponant. but least well-defined, environmental 
conlrollers of soil NO and N20 emission rates. Part of the 
confusion results from differences in the way soil water 
content is expressed by various investigators. Gravimetric 
soil water content (g H20Ig dry soil) or volumetric soil water 
content (cm3 H20/cm3 soil) are most commonly reponed. but 
both fail to account for textural variation among soils. For 
example. a value of 0.15 for either parameter is very dry for a 
fine-textured soil (e.&. clay), but very wet for a ccarse- 
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textured soil (e.&. sand). Nevertheless. one of these two 
parameters is usually employed in the definition of field 
capacity, which is the water content remaining after free 
drainage from saturated soil becomes negligible. In ConmSL 
soil water potential. which is a measure of h e  energy Of soil 
water compared IO hat of free water (usually expressed in 
pressure units). ellectively accounts for differences in soil 
tcxture. Water potential is more useful as an indicator of 
water availability to living organisms than as a measure of 
the effect on dillusion rates in either soil gas or liquid phases 
[Skopp et al.. 19901. Robably h e  most promising 
parameter f~ predicting the effects of soil water content on 
emission of NO and N20 via nitrification and deniuification 
is percentage water-filled pore space gKms), which is defmed 
as the ratio of volumetric soil water content to toLal soil 
porosity L i n n  and Doran. 19841. 

Except for its univusal requirement by all life proccrscs. 
the most imponant effect of water on NO and N20 
production in soil results from its smong influence on the w 
of@ supply. For example. denitrification occurs only when 
the 0 2  supply is limited. most commonly by high soil water 
content. while nitrification is dependent on a plentiful supply 
of @, which usually exists only at low or moderate soil 
water conlcnu. Besides governing which of these pccesscs 
dominates. soil warn content also influences the rates and 
product ratios of both processes through i s  effects on the 
diffusive hanspon ofboth gaseous and dissolved rcaclanIs and 
pmducls. Higher water contents increase the ratio of water. 
filled IO air-filled soil pore space and result in thicker water 
films lining the remaining air-filled pores. thus enhancing the 
uansprt  of species in the solution phase. but relarding that 
of species in the gas phase. 

illusmlcd in the conceptuaJ diagram (Figure 7) taken from 
These two opposing effects and their relation to WFPS are 

I ' E a total Dorositv .. 
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Fig. 7. Conceptual representation of the dependence of microbial activity on soil water content. From Skopp et al. [1990]. 
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Skopp et al. [19901. The diagram suggem. for example, that 
heterotrophic microbial activity in dry soil is probably 
limited by solution-phase diffusion of C substrate. while gas- 
phase @ diffusion rates likely limit microbial respiration in 
wet soil. Chemoautotrophic nimfication may be similarly 
limiled by slow diffusion o f N h '  substrate through thin 
Water films in dry soil, and by reswicled gaseous @ uansport 
in wet soil [Davidson, 1992bl. The optimum soil water 
content for these two aerobic pmcesses is about KJ% WFRS. 
but for anaerobic processes such as deniuification, it exceeds 
this value. Limitation by high WmS of the transpon rates 
Ofgaw other than 9 has additional ramifications for the 
microbial production of NO and N20 in soil; for example. 
Remde et al. 119891 and Zafiiou et al. 119891 reponed that 
the NO yields of nitrification and deniuification, respectively. 
increased with the ease of its mace from the site of 
production. 

Figure 8 c o n f i s  the robustness of the 60% WFPS - 
threshold for several microbial p r o c w  across a variety of 
soils &inn and Doran. 19841. However, it is imponant lo 
realize that Figure 8 characterizes the dependence on WFPS of 
overall process rates. rather than the production of specific end 
producu, so it must be interpreted accordingly [Davidson, 
1992b1. Fw example. the optimal WFPS for NzO 
production by nimfiers may be somewhat higher than for 
W+ oxidation. because N20 is produced by these bacteria 
only when N% is used as an electron acceptor apparently in 
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r e s p ~ l s e  lo incipient 9 deficiency. Conversely. maximum 
production of N20 by denitrifying bacteria may occur at a 
WFPS that is somewhat lower than the optimal value for the 
denioirrcation process in general, because the NzONz d o  of 
deniuiifrcation products is determined by he relative 
availabilities of oxidant versus reductant [Davidson. 1992bl. 

content on its NO, and N20  evolution ram, several authors 
have reponed a large burst of emissions c o n c m n t  with he 
flush of C a  that typically follows weuing of very dry soil 
[e&. Anderson and Levine, 1987; Davidson. l992a; Ha0 et 
al.. 1988; Slemrand Seiler. 19W. Williams et al.. 19871. 
Soil NO and N20 evolution r a m  measured during one of 
these emission bunu may be one, two. or even bee orders 
of magnitude higher than the prevailing rates preceding or 
following the bursr As a result, the quantity of soil N lost 
during the few hours or days duration of such an event often 
approaches. of even exceeds, the tolal amwnt cmiued during 
the relatively long periods between times that the soil dries 
enough lo s u p p n  another emissions burst following Ihe next 
addition of water. Interestingly, subsequent additions of water 
by irrigation or rainfall may produce funher significant 
increases in emissions above the levels measured from dry 
soil, but the amount of increase is small compared to that 
observed for a single watering of a very dry soil [Johansson et 
al., 1988; Williams et al.. 19871. Hulchinson et al. 119921 
demonstrated in a laboratory soil incubation study that a 

In addition lo these transport-related effecu of a soil's water 
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Fig. 8. Relative rates of nitrification, deniuification. respiratory microbial CO2 production, and respiratory microbial 0 2  
consumption as functions of percentage WFPS. From Linn and Doran [1984. and references therein]. 
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second NO and N 2 0  emissions burst similar to the one that 
followed initial weuing of &-dry soil occurred only where 
desiccation had reduced both NO and C q  evolution lo near 
zero prior to rewetting. Reasons for the unusually large 
response ofN oxide emissions to wetting of dry soil remain 
unclear. Davidson I1992al suggested that the wetting 
response may be due to chemodeniuification of N q -  & m i d  
by chemoautotrophic N&' oxidizers, but this conclusion i s  
not entirely consistent with &ta olother authors 1e.g.. 
Tonoso and Hutchinson. 19901. 

Existing literature contains many empirical relationships 
lhat integrate the multiple and complex effects of soil water 
content on soil NO, and N 2 0  exchange. One panicular 
example is shown in Figure 9, and i s  taken from Williams 
and Fehsenfeld [1991]. In  this figure, m a n  NO fluxes 
(normali7rd to 30°C) measured from a sandy loam in the 
Pawnee National Grassland in semiarid northern Colorado arc 
plotted as a function of gravimetric soil water content. 
Although the &la exhibit considerable scatter. a positivc 
correlation over the range 1.4 to 13% i s  rwdily apparent. 
Unfortunately. the difficulty inherent in exlnpolating this 
relation lo soils with different panicle size distribution limits 
its wfulness for parameterizing the dependence on soil walcr 
content of the soil source of NO, and N20 in atmospheric 
phourhemical models. soil emission inventories. or other 
similar applications. Similar relations reported by Johansson 
el al. 119881 and ciher authors suffer the same limilation. and 
we urge future investigalors lo measure soil bulk density 
from which more useful WFPS percentages can be computed. 

5.2.4. Burning. Although il applies lo a smaller fraction 
of the global land arm than hi three previously-described 
environmenlal conrmllus. burning the vegelative cover i s  yet 

Soil Moislure (%) 

Fig. 9. Average NO emissions are ploued against the percent 
[dry weight] soil moisture for a site in the weslern United 
States [cf. Williams and Fehsenfeld, IWI]. The NO 
emissions were normalized to 30°C. assuming the N O  flux 
from the soil varies erp(0.07IgT,~. 
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another fa~lor with significant influence on soil NO, and 
NzO exchange. For example, Johansson et al. 119881 noted a 
tenfold increase in NO emissions following burning of 
tropicd savanna in Venezuela. and Anderson et al. 119881 and 
Levine et al. 119881 observed that enhand emissions of both 
NO and N20 p i s l e d  for at least six months following 
burning ofchaparral. The latter authors reponed an average 
threefold incrcase in soil NO fluxes both immediately 
following burning and again six months later on both dry and 
irrigaled sites. They auributed the enhanced emissions lo an 
increase in soil inorganic N due either to enhanced biological 
activity or lo N release from soil minerals by the extreme 
heat Similar results were reponed by Levine et al. 119901 
following burning of a Florida wetland, but LuiZao et al. 
119891 found no increw in N2O emissions from lowland 
tropical forest soil llwl was cleared and burned five months 
prior to sampling. Nevertheless. most authors agree that 
biomass burning. which has previously been shown to 
contribute d m l l y  to NO, and N 2 0  loading of the 
aunaspkre. also makes a secondary contribution via enhanced 
soil emission of both gases long after the flames have 
subsided. 

5.2.5. Armspheric concenrrarion effecrs and deposirion. 
An effect of aunmpkric NO conccnualion on the exchange 
rate of this gas across the soil-aunosphere boundary was Tmt 
reponed by Galbally and Roy 119781, who noted lhat the NO 
concenuation within their closed chambers increased only 
until NO consumption processes apparently achieved balance 
with production processes. following which there was m 
funher net exchange. Other authors have reponed similar 
steady stale NO mixing ratios varying from 0 lo more than 
75 ppbv in field studies [Johansson and GranaL 1984: Slemr 
and Seiler, 1984, 19911 and from 50 ppbv to 600 ppbv in 
laboratory studies of aerobic soils [Johansson and Galbally. 
1984; Remde el al.. 19891. Under anaerobic conditions the 
steady rlale levels were even higher (1600-2uxI ppbv), 
presumably due IO grealer enhancement of NO production 
lhyl consumption procwes [Remde et al.. 19891. The 
emission ofN20 from soil docs not exhibit an analogous 
sleady slate mixing ratio. presumably because the only 
known soil sink for this gas, Le.. reduction to N2 by 
deniuifiers, occurs only where the soil i s  so strongly reduced 
lhat the simultaneous production o f N 2 0  by any process i s  
unlikely. Instead. the declining rate ofN20  accumulation 
often observed beneath a closed chamber results from villlsient 
effecls of the elevated surface N20 concenlntion on the 
gradient which drives diffusion oflhis gas through the soil 
[Hutchinson and Livingston. 19921. 

By analogy to the atmospheric C q  compensation point. 
at which the rates of photosynthesis and respiration in higher 
plants are equal. the steady state mixing ratio at which soil 
NO production and consumption are balanced i s  generally 
referred lo as the NO compensation point. Unlike the 
photosynthesistrespiration couple, however. a combimtion of 
biotic and abiotic processes may be involved in NO 
pmduction/consumption. and the products of NO 
consumpion pmcesses are not likely lo be reactants for NO 
production pmsses. Because of this imperfect parallelism 
we suggest that use of the term compensation point i s  not 
appropriate in this case because i t  may foster misconceptions. 
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@cularly in the biological community where a very 
specific connotation i s  auached lo the term. 

lohansson and Granat I19841 discussed the two possible 
mechanisms that might account for the steady state mixing 
ratios observed within closed chambers: (1) in soil an 
Equilibrium level of NO may exist that causes the flux lo be 
directed either upward or downward. depending on he 
magnitude and s ign  of the difference between that level and 
he NO mixing ratio in the chamber. and (2) the production of 
NO in soil may be independent of uptake. which increases 
with the NO miring ratio in the chamber until deposition 
equals emission. Eddy correlation measurements of the net 
NO flux pelany et al.. 19861 were beuer explained by the 
buer mechanism. Galbally et al. [ I  9851 reponed good 
agreement when their soil flux data were simulated by a 
mathematical model that included competing emission and 
deposition processes. In another study that relakd labralory 
data lo field measurements of NO flux from the same soil, 
Galbally and lohansson [I9891 showed that the data were best 
f i t  with a similar model that incorporated a soil NO 
production term independent of NO uptake. The uptake was 
modeled as a deposition rate with iiit-order dependence on 
NO concenration in the soil atmosphere. and the steady smte 
mixing ratios calculated from the model compared favorablv 
with those measured in labontory soil column flux 
determinations. 

Labralory studies have shown that virtually no uptake of 
NO occurs in autoclaved soils [Johansson and Galbally. 1984; 
Remde et al.. 19891. Therefore. unlike the case for ozone, 
chemical andlor physical destruction of NO on soil surfaces 
apparently are not significant loss processes. When 
autoclaved soil i s  reincculazd by exposure to the atmosphere, 
NO uptake i s  reestablisher which conf~ms that consumption 
i s  a microbially mediated process. However, it i s  not clear 
whether nitrifying or dccinifying bacteria are responsible. On 
the basis of involvement as an intermediate in the 
denitrification pathway [Fireslone e1 al.. 19791, then: Seems 
to be no question that dcnitrifiers can consume NO [Fireslone 
and Davidson. 1989; Weeg-Aersscns et al., 1988 Zaltriou el 
al.. 19891. The nitrification pathway i s  much less clearly 
understood. and no direct evidence exists for consumption of 
NO by nitrifying bacteria. 

Although the influence of environmental variableson NO 
uptaLe by soil h a  not teen studied systematically. some 
repons indicate that the steady state mixing ratios observed in 
chambers are increased by N fertilization [Johansson. 19W 
Johansson and Granal, 19841. In studies of soil NO flux in 
Spain and Germany. Slemr and Seiler 11984) noted additional 
effecu of soil temperature. water content. ami organic C 
content. In a later paper. Slemr and Seilff [ I 9 1  I conlirmed 
these rcsulu and speculated that h igkr  sleady slate 
concentrations observed over 
enhanced NO production combincd with unchanged soil 
uptake. They funher suggested that uptake of NO by soils at 
this site i s  nonnegligible and could result in erroneous 
estimales of the soil source strength since ambient NO levels 
and measured sleady state levels in the chambers typically 
have similar magniludes. 

In  contrast lo the conclusions of Slemr and Seiler 11984. 
19911 s c v e d  field studies have indicated relatively small 
imponance for soil up&c of NO. For example. deposition 

soil were due to 

373 

velncities of the order of0.1-0.2 cm s-' have been r e p o d  for 
paslure [Galbally and Roy, 19801.0.02 cm St for soil 
[Gravenhorst and Bbttger, 19831.0.19 cm S - I  for a Sandy 
loam [Judeikes and Wren, 19781.0.35 cm 5.l Over Crested 
what grass [Delany et al.. 19861. and 0.06 and 0.04 cm S-I 
for a corn field and harvested wheat field. rcsp2ivelY 
[Williams et al.. 19881. Data from a labratory study by 
Rcmde et al. (19891 can be used to calculate uplakc rate 
constanu of 0.005-0.04 cm SI. From these data a median 
deposition velocily for NO lo soil i s  estimated to be 0.05 . 
0.1 cm s.I. 

Deposition of NO to vegetation i s  also relatively 
unimponant [Hanson and Lindberg. 1991: Hill. 1971: 
Wesely. 19891. In a sludy ofpolluml uptake by an alfalfa 
canopy. Benneu and Hill 119731 found almost no gradient in 
NO mixing ratio through the canopy, although Q the Same 
time strong gradienu were observed for more readily depi ted 
species such as 03 and N 0 2 .  Thesc authors attributed the lack 
ofa gradient in NO principally to minimal uptake by 
vegetation due to the low solubility of this compound. but 
emission of NO from h e  soil may have influenced the 
concentrations within the canopy. Granat and lohansson 
(19831 and lohansson (19871 have determined hal 
conductance of NO to pine needles is of he order 0.014.03 
cm s-1. Similar values were reponed by SWby et al. l19811. 
Wesely (19891 indicates that NO has a very high surface 
resistance to vegetative up&c due to low solubility and 
rextivity. This conclusion was afirmed by Hanson and 
Lindberg [ I991 I. who also pointed out that NO 
concentrations greater than 50 ppbv will lead to deposition lo 
vcgctalion. Thus i t  appcan that deposition of NO lo 
vegetation is not as imponant as to soils. 

to N q  and higher oxides followed by deposition to soils or 
vegetation. Such cycling of nitrogen oxides i s  expected to 
occur for all ecosystems. although the effects for some (e.&. 
forests) should bc more pronounced lhan for ohas. Oxidation 
oftheemiuedNO~cursrapidlyduetothepresenceofq 
and other oxidants in he atmosphere (see section 2). The 
immediate product i s  NR. but funher oxidation can prcduce 
N03, PAN, H N q  , and other species. many of which are 
readily deposited to surfaces. Wesely I19891 hasmpi led 
surface resistance values for a large number of compounds. 
land use types. and environmental conditions. Very high 
resistances fa NO are noted (also see above). and at the othff 
extreme is  HNO, with a suggested surface resistance value of 
IO s m-l. Hanson and Lindberg [I9911 reviewed dry 
deposition of trace N species to vegetation and l i s t  canopy- 
averaged deposition velocilies 010.3-26 cm s-' (median abut  
3.3 cm s-I) for "0) and 0.07-2.8 cm s-I (median abut  1.3 
cm s-') for Na. The deposition of HNR can be a major 
source of N and acidity in some cases. In order lo assess 
properly the impact of soil emissions of NO to the 
atmosphere. it i s  imperative that such deposition processes be 
taken inlo account [Johansson, 1989: Jacob and Bakwin. 
19911. Toward this end. Johansson et al. 119881 found that 
the measured emission of NO exceeded the estimated 
deposition of N q  and " 0 3  by a factor of 2 in the tropical 
savanna region of Venezuela and concluded hat substanlid 
net export of NO, from this region was occurring. Bakwin el 
al. [1990bl concluded from measurements of soil NO 

Related lo the uptake of NO i s  the oxidation of emitted NO 
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emissions and NO, flux at the top of a forest canopy in 
Brazil that the forest was a net sink for N oxides. Upwke of 
NOY was controlled either via plant processes (stomatal 
control) or by ambient N 4  imgoncd from external sources 
during the day. An excellent review of the results from the 
Brazil study i s  given by Jacob and Bakwin [IWI]. This i s  an 
imponant area for future research not only for forests but for 
all ecosystems. 

5.3. NO,:N20 Emissions Ratio 

Information presented in the previous sections indicates 
that the NO:N20 emissions ratio of any soil is probably 
most influenced by its water contenL Cenainly, soil 
tempxature must be in the range that supporls microbial 
growth. substrate N h +  or oxidiiable C and NO,. must be 
available, and the responsible microorganisms must be 
present. but because i t  governs 02 availability. soil water 
content wil l usually determine whelher a more oxidized (NO) 
or more reduced m 2 0 )  product is favored. Field measured 
NON2O emission ratios are generally consistent with this 
hypothesis. For example, using the N20 measurements of 
Hao et al. I19881. Johansson et al.[19881 reponed NON2O 
emission ratios in the range 6-7 for dry Vopical savannah. and 
Hutchinson and Brams (19921 measured NO emissions nearly 
an order of magnitude greater than N20 emissions from an 
N€b'-fenilized humid subuupical grass pastureon well- 
drained sandy loam. During labontory incubation of intact 
soil corn from a dry annual grassland in cenual Caliiomia. 
the NO:N20 emissions ratio was greater than I when soil 
water content remained below field capacity. but decreased to 
0.1 when soil walercontenlserceeded field capcity 
[Davidcan. 1992a1. Highest NO production occurred at 56% 
WFF'S and highest N20 production at 75% W S .  which is 
consistent with the analysis of Figure 7 presented in section 
5.2.3. In  addition. acctylene inhibition experiments 
conlimed that denitrification was the dominant source of 
N f l  at the higher water contenl. while nitrifien produced 
both gases at lower water contents. 

have been consistent with the above hypotheses in some 
cases and in other cases have not. Lipschultz et al. [I9811 
reponed the molar ratio of NO IO N20 produced by 
Nitrosomonos ewopeoe to be 5 at low 9 concentration 
(0.5%) and 1 at higher 9 levels (21%). In a later study. 
Anderson and Levine [I9861 found the opposite result fur N. 
ewopeae with NON20 ratios of 0.9 at 0.5% 9 and 3.1 at 
10% 0 2 .  However. a different Nirrosomonar swain gave 
resulls consistent with Lipshultz et al.. at least a t  0.5% 0 2  
(NO:N20 = 5.6). The molar ratio of NO to N 2 0  produced by 
denitrifiers in the pure cullure surdies of Anderson and Lcvine 
[I9861 was much lower, typically much less than 1. 

6. MODELING SOIL EMISSIONS OF NO, AND N20 

Pure culture studies of nilrifying and denitrifying bacteria 

Because of the impomce of NO and N20 to the 
chemistry and physics of the atmosphere (section 2). there i s  
an unequivocal need to develop a prcdictive undersmding of 
biogenic NO and NzO sources at regional to global space 
scales and seasonal to annual time scales. Budget 
calculations. the simplest approach IO this need. compare best 
estimates of lhe magnitudes and distributions of known 

sources with known sinks. and then auempt to reconcile the 
net source ofeach gas with the magnitude. distribution. and 
vend in its atmospheric concentration. This approach has 
improved undersmding of the relative imponances of known 
sources and sinks, and established the golenlial for existence 
of additional unknown sources and sinks. For example, the 
revised globallannual N2O budget presented by MaLwn and 
Vitousek [IW] confirmed the imgorlanceof biogenic 
comped to combunion scurees and. in fact. implied that 
additional biogenic sources remain to be identified. 

The precision of global NO and N2O budgets can be 
improved by employing stratified sampling approaches. i.e.. 
grouping the areas and times to be sampled along gradients in 
the principal flux convollers so that the resulting flux 
estimates can be weighted by the spatial and temporal extent 
over which they apply. For example, the tropical forest 
source term in the N20 budget of Mason and Vitousek 
[I9901 was inferred horn stratification by soil orders within 
this vegetation biome, which undoubtedly yields a more 
accurate estimate of s o m  seength than the often.used 
product of the mean observed exchange rate and total land 
area. Despite this and other improvements. however, simple 
budget calculations can never achieve the spatial and lemgoral 
resolution required to explain the immense variability in soil 
NO and N20 exchange rates measurcd on field and landscape 
scales. for which we must ultimately depend on process-level 
simulation modeling. 

Accordingly. the long-range goal of soil NO and N20 
exchange measmmenrs is to capm the exchange rilles in 
terms of their basic physical, chemical, and biological 
conuollers. Subsequent development of models that relate the 
flux to its controller variables may be based on cellular-level 
mechanistic conmls on the production, consumption, and 
transport of the two gases. or the models may parameterize 
these controls b a d  on empirical relations observed in large 
data sets. The laucr approach is m a t  ofm followed because 
our level of mechanistic underslanding is inadequate to apply 
to the former. For example, we know that NH4+ availability 
i s  an important controller of nitrification (Figure 3). as is 
N W  availability for denivification (Figure 4). but we lack a 
universally applicable assay for soil N availability. 
Similarly, soil water content is known to exen multiple 
crucial conVols on both biotic and abiotic processes involved 
in thc production. consumption. and transport of NO and 
N2O in soil. but there is not universal agreement regarding 
even the most appropriate means for measuring and 
expressing this parameter. As a result. process-level models 
with the required spatial and lemporal resolution are very 
difficult to parameterize Firestone and Davidson. 1989: 
Galbally. 19891. and databases containing the infomaion 
required as input to such models may mi be adequate [Stewan 
et d.. 19891. The attempts to overcome these difficulties by 
using surrogate variables and other model parameterization 
approaches are summarized below. The section concludes 
with a discussion of the uncenainties embodied in these 
approaches. 

6.1. Models of Soil N20 Emissions 

Several process-level models for simulating N cycling in 
soil have been pioposcd FochL 1974; McConnaughey and 
Bouldin. 1985: McGill etal.. 1981; Scholefield etal., 1991: 
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Smith. 19801. many of which include prediction ofN20 
emissions. For example, a model has been described (A. 
Bouwman. I. Fung. private communication. 1991) that uses 
as input soil physical and chemical propenies and produces as 
output a monthly mean soil NzO emission rate. Reasonable 
correlation between model runs and measured NzO emission 
rates was obtained with input pvdmeten that included 
temperature. C availability. soil fenility (a composite 
measure of nutrient availabilities), soil water status, and soil 
9 availability. Sensitivity analyses indicated suongest 
dependence on temperature. followed by soil water status. 
Panon et al. (19881 developed a model for describing N z 0  
production in grassland soil. Within this model a submodel 
uses soil texture. air temperature. and precipitation to derive 
soil temperature and water content. Inorganic N supply (e&. 
amospheric N deposition, w i n g  intensity) is then used 
with the submodel output to calculate N20 production. They 
concluded that NzO flux was correlaled with inwganic N 
turnover rate and that nitrification was a more irnpomt NzO 
source than denitrification. A recent paper by Li et al. IIWZal 
described a rainfalldrlven model of NzO. Cq, and N2 
emission from agricultural land Nitrification-bared Nz0 
production was computcd from a submodcl of soil mganic 
matla decomposition and production via denimficalion from 
a separate submodel lhal included calculations for he growth 
and maintenance of denitdying bacteria. The model also 
allows for consumption of NzO. lnpuu include climate 
variables, soil properties. and agricultural practices. Output 
from the model has been compared to data.fmm five field 
studiesof NzOand C q  emissions ILi CI a].. 1992bl: 
reasonable agrccment was found in all cilses. 

6.2. Modrls of Soil NO Em’sswns 

In mnwast to N20. there have been few auempts to model 
the emission of NO from soil, Galbally et al. I19851 
successfully simdated measurements of both gross and net 
NO flux with a mathematical model that included separale 
production and uptake terms. but did not incwporate soil 
parameters known to contribute to the spatial and temporal 
variability in field-measured soil NO emission rates. 
Similarly, Galbally and Johansson [I9891 were able to 
reproduce NO fluxes determined in both laboratory and field 
studies using a mcdcl that included soil physical paramelen 
(i,e., bulk density and porosity) but not chemical or 
biological parameters. Adopting a completely diifcrent 
appmach, Williams et al. [I9921 proposed a parameteriation 
scheme based on empirical relalionships derived From the 
spatial and temporal variability observed in soil NO 
emissions across many land use types. Emission algorithms 
fmulaled from these relationships wen: combined with an 
ecological data base to develop an inventory of NO emissions 
from soils in the United States. Because it illustrates many 
of the problems encountered in modeling soil NO and N20 
emissions, an abbreviated description of that invenlay is 
presented hue. 

inventory development is 

NO emission (ng N m-2 st) = A (ng N m2 s-I) 

The general form ofthe emission relationship used for the 

exp f0.071 Twit (“0) (20) 
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where A is a factor that, in principle. is related in a broad way 
to the NO flux determining physical and chemical propenies. 
such as nutrients and water content. of soil in a given region. 
These soil parameters. in turn. are characleristic of a given 
biome, thus an ecosystem or land use classification scheme 
was used as the basis to differentiate he precxponential A 
factors. Four land use categories were identified: graulands. 
temprate forests. wetlands. and agricultural areas. 
Preeiponential factors for the throe undisturbed ecosystem 
types were calculated from the data of Williams et al. 11987. 
19881 and Williams and Fehsenfeld [1991]. Agricultural areas 
were segregaled by crop type (can. wheat, cotton. and 
soybeans) and A facws were derived fmm NO flux Williams 
et al.. 19881 and fcniliier Perry and FLugeu, 19891 data b a d  
on the observed linear relationship between emission of NO 
and soil N q -  (Figure 6) and NO flux and fenililer usage 
[Shepkrd et al.. 19911. With these pmcedures seven different 
land use types were identified and caresponding A facton 
werecalculated (Table 3). An exponenii relationship 
between NO emission and soil temperature (Figure 5 )  
provided the means to capture temporal variability (i.e.. diel 
and seasonal ~Nects) in he soil emission data. The wightcd 
average of the slopes of ln(N0 flux) versus soil lemperawe. 
resuiclcd lo W - 3 5 T .  from he various measurement siles 
was calculaled and incaporated as a universal factor 
(0.071°C-1) in equation (20). Empirical relationships observed 
in the dam WiUiams e( al., 1987. 1988; Williams and 
Fehsenfeld. I B l 1  were used to derive he conversion famulae 
between air and soil temperams shown in Table 3. The , 
Seven algorithms then were used in conjunction with land-use 
and air temperature dala from the Geoccology data k of 
Olson et al. [19801. and monthly mean emission data were 
calculalcd for the 3012 counties in the contiguous United 
States. The land usc types in the data base werecombined 
into the categories of grasslands. temperate forests (including 
coniferous and deciduous). wetlands (including saltwater and 
fmhwalu). and a@iciculrunl. Cmps in he inventory included 
corn. cotton. whear. soybeans. hay, and alfalfa The average 
fenilizer application was assumed to maintain the average soil 
nitrate level throughout the growing season, defined as May 
through August. During the rest ofthe year all croplands were 
assumed to emit at the lowest agricultural rate (soybeans). 

The major sources of uncenainty in the inventory arise 
irom formulation oftherelation between flux. temperature 
and land use along with the connection of those panmeters to 
the data in the Geoecology Data Base.. Comparison of 
predicted emissions to results from studies o f N 0  emissions 
from agricultural and undisturbed land areas (see Table I)  
pmvidcs an estimate of a factor of 2 uncenainty assainted 
with the A factors. Uncenainty in the temperature relations in 
Table 3 is estimated a1 *SO% and uncenainiy in the data of 
the Gececology Daw Base was estimated by Lamb et al. 
(19871 alfI54b. Overall, the uncenainty is estimaled at a 
factor of 3. 

A summary of the soil emissions for the m o n s  from 
these soils is presented in Table 4. Annually, approximately 
85% of the total NO emissions CCCUTS i n  the spring and 
summer while only IS% occurs in fall and winter. This 
generally reflects the exponenlial dependence that the 
emissions have on soil tempemwe but also includes he 
w.wnal dependence of !he application of fenilim. lle 
relative contributions (on an annual basis) of the various soil 
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TABLE 3. Reexponential A Fmors. Average Fertilizer Application Rates and Air-to-Soil 
Temperature Conversion Formulae for Land Usc Categories 

A Factor. Fertilization Rate. 
Land Use Type ngNm.2s-1 kgNha.1 Temperature Function 

Natural Areas 

Grasslands 0.9 .._. 0.66 TA + 8.8 

W W  0.003 .... 0.92 TA + 4.4 
Forests 0.07 .._. 0.84 TA + 3.6 

Agricultural Areas 

Corn 9 121 (13) 0.72 TA + 5.8 
Cotton 4 58 (5 )  1.03 TA + 2.9 
Wheat 3 40 (9) 1.03 TA + 2.9 
soybeans 0.2 3 (1) 1.03 TA + 2.9 

TA: ambient air temperature (“0. Numbers in parentheses are smdard deviations. Data are 
from Williams et al. [19921. 

categories to total soil emission in the United States are 
shorn in Figure IO. For all inventoried sources 
approximately 65% of the total annual average emissions is 
accounted for by ag r i cu l td  soils while naud or 
undisturbed land arcas conmbute about 34% annually. By far 

noled that these estimates are probably upper limits for the 
NO that escapes from soil into the atmosphere because some 
of the NO emiUed will be oxidized to N@ and taken up by 
Ihe vegetation canopy and soil (sce scction 5.2.6). 

This inventory indicates that. in the United Soles. the soil 
lhz dominant category for emissions is from land cultivated in 
c m .  which comprises only about 4% of the land area but 
accounls for over 40% of total emission. This is primarily 
due u) the large amount of fertilizer added LO this panicular 
crop. In contrast. grasslands account for 28% of total 
emissions and arc Ihe dominant some with respect to n a t d  
or undisturbed land areas. Emissions from forest soils are 
less than 5% of the total even though forest lands constiwte 
over 40% of the total U S .  land area. Emissions from 
wetlands account for less than 0.1% of the total. It should be 

TABLE 4. Emission of 

source of NO is small compared to combustion sources of 
this gar. Figure 11 compares seasonal total soil NO 
emissions estimates from Table 4 with the seasonal 
distribution of combustion sources taken from the National 
Acid Precipitation Assessment Program emission inventory 
compiled from 1985 EPA estimates of p i n t  and area NO. 
sources in the continental United States. On an annual basis, 
the soil source war only 6% of the combustion emissions, 
but rose to 14% in summer due to the much stronger 
seasonality in the soil source than the combustion sources. 

NO by Category and Season 

Source Spring Summer Autumn Winter Annual 

Gmsland 
Forests 
W C h d s  

Corn 
Wheal 
soybeans 
Cotton 

Total 

20.2 
3.71 

0.012 

26.6 
7.13 
2.78 
3.36 

63.8 

35.0 
6.65 

0.021 

107 
33.0 
6.18 
14.1 

202 

22.0 12.1 89.3 
4.11 1.83 16.3 

0.013 0.007 0.053 

1.59 0.338 136 
1.05 0.217 41.5 
3.17 0.869 13.0 

0.388 0.171 18.0 

32.3 15.6 314 

Spring: March. April. May; Summer: lune. July. Aug.: Autumn: Sept.. at., Nov.; 
Winter: Dec.. Jan., Feb. Emissions are in thousands of metric tons of nitrogen. Data are 
from Williams etal. 119921. 
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Fig. IO. Percent conmbution of each sourn category to total 
emission and local area. 

The inventory furlher suggests that in agricultural arcas whcre 
large amounts of N fertilizers are used @yticularly the 
corn-growing counties of Nebraska. Iowa. and Illinois). soil 
may become the dominant source of NO, in spring and 
summer and thus may have significant impact on local and 
possibly regional aunospheric NOx mixing ratios. In 
addition. the timing of agricultural activities (including N 
fertilization) generally coincides with the period of maximum 
photochemical activity in the ahnosphere. so regional 0 3  
production and acid deposition are Iiely also influenced 
substantially. 

6.3. Lim'rarions Encounrered in Modeling NO. and N2 0 
Exchange Roles 

Many of the difficulties encounlered in modeling regional 
to global and seasonal to annual soil NO, and N20 exchange 
are scaling problems asccialed with the need to draw 
inferences about these large scale exchanges from fluxes 
measured over small areas and short limes. Techniques for 
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Fig. 11. Comparison of reasonally averaged soil NO 
emissions to man-made NO emissions in millions of metric 
tom of nitrogen. Note hat the anthmwgenic emissions are 
divided by a factor of IO. 

extraplating local trxe &v exchange data to W e r  time and 
space d e s  wen recently summarized by Stewart et al. 
[ 1 9 8 9 ] a n d G r o f f m a n [ 1 9 9 1 1 , w h i l e A v ~ a n d V ~ ~ ~  
I 1990] provided a more general discusion Of kSUeS relal€fl Lo 
representing surfacc pmcesses in aunospheric models. 

Tables 1 and 2 indicae the immense variability hat  must 
be explained by models and budgels for soil NO. and N z 0  
exchange. Until recently. mast of these effnts have divided 
the eanh's surface into a few major biomes and then 
characterized each by the product of ils area and the mean 
exchange me fmm reasmably well-sndied sim assumed to 
be reprexntativeof hat biome. However. the criteria for 
establishing that a panicular site (or measurement time) is 
repesenhtive are unltnown. and h e  large variabilily renders 
lhis question so imponant ha the entire approach has 
questionable value. A statistically valid allernalive is to 
employ random site selection procedures to account for the 
variability within each biome, but fhe sampling and logistid 
requiremenls of this measurement approach likely would be 
unmanageable. 

Rather than veal the intimidating variability in soil NO, 
and N20 exchange rates as an encumbrance, Matson et al. 
119891 proposed to lake advantage of it by measuring NO., 
and N20 exchange along gradients of the distal conmllen 
(e.g.. climate. soil type. topography. time) of the principal 
microbial source processes. Le.. nitrification and 
denitrification (see Figures 3 and 4). Potential uses of lhc 
resulting quantitative relationships between flux and 
controller variables are fourfold: (1) they provide Ihc basis for 
extrapolating from local to regionallglobal spce scales and 
scasonaUannual lime walcs using either ground-bared or 
remotely sensed data. (2) they provide information concerning 
the timing and disvibulion of emission evenu. (3) they 
provide information about the n a w  and dynamics of sourn 
ecosystems. and (4) they permit predicting how future natural 
and anthropogenic disturbances might influenee the soil 
sourceofNO,andN20 IMamn et al.. 19891. Limitations 
of the socalled gradient approach include (I)  ha1  our 
knowledge of source process conmllers remains incomplete. 
(2) that available methods for extrapolating non-normal 
distributions of flux data arc imperfect. and (3) that the 
resulting extrapolations can only be as good as the 
climatological and ecological databases on which they are 
based [Stewarl et al., 19891. Recent examples of modeling 
effons that embody the gradient approach are the grassland N 
cycling model of Parion et al. [19881. the soil NO emissions 
inventory of Williams e( al. [1992], and the global/annual 
N 2 0  budget proposed by Malson and Vitousek [19901. 

A recent asyssment of thc climatological and ecological 
information [Slewart et al.. 19891 indicates that 
improvemenls are necded. Timely infomalion concerning 
land use is critical. especially in the light of widespread and 
rapid man-made alterations. lnlerdibntion and 
intercomparison of measuremenls made to determine 
interannual and long-erm trend analyses is needed. 
Archiving. improved organization, and belter accessibility of 
this informalion are required. Despite lhc need for 
improvements. however, it is probably me that even existing 
dalabases cannot be a&quately ulilized wirhout additional flux 
measurements, better simulation models. and greater e f f o ~  IO 
validale m k l  paramemimion schemes. 
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Ofthe techniques available for soil N& and NzOexchange 
measurement and model verification, chamber systems are the 
most appropriate for examining fundamental relationships 
between the flux and its conmller variables [Huvhinson and 
Livingston. 19921. Tower-based micrmemrological 
lechniques Fowler and Duy~er. 1989; Hicks, 19891 integrate 
the flux over a larger area (typically 102 to 104 m2) and omer 
the potential for validating extrapolations of highly variable 
local scale exchange ram measured by chamber methods 
(typically <I  m2). Aircraft eddy correlation measurements 
[Iksjardins and MacPherson, 19891 have special impnance 
because !hey provide direct exchangc measurements over areas 
with size on the same order as global mcdcl grid cells 
(typically lo' to >lo8 m2). In  addition, stable isotope 
measurements provide tracer inionnation at all spatial scales 
[Mosier. 19891 and offcr the potential lo identify the source 
responsible for absolute and relative changes in atmospheric 
trace gas concentrations [Slewan et al.. 19891; however, their 
usefulness for studying the two gases discussed here is limited 
by inadequate long-term isotope abundance &la and the 
relatively short atmospheric lifetimes of most NO,. species. 
Matson and m i s s  [I9881 and h i s s  I19891 proposed a 
framework for sludying biosphere-atmosphere trace gas 
exchange lhat incorporates measurements across multiple 
time and space scales. a modeling effort to integrate the 
results. and prioritization of ecosystems to study based on 
their sensitivity to climate change and susceptibility to 
natural and anthropogenic disurbances. 

7. SUMMARY, IMPLICATIONS. AND RESEARCH 
NEEDS 

Many major environmental issues facing yx'iety today 
(e.g.. acid deposition. global warming, swtospheric Cq 
depletion. groundwater contamination, deforestation, biomass 
burning) are related dueclly or indirectly to the exchange of 
NO, and N z 0  across the soil-atmosphere boundary. Becaw 
of the high reactivity of NOx. its exchange strongly 
influences local and regional atmospheric photochemisvy. 
while the imponant global atmospheric consequences of N 2 0  
exchange result from the long lifetime and spectral properlies 
of this compound. Despite these vaslly different atmospheric 
chemistries, the processes involved in the production. 
consumption, and transport of NO and N 2 0  in soil are 
similar. Both gases can be produced by biotic or abiotic 
processes. but the bacterial processes of nitrification and 
denitrification are by far the most imponant. Although there 
is no evidence suggcsting competition between NO znd N 2 0  
for production by any of these reactions, microbial processes 
involved in the production and consumption of these two 
gascs in soil are so tightly coupled that soil exchange of 
either gas should not be considered without simullanmus 
consideration of the possibility for interactions with the 
other. 

The available &la provide evidence lhat produclion of both 
gases in soil is strongly dependent on temperature. N 
availability, and 9 availability. which is govemed primarily 
by soil water content. There appars  to he an exponenlial 
relationship between soil NO and N 2 0  exchange and soil 
temp-mu-e, but the dependence of flux on N availabiity and 
soil water content is not so clearly dehed. Numerous 

correlations of soil NO or N20 emission rates with variom 
indices of soil Nand wafer availability have ken  reponed. 
but these tend to be site-specific or study-specific. and m 
single predictive panmeter or suite oi panmeters has emerged 
as being univemlly applicable. Failure to find common 
predicm probably arises from several coniounding factors. 
First. two very different proccsscs are involved. i.e.. 
nitrification and denitrification. Second, other procw- 
limiting factors that interact with N availability or soil water 
content may be more imponant at some sites than others. In 
addition. the scale chosen for investigation influences the 
nature of the predictors likely 10 be found useful. For 
example. soil N e .  concentration was a gmd predictor of NO 
emissions when hardwmd forests were comparcd LO fenilizcd 
corn fields, but it did not account fw substantial variation 
within each lowtion Williams and Fehsenield. 19911: at the 
lauer scale. modest topographic gradients or local scale effects 
of crop residues may be imponant contributors LO h e  
observed variability. The relation of NO emissions to soil 
N q '  concenwtion at the larger scale reflects that this ion 
generally accumulates when N availability in !he system 
exceeds C availability. resulting in a leaky N cycle. The rate 
of N cycling may actually be higher in fenile forest sites lhan 
in tilled agricultural fields. but high C availability in 
temperate forest soils usually results in a conservative N 
cycle, liule N@ accumulation, and low emission o f g w u s  
N oxides. 
There is general agreement that microbial pmcesses in soil 

represent by far the largest source of N20 in Ihe atmosphere 
[McElroy and Wofsy. 1986: Matson and Vitousek, 19wl. 
However, the estimated totality of known sourccs oflhis gas 
(7.9 Tg N yr-') accounts for little more than half the sum of 
its stratospheric sink (10.6 Tg N yr.') and its current rate of 
accumulation in the atmosphere (3.5 Tg N yrl) ,  so the 
relative importance of the biogenic source, as well as its 
distribution among !he eyth's major biomes, is subject 10 
change as more &la become available and land w pauems 
arealtered [Davidson. 19911. 

Similarly, microbial processes in soils are a major source 
of NO,. Allhwgh he acknowledged thz existence of multiple 
gaps and uncertainties in even the most recenl d a q  Davidson 
I19911 estimated the global soil NO source 10 be about 20 Tg 
N yr-l, comparable to Logan's [I9831 estimate of21 Tg N 
yr-I from combustion of fossil fuels. Understanding the 
impact of these NO. emissions requires definition of h 
problem being addressed as well as knowledge of both the 
intensity and the temporal and spatial distributions of the soil 
source. both on an absolute scale and relative to the 
distribution and intensity of other NO, sources. This 
complexity is illusmated by the role lhat NO. plays in the 
formation of mpospheric Cq on the regional and global 
scales and the pariicular concern sumxlndmg this (cf. 
section 2). 

uoposphere. production of Cq is NO,-limited. Because the 
lifetime of@ in the free troposphere (about one month) is 
large compared to that of NO, (a few days or less); lLiu et 
al.. 19871, Cq will bc more widely disseminated in the 
atmosphere that its NO, precursor. Fw this r a n .  NO, 
sources have a direct influence on n a  only the global 
oxidizing capacity of the troposphere. but also the influence 

Liu et al. [I9871 pointed out that lhmughout much of the 
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of @ as a radiitivcly imponant trace compound 
("greenhouse" gas). 

Becaw elevalcd 0, levels can be harmful to plants and 
animals, @ is also an imponvt pollutant. Moreover. the 
lifetime of @ is short compared with the large scale 
tmpospheric mixing times. so this pollutant will not be 
homogeneously distributed in the atmosphere. but instead 
will reflect the distribution of its sources; i.e.. local and 
regional levels of 0, will reflect the distribution and 
svcnglhs of the sources of i t  pholochemical precursor, NO.. 
Thus lhc emission inventory assembled by Williams et al. 
119923 indicates that thc soil source of NOx will not h 
imponant in determining the 0, burden in industrialixd area 
such as the eastern United Stalcs, because it is small 
compared to large combustion sources of this gas. In contrast. 
NO, emissions from soils in agricultural areas of the 
midwestern United Stales or i n  savanna regions of South 
America or Africa may be larger than other sources of NOz 
and, consequently. may determine the 0, burden, and 
potential for ozone damage in these areas. 

Wet and dry deposition of atmospheric N oxides has 
environmental importance equal to that of their emission 
from soil. Nitrous oxide is relatively inert in the 
uoposphere. soil is not readily deposited to the surfacc. but 
the opposite is vue of NO,. Once i t  enters the atmosphere it 
is rapidly oxidized lo N oxides h a t  arc more soluble and more 
readily redeposited at che surface. For this resson. it is not 
certain how much of the soilemitted NO resides in the 
atmosphere for a sufficient length of time LO effectively enlcr 
into he photochemical production of ozone. Also. vansport 
distances for N oxides can vary from local lo regional scales. 
An example of thc former is plant canopy upwke and 
metabolism of N q  formed via oxidation by 0, of NO 
emitted from the underlying soil Wogcrs et al., 19791. while 
regional.scale transport is exemplified by the deposition u) 
northeastern US. forests of HN@ formed by phourhemical 
oxidation of NO. emiued from indutial and agricululral 
sources in the midwestern states. The result of this N 
transpon via the atmosphere is an increasingly sipilicant 
redistibution of biospheric N wilh largely unknown 
ramifications. 

redistribution of biospheric N. For example, in i u  initial 
stages chmnic low-lcvel deposition of gaseous and paniculate 
N oxides u) temperate forest ecosystems have bcM 
hypothesized lo increax their primary productivity wilhoul 
penurbing their relatively conservative N cycles. However. 
as N availability eventually begins lo overwhelm C 
availability to soil microorganisms and the availability of 
water and other nutrients to higher plants. the i m p o m c e  of 
nitrification in the N cycle probably incrcavts [Mclillo et al.. 
19891. This process contribulcs directly to net production of 
NO, and N 2 0  and rcsulu in accumulation of N q .  which 
enhances the polcntial lor additionai N f l  emissions via 
denilrification and contributes to leaching l o w  that enrich 
groundwater with biologically-available N. Of the six 
environmental issues lisled at the beginning of this section. 
f w r  were related by this example, and if we had instead 
chosen an example involving tropical forest convened lo 
agricultwal use by burning. all six might have bcen included. 

7he transition from a conservative to a leaky temperate 

Quite complex interactions may result fmm this 
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forest N cycle described above is but one potential 
consequence of the chronic deposition o f g w s  and 
paniculate oxides of N. Other ecosystem functions are also 
affected. For example. the capacity of aerobic soils for 
microbial oxidation of CH, was reduced by addition o f N  10 
temperate zone foresu [Slcuder et al.. 19891 and grasslands 
[Mosier et al.. 19911. In addition. chemical oxidation of CH, 
in the troposphere requires hydroxyl radical. Ihe concentration 
of which is critically dependent on NO, levels (section 2). 
Becausc these two processes represent Ihe largest known 
biological and chemical sinks for CH,, respectively. the 
atmospheric budget of this gas. as well as its convibution to 
global climate change. are inextricably linked to NO. 
emission. transpon, and deposition. Similarly, COS and 
CS2. which exert important influences on the Earth's heat 
budget as well as the chemistry of the stntosphere. arc 
produced mainly via soil biological precesses that arc 
sensiuve to N availability [Mclillo et al.. 19891. For 
example. the sum of COS and CS2 emissions from both 
deciduous and coniferous forest soils was enhanced by N 
fertilization [Mclillo and Sleudler, 19891. 

Bccausc of thcse and o k r  known and unknown linkages Lo 
atmospheric processes and properties that wnuol the 
habitability of planct Earth. it is imperative that the exchange 
of NO. and N 2 0  across the surface-atmosphere boundary be 
understood at all scales from cellular lo global. An accurate 
&ate of soil emissions is possible only via pmess-level 
models that are driven by variables observed at these d e s ;  
extrapolation of a few measurements across continents a 
throughout lhc globe is clearly insufficienL Mechanistic 
models Lhat repmduce basic N cycling processes in the sdil 
wwld undoubledly be the most accurate and provide the liiest 
detail, but these models require input data lhat are not readily 
available from global ecological data bases. Largcr.de 
models based on sosystem-level variables have had some 
succcss in predicting emission rates. and parameterizations 
baxd on empirical relationships between emission rates and 
driving variables have also bccn proposed. 7hcre arc 
inadequacies and uncenainlies in any of lhese approaches. In 
all c a s  there is a need for emissions data from soils wilh 
which to compare the estimates from Ihe models. While 
results may bc available from similar sites on other 
continents. diCfcrences in climate. soil types. vegetation. etc. 
may make realistic comparisons difficult. Ideally. predictions 
for a specific site should be compared to data fmm tha site 
and any disagreement between them used to identify o h  
imponant factors that could be used to r ehe  the models. 

Accounting for rapidly changing land use pawns.  
especially in the tropics. is another of the difficult challenges 
associated with developing contemporary global N 4  and 
N 2 0  models and with comparing current and historical mor& 
of the magnitude. distribution, and trend in bth gases' 
atmospheric concentration. Tables 1 and 2 emphasiu: that 
soil NO. and N20 exchange rates vary substantially not only 
between the Eanh's major bicines, but also with differences 
in land use within e a c h  biome. For example. M a n  et al. 
[I9901 reponed a substantial increase in soil N20 emission 
when uopical forest was converted to pasture. On the basis 
of the measured impact ofN fenilization on soil NO and N20 
emission rates [Hulchinson and Brams. 1992: Shepherd ci al.. 
1991: Williams et al.. 19921, it is likely that funher i n c w  

I 
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mechanistic daw for modeling of photochemical smog. 
Phys. Chem. Ref. Daru. 13. 315-444. 1984. 

AuIakh. M. S., D. A. Rennie. and E. A. Paul. Acetylene and 
N-SCNC effccls upon N2O emissions from "4' and N@- 
Ucated soils under aerobic and anaerobic conditions. Soil 
Biol. Biochem.. 16, 351-356, 1984a. 

niuogen losws from soils under zero-till as compared with 
conventional-till management systems. 3. Environ. QUI.. 
13. 130-136, 1984b. 

Averill. B. A,. and I. M. Tiedje, The chemical mechanism of 
microbial denitrification, FEES Lei!.. 138. 8-12. 1982. 

Avissar, R., and M. M. Vusuaetc. The represenlation of 
continental surface processes in atmospheric models. Rev. 
Geophys.. 28. 35-52. 1990. 

Bailey, L. D., and E. G. Beauchamp. Gas chromatography of 
emanating from a saturated soil system. Con. 1. Soil 

Aulakh. M. S.. D. A. Rennie. and E. A. Paul. Gaseous 

in soil NO. and N2O emissions will occur as more intensive 
management practices are adopted to mainlain the productivity 
of trcpical forest and savanna soils convened lo agricultural 
use. 

Recent recognition of the relationships bctween the most 
imponant cellular conuollen (N and 9 availabilities) and 
their field. landscap, and global-scale manifestations reflccLs 
the progress made in undenmding soil NO, and N20  
exchange [Hutchinson and Davidson. 19931. Ihe challenge 
facing future research is lo integrate increasing knowledge of 
p m s s  controls at all d e s  with the rapidly expanding data 
base of exchange mcasuremenls, and then if it is warranted by 
our enhanced undenmding of soil NO and N20 exchange, lo 
develop control technologies s K h  as alternative land use 
strategies. alternative soil management practices, cf improved 
ferlilirer formulations and application techniques. Toward this 
end. future research programs must demand explicit clarity in 
the definition of objectives. sample allocations. measurement 
Whniques, and data analyses used lo quantify the exchange 
rates and exchange mechanisms and to convey the results 
[Hutehinson and Livingston. 19921. Failure lo acknowledge 
the requiremens and limitations inherent in each aspcct of Ihe 
knowledge-building process can lead lo significant emr in the 
resulmt conclusions cf subsequent adaplations of the &!a. 
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