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Sequence of Products Formed During Denitrification in Some Diverse Western Soils' 
G U h T  s. COOPER AND R.  L. ShIITH' 

ABSTRACT 
The sequential products of anaerobic denitrification were 

detmnined on seven Western soils (four alkaline, hvo 
acid, and one neutral) by soil and gas analysis. The soils 
wi th  1 % alfalfa and added KNO, were incubated a t  mois-7 
tures slightly greater than field capacity and ivitb a n  
ntmosp-.of He. The 
analyzed and balance sheets prepared. The sequence of 
SO:,- + NO2- -+ N,O -+ N2 operated in all soils. The 
S,O and N2 were determined on a gas chromatograph. 
Tlic rates of nitrogen interchanges and maximal amounts 
01 nitrite, N,O, and N, were determined. From this data 
it W:IS postulated that the rate-limiting process for deni- 
trification in acid soils is the reduction of nitrate, while in  
nlkaline soils it is the reduction of nitrite. The reduction 
01 N,O was rapid in all instances. The total time for corn- 
plelr reduction of 300 ppm. N as nitrate to N, at 3 O O C .  
, - a r i d  only from 28 to 9G hours for the 7 soils. Lowering 
thr. temperature to 2 5 O  or 2OOC. influenced all rates for 
3 alkaline sails and resulted in a twofold increase in deni- 
trifiwtion time for the 1OOC. drop. Decreases in initial 
miiccntr3tion of added KNO, to 150, 75, and 37.5 ppm. 
did not change the overall rate of denitrification. There 
\vns. however, a marked reduction in the maximal amounts 
of N,O found in the gaseous atmosphere when the initial 
KSO;, concentration was reduced. 

1' 18.~5 BEEN SUCCESTED for many years that denitnfica- 
t1on IS a source of loss of soil N ( 1 ) .  Until recently, 

l l(Wwr, evidence supporting this idea consisted primarily 
uf fd i t re  to account for all the soil nitrogen in lysimeter 
5hdics. The quantitative identifications of nitrogen gas 
(s:) with the mass spectrometer (4 ,  5, 6, 7, 8, 11, 12, 
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13, 14, 17) and of nitrous oxide N,O) with the mass 

16) have led to difTerences o f  opinion among investigators 
concerning the  production and fate of various N com- 
pounds and oxides during denitrification. 

Kluwer and Verhoeven 112) ~~ proposed a scheme for 

spectrograph and infrared s ectrop h otometer (2, 8, 14, 

\ -  #, ~~ 

the rLduction of n- iae-pmcess 
invokes two electron transfer steps. In this scheme, the 
gases that can be identified are N,O and N,. Arnold (2) 
postulated that the earth is the source of atmospheric N,O 
and that the N20 is produced throu h a chemical reaction 
involving Ntrous acid and hydrox3amine. Schwartzbeck 
e t  al. (14) coiicluded that NZO was produced during 
denitrification when ammonium and nitrate were both pres- 
ent, while only N, was produced when nitrate alone was 
present. Wijler and Delwiche (17) stated that N20 is the 
major gas evolved during denitrification in acid soils but 
that N, production predominates in alkaline soils. hlcGarity 
et al. (13) aereed with Hauck and hlelsted (8) that N2 
is the gas 'evolved under anaerobic conditions while small 
quantities of both N, and N 2 0  will be evolved in the 
Dresence of any free oxygen. Cady and Bartholomew (6, 
i), using N", presented a sequence of gaseous production 
during anaerobic denitrification in an acid soil. In their 
studies. the leneth of time for complete reduction of nitrate ~~ ~~ ~ ~~ ~~~ 

to N, 'varied from 7 to 25 days, depending upon the 
moisture content of the soil. Nitric oxide (NO), as well 
as N20 and N,, were quantitatively measured. 

The study reported here involved use of a gas chromato- 
graph to study nitrogen losses in Western soils. The  
simultaneous analysis of the soils for the inorganic N com- 
ponents facilitated preparation of a complete N balance 
sheet for the soils and conditions involved. The sequential 
appearance and fate of the various N componets in the 
system are delineated. 

hffiTHODS AND PROCEDURES 
Soils 

Some ph deal and chemical characteristics of tlic seven 
\\'&ern soils used in this study are given in tahle 1. All were 
obtained from the surface 6 inches and were air-dried, 
screened through a 2-mm. sieve. and stored dry until used. 

ound alfaUa was mired dry with 2M) 
g. of the air-dried s o i r  Sufficient water and KNO1 solution 
were added to the soil to bring the moisture content up to 
Beld capacity and the N level up to that desired. The N level 

In a11 cases, 2 6. of 
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was 300 ppm, in all cases except one. This exception was 
made in ordcr to check the iduence of nitrate concentration 
on the magnitude and the fate of the various nitrogenous 
components. In  this case, therefore. N levels of 37.5, 15, and 
150 ppm. were established. Sufficient quantities of all soils 
were prepared so that 4 rcplicater of treated and untreated 
(no N but including alfalfa) soils could be harvested peri- 
odically in order to analyze for the inorganic soil N. Nitrates 
and nitrites were determined on a Ca(0H) .  extraction of the 
roils. Nitrates were determined an a portion of the extract by 
the pbenoldisulfonic acid method (9) after destro ing the 
nitrites with sulfamate. Tbhe nitrites were d e t e r m i d  by the 
method of Shinn (15) which employs sulfanilamide and a 
coupling reagent. 

Incubation Flasks and Gas Sampling 
In< alfalfa with the neces- 

sary water and KNO, solution, tl?e -soils were placed into 
500-ml. suction flasks which served as the incubating flasks. 
A piece of latex rubber tubing was fastened over the side-am 
tubulation to facilitate exchanging the gaseous atmosphere 

Table 1-Some physical and chemical characteristi? of 
the sewn experimental soils used in the anaerobic 

denitrification study. 

Following the miring of the soil 
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Figure I-Sequence and magnitude of N products formed 
and utilized during anaerobic denitrification of hfillville 
loam (pH 7.8) a t  300, 25", and 20°C. 

RESULTS AND DISCUSSION 

Figure 2-Sequence and magnitude of N products f0 
and  utilized during anaerobic denitrification Of a* 
hattan silt loam (pH 7.8) a t  300, 250, and 20°c. 
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Figure 3-Sequence and magnitude of N products formed 
and utilized during anaerobic denitrification of Yolo 
loam (PH 6.8) at 300, 25O, and 2OOC. 
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This sequence, \vhich has been sug ested by others ( G ) ,  
apparently operated in all the soi F. s under the various 
conditions imposed (figures 1 to 5) .  Most recent investi- 
gators, however, have based their conclusions only on 
studies of the gases evolved into the atmosphere. It is 
ohvious that magnitude and rate of production and utiliza- 
tion of the various products will vary with the soil and 
the conditions imposed. In  this experiment, however, 
definite patterns could be discerned. The reduction of N 
from nitrate tlirongli the various products to N2 was rapid 
and varied only over a range of 26 to 96 hours for all the 
soils when kept at 30%. These rates are several times 
Flure rapid than most reported in the literature (4, 5, 6, 
1, 8 ,  13, 14, 16, 17). Some studies, however, give com- 
Pnmble rates. Jones (11) sho\ved reduction of 200 ppm. 
1lltrate-nitrogcn to N2 in 3 days under vacuum for an 
acid soil (pH 5 .6 ) .  Bremner and Shaw (3) reported 
~ntnplote dis:ip eirance of nitrate within 2 days, the 
h t e s t  time t Bey investigated, for an alkaline, water- 
l o ~ g e d  soil. Some of the slower dentitrification rates re- 
I w r t r d  might lic explained on the basis of low pH (6 ,  s), 
&l:ick of readily ozidiznhle material ( 8 ,  14).  or because 
t h  soils wcrc not fully anaerobic (4, 5, 6, 1 4 ) .  

'I'lir niaximrm1 a tno~~nts  of the added N that were de- 
tWcd ns iiitritc or N20 (table 2 ) ,  along with the rates of 
h ~ g c  of the \wious N compouents, give clues as to the 
'"(4niiting proccss in dentitrification. In alkaline soils, 
h reduction of nitrate \ms rapid but there \vas a lag in 
"dl~ctim, of nitritr to N20. This lag gave rise to high 
l h l s  of nitrite. 111 thr acid soils, the low level of bacteria 
( '0)  ~ n n y  Iinvi: caused a concomitant lon, rate of nitrate 
f ' ' h t i on .  The hip11 Ievds of nitrite encountered in the 

7 : .  . 

Figure &Sequence and magnitude of N products formed 
and utilized during anaerobic denitrification of Reeves 
loam (pH 7.8), Gila loam (pH 7.9), Wysaro clay (pH 
6.1), and Walla Walla silt loam (PH 6.1) a t  30% 

Figure 5-EAect of nitrate concentration ou the sequence 
and magnitude of N products formed and utilized dur- 
ing anaerobic denitrification of hlillville loam a t  30012. 

alkaline soils may poison the system until some adaptation 
is made. The maximum amount of N as N20 detected in 
the gaseous atmospheres above the alkaline soils was 50 to 
65% of the maximum nitrite detected. Only in the acid 
Walla M'alla soil did the amount of N 2 0  exceed the 
maximum quantity of nitrite recovered. In all instances, 
the N20 was rapidly reduced to N.. The complete and 
rapid utilization of N 2 0  noted in hiis experiment is in 
accordance with the results of Cady and Bartholomew (6) 
but differs from the work of Schwnrtzbeck e t  al. ( 1 4 )  
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Table %The magnitude of the nitrogen products formed 

during anaerobic denitrification in seven 
Western soils. 

6011 T'rm~r. .  N .. NO;-N W:O N, 
turs KNOB 
.C. nu. "u, z mr. % mz. x ~. 
30 
a 
a 
a 
a 
25 
20 

and Wijler and Delwicbe (17), who implied that NZO 
does not function as an electron acceptor in all soils. 

Rnwd on thic exneriment~ it annears that N,O is a 
.I 1~~ -~~~~ ... ... 

major factor in denitrification in alkaline soils as-well as 
in acid soils (6, 8, 17). The speed at which N20 can be 
reduced may ernlain why this gas was not identified when 
the intervalof Gmpling \vas seGeral d y s  (13). The speed 
of reduction also could explain why mnn an acid soil 
\vould lead to the conclusion that N2 is &e major gas 
produced during denitrification of an alkaline (limed) soil 
while N 2 0  is the major gas produced in the unlimed soil 

m a ~ n n v  the temiierature from 30°C. to 25" or 
OOOC.  slowed down the rate ot N interchanges in the J 

(8). . 
- 
alkaline soils studied (figures 1 to 3) .  There \\.as a twofold 
increase in time for complete reduction to NZ for the 
lnoc. drop. A greater "tailing off effect of nitrite reduc- 
tion was noted as the temperature decreased. The de- 
crease in the amounts of N?O that could be detected in 
thc gaseous atmosphere as the temperatures were reduced 
(tahlc 2) would indicate that the reduction of NZO to NZ 
\\.as less temperature dependent than \vas the reduction of 
nitrate or nitrite. 
The influence of initial nitrate concentration on the se- 

quence of nitro en transformations and on the magnitude 
and rate of pro&ction of N compounds is shown in figure 
5 for hlilldle loam. The similarity of the curves for 
nitrate, nitrite, N2, for the three levels of nitrate 
added, indicate that the initial nitrate concentration did 
not influence the overall rate of denitrification (17). As 
pointed out by Wijler and Delwiche (17),  marked reduc- 
tion occurred in the amount of NzO that could be detected 
i n  the gaseous atmosphere as the initial nitrate concentra- 
tion \vas lowered (table 2).  This would suggest that NzO 
w n s  utilized more rapidly than nitrite. 

It should not be assumed that the differences in nitri- 
fication rates are due only to differences in soil pH, even 
ihoogli artificiall!. altering the soil pH has brought marked 

changes in nitrification rate (4,6, 8, 17). The soils used b 
the present study can be 
those of p H  6.1 (Walla Wafs ,?It loam and Wysaro clay), 
of pH 6.8 (l'olo loam), and of PH 7.8 (Millville lmm 

ou ed according to pH 

Manhattan silt loam, Reeves loam, and Gila loam). --- ~ b e  
differences among denitrification rates were as great withmr 
a H group as they were between pH groups. Sin= pn 
so& were treated the same with res ect to tempera- 

must have been due to other factors. 
that N20 and N2 might arise by & 

pathways than t l a t  given by the ro osed sequence s h d  
not be overlooked. Nor is it impyief that the COmpOnmk 
of the suggested sequence are the only intermediates 
the reduction of nitrate to N?. 

organic matter, and moisture level, t R e dfierences noted 

The possibilit 

-. 
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