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Field Soil Properties Influencing the Variability of Denitrification .Gas Fluxes 
G. L. GRUNDMANN, D. E. ROLSTON; AND R. G. KACHANOSIU 

, :, . 
ABSTRACT 

The spathl varhbility of field denitrification gas fluxes was in- 
vestigated In relation to water conten& roilgns dilfusivily, nitrate 
concentmtioo. and water soluble orgnnic C. Water was applied in a 
periodic fashion along a sbip of Yolo soil (Typic Xerorthents) 
amended with chopped alfalfa hay and nitmte. Dnt. were analyzed 
slatistically using slmple correlations and spectrPl and coherency 
analySls. Log speclrums showed that nltrate cycled at the frequency 
at which water content cycled and was negatively related to water 
content due to apparent leaching of nitmte from the high water ap- 
plication areas. Denitrification gas flux cycled at twice the frequency 
of nater content vith maximum fluxes occurring at the sides of the 
water mks. Spectrums for rater soluble orgnnic C and gas diEu- 
sirily indicaled no signifcant spatial cycling. Although deatifics- 
lion gas flux was more highly correlated to soil-water content Ihan 
to any other variable, coherency analyses revealed no significant 
relationships behveen denitrification gas flux and waIer or nitrate 
at specific frequencies due to opposing.eI7ects related to nitrate 
leaching and small gas dilfurivities at the soil surface. The spatial 
paltern ofdenitrification calculated from a simple equation was ex- 
amined osing spectral analysis and was found to be no1 representing 
m a d  denitrification gas flux adequately at the frfqwocy at which 
water content cycled. The discrepancy behveen measured denitrifi- 
cation gas flux and calculated denitrification rates I*QS attributed to 
very small gar dilfvrivities preventing gas transport to the surface 
and inadequate characterization of actual C and nltmte mncenba- 
tions at microsites. 

EFFORTS AT UNDERSTANDING the global behavior 
of N20 emissions from soils and research on in- 

creasing fertilizer N use efficiency have resulted in sev- 
eral studies on factors affecting denitrification in the 
field. It is well known that denitrification rates depend 
on oxygen (Oz), C, nitrate, pH, and other factors 
(Bremner and Shaw, 1958; Burford and Bremner, 1975; 
Parkin and Tiedje, 1984; Firestone, 1982; Bowman 
and Focht, 1974; Lalisse-Gmndmann et al., 1983). 
Despite numerous laboratory studies, few field exper- 
iments have succeeded in significantly relating deni- 
trification to  the various soil factors known to affect 
denitrification (Burton and Beauchamp, 1985; F o b  
runso and Rolston, 1985; Colbourn et al., 1984; Ryden 
et al., 1979; Mosier et al., 1983). All studies deter- 
mined very large spatial variability of gas fluxes in the 
field with coefficients of variation between 50 to 500% 
(Aulakh et al., 1982; Rice and Smith, 1982; Parkin et 
al., 1984; and Folorunso and Rolston, 1985). Large 
spatial variability in denitrification fluxes is probably 
related to a complex combination of the different fac- 
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tors each varying spatially and having individual ef- 
fects on denitrification. 

Recently, Folorunso and Rolston (1985), using a 
time series approach to determine if relationships could 
be established by evaluating data in the frequency do- 
main, suggested that cycling detected in surface soil- 
water content was the cause of the cycling behavior 
observed in denitrification gas flux along a transect. 
The present research was undertaken to further de- 
velop insights into the causes of denitrification spatial 
variability by applying water in a periodic fashion 
along a transect, observing how denitrification and 
other soil parameters responded, and utilizing spectral 
and coherency time series analysis to evaluate the data. 

MATERIALS AND METHODS 
The data were derived from a field experiment conducted 

on Yolo loam, a deep welldrained alluvial soil, at Davis, 
California. A 45-m long strip, 2-m wide, was amended with 
finely chopped ( t 3  mm) alfalfa hay (6.7 Mg ha-') mixed in 
the top 0.1 m of soil. An irrigation system was then set to 
apply varying amounts of water to give soil-water contents 
which cycled along the transect Three microsprinkler Lines, 
with different patterns, were set in parallel but operated sep 
arately with Line no. I run for I h, 3 d before the experiment. 
AAer 200 kg N ba-' of &(NO,)> was spread evenly, line no. 
2 was run for 30 min. Then, I,,h before the experiment, the 
highest amount of water was 'applied with line no. 3 oper- 
ating for 30 min. The distance between two mTximum sur- 
face soil-water contents was 4.2 m. 

Denitrification gas flux was measured eved  0.7 m along 
the strip at 64 locations using the closed qhamber method 
(Rolston, 1986) and the acetylene (C,H,).blockage approach 
(Ryden et al., 1979):pelails are given by Grundmann and 
Rolston (1987). To obtain the denitrification flux measure- 
ments and the diffisivity in  the shortest time and avoid 
changes in water content, the experiment was run in two 
separate halves on different days. 

Within 1 h after flux measurements were made, gas dif- 
fusivities were measured usinga modification of the method 
proposed by McIntyre and Philip (1964). One milliliter of 
Freon 13 was injected into the chambers used for denitri- 
fication flux measurements and the atmosphere was thor- 
oughly mixed for 1.5 min using the fan. Diffusion of Freon 
into the soil was determined by sampling the chamber head- 
space at 15 and 30 min. 

Immediately after gas flux and gas diffisivity measure- 
ments were completed, the soil inside the chamber was col- 
lected, separated into two layers 0 to 0.05 m and 0.05 to 0.1 
m and each homogenized. The water content was measured 
gravimetrically. Water soluble organic C from a cold water 
extraction (FOlONnSO and Rolston, 1985) was analyzed on 
a Dohrmann CD-80 analyzer (Dohrmann, Santa Clara, CA), 
and nitrate-N determined on the same extract by a colori- 
metric procedure (Anderson, 1979). 

The data were evaluated statistically using traditional cor- 
relation and spectral and coherency analyses (Robinson and 
Silvia, 1978). Spectral analysis is a statistical tool for trans- 
forming data from the time or spatial domain to the fre- 
quency domain by partitioning the total variance to various 
frequencies. Frequencies exhibiting large variances indicate 
a periodic or repetitive nature to the data at that particular 
frequency or period. The cospectrum is the breakdown of 
the covariance between variables as a function of frequency 
and is used to establish if relationships exist between vari- 

1351 



. 

1352 SOIL SCI. SOC. AM. I., V O I  52. 1988 

W h  
Fig. 1. Values of soil variables at 60 locations along the ban&. 

Denitrification gas flux converted to rate per soil volume (0.1-m 
depth) in order to compare with calculated values. 

ables at specific frequencies. The correlation between two 
series as a function of frequency can be calculated using the 
coherency spectrum (Brillinger, 1981) which is analogous to 
the r' value in ordinary regression analysis. 

The choice of 60 measurements for spectral and coherency 
analysis was guided by the fact that water was applied to 
produce 10 periods, and 6 measurements were made within 
each period of4.2 m (frequency - 0.167 cycles m-I). When 
large trends in the data were detected, these series were de- 
trended by subtracting the mean ofeach halfof the data (for 
denitrification) or by subtracting the best fit linear or poly- 
nomial equation. Badly skewed data were transformed using 
the natural logarithm before running spectral or coherency 
analysis. 

RESULTS AND DISCUSSION 
Data for denitrification gas flux, water content, gas 

diffusivity, water soluble organic C, and nitrate along 
the transect are shown in Fig. 1. Denitrification gas 
flux dropped off drastically in the second half of the 
transect which was caused by reduced volumetric water 
content. The trend in water content is attributed to a 
similar trend of decreasing bulk density (not shown) 
for the second half of the transect. Nitrate concentra- 
tion showed a tendency to increase slightly along the 
transect. 

Table 1. Pertinent statistics for the various Boil variables from 

Denitrifi. C Nitrate 

=as t luxt  content tration tration diffurivitv 

the 0 to  0.1-m depth. 

cation H'nw caneen- concew Gas 

Mean 0.10 0.35 47 127 1.7 x IO-* 
Variance 0.02 0.002 126 60708 1.9 X 10.' 
Maximum 0.83 0.42 71 1300 1.0 X 
Minimum 0.002 0.21 26 27 4.8 x IO-' 
cv 151% 1.9% 24% 68% 108% 

t Surface flux converted to rate pr soil volume 10.1.m depth1 in order la 
compare with calculatpd VBIU~S. 
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Fig. 2. Log spectrums oi water content detrended according to a 3rd- i,. ' 
order polynomirKand nilrate concentmtion on a solution hsb I i 
detrended according to a Ifnear function. 

Table 1 gives pertinent statistics for all 64 locations. 
As expected, denitrification flux varied more than the 
other variables. Table 2 gives mean values for the var- 
ious soil variables if the total data set of 64 values is 
partitioned into subsets where denitrification was either 
> or < the mean of 0.1 g N m-3 soil d-l, at the peaks 
of soil-water content, and at the peaks of denitrifica- 
tion flux. It is apparent from Table 2 that the mean 
soil-water content at the peaks 9f water content was 
only slightly larger than that ?J the peaks of denitri- 
fication flux. A change in mean water content from 
0.38 to 0.33 was sufficient to'cause denitrification flux 
to decrease to near zero values; The mean nitrate con- 
centration was less at the peaks of water content than 
at other locations indicating that nitrate leaching Uely 
occurred at locations of greatest water application. For 
the 0- to 0.05-m soil depth, the mean nitrate concen- 
tration at the peaks of water content was 134 Ng N 
mL-'. Water soluble organic C concentrahon 'was 
nearly constant for all subsets. The mean soil-gas dif- 
fusivity was slightly smaller at large denitrification 
fluxes and at  peaks of water content than at other lo- 
cations due to the effect of water content on the dif- 
fusivity. 

. . -  

'. ". 
Table 2. Mean values for the various soil parameters (0-0.1 m)  pa^ 

titioned into subsets according t o  level of denitrification flux 
and loeation of water eontent and denitrification flux peaks.t 

Denitrifi. Nitrate WSC 

gas flux content tration tiation diffusivity ..' .. 

T 
.(, 

' 'f ,', 

cation W&%r concern concen- Gaa 

g N ? - '  m S m - '  pg N, m g y  m2sC1 , 
d -  mL- kg-  

AU samples 1641 0.10 0.35 427 47 1.7 x 10-1 

49 1.0 x 10-1 
Denitrification 

>0.1 1211 0.25 0.38 303 
Denitrification 

Peaks of soil-water 
<0.1 (43) 0.03 0.33 488 46 2.0 x IO-@ ,, 

content 1121 0.15 0.38 239 49 1.2 x 10-0 :I ::. Peaks of denitrifi. 
49 1.1 x lo-* ,'r. ~. cation 1221 0.19 0.37 337 

t Numbers in parentheses behind subset designations are the number of .: 
samples within that group ?' 
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Fig. 3. The mpectrum and coherency specmm k w n n  nvernge 

water content and nitrate. The 95% confidence level for specific 
d-s of smoothing of the coherency spectrum is given on the 
R g u .  

Table 3 gives the correlation coefficients and con- 
fidence levels for selected pairs of soil variables (0- 
O.lm) if the total data set of 64 values is partitioned 
into subsets where denitrification flux was either high 
or low, at the peaks of soil-water content, and at the 
peaks of denitrification gas flux. For all data group 
Ings, denitrification flux was more positively related 
to relative soil-water content (water content/saturated 
water content) than to any other variable, even at the 
peaks of water content where denitrification flux was 
less than at the peaks ofdenitrification flux. Although, 
these correlations between denitrification flux and 
water content explain no more than 58% of the vari- 
ability, these correlations are larger than those ob- 
served in other field experiments (Burton and Beau- 
champ, 1985; Mosier et al. 1983; Folorunso and 
Rolston, 1985). 

Nitrate concentration was negatively correlated to 
water content at a fairly high significance level at all 
locations except at the peaks of water content. A p  
parently, leaching of nitrate at the high water content 
locations resulted in poor correlation with soil-water 
content. Denitrification flux was negatively correlated 
with nitrate concentration for most data subsets due 

,1. , 

Table 3. Correlation eoeffieienl for several pairs of soil variables 
IO to 0.1 rn) partitioned into subset6 amrding to level of 
denitriflestion flux and location of w o k  content and denitrifice 
tion flux penks.f 

Uenitrifi. 
cation YL Uenilrifi. 
relative cation v11. Denilrifi. Denirrifi- Nitrate 

content cone. C eanc. diffusivily content 
water nilrate cation YL cation YL vs. water 

A l l  samples I641 
Denitrification 

+0.56(99) -0.33199l -0.07l41) -0.221921 -0.83199) 

>0.1 1211 +0.491981 -0.18159l -0.31183l -0.061201 -0.451961 
I)enilrifiealion 

I’cakr of soil-water 
<0.1 143) +0.62(89) -0.431991 -0.071351 -0.261911 -0.811891 

content 1121 +0.761991 +0.201481 -0.11127l +0.301661 -0.20l471 
I’eaka of denitri. 

1 fication 1221 +0.68991 -0.32186i -0.361901 -0.W30l -0.68199) 

I Numbers in parentheses behind aubset designations are the number of 
samples within that group. Gnfidence levels am given in pmnlheses 
within the table. 

F W  ,: ,, 

Fig. 4 . d  &mnms of musured denibificrtion flux and cnlculale 
denibfficrtion. Trends were removed by subtracting means from 
cnch half of bansect. 

I 

. .  1 .  . I . -  

to the fact that water content and nitrate were ne@ 
tivelv related. . ,  . . 

conterit where a positive ielationshlp existed. Al- Ills 

fusion rates across the wet soil surface. / 
The correlation coefficient between gfis diffisivity 

which lmpliis that other processes such as diffision 
through cracks and other heterogeneities within the 
soil may also be complicating the transport of gas 

contEnt a d n i t r a t e  concentration. At 0.17 cydes m-I, till1 

water and that it alscstro&ly affected the nitraiLcon- 11111 

from 26 to 71 mg C kg-’ soil. 111 
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F W  
Fig. 5. Coherency spectrums for measured denitrification flm VS. 

calculated denitrification and calculsted minus measured denitri- 
fication versus soil gas diffusivity. The 95% confidence levels are 
given on the figures. 

about twice as many peaks for denitrification flux as 
for soil-water content. Thus, the peaks of denitrifica- 
tion flux did not coincide with the highest water con- 
tents but occurred somewhere down the sides of the 
water content peaks to form, on average, two denitri- 
fication flux peaks for every water content peak. Since 
nitrate concentrations were lower at the peaks of water 
than other areas, this implies that a very narrow win- 
dow of the combined effects of water content and ni- 
trate concentration was required to produce the de- 
nitrification flux peaks. Since water content and nitrate 
did not cycle at the same frequency as denitrification 
flux, the coherency spectrums (not shown) between 
denitrification flux and water content and between de- 
nitrification flux and nitrate showed no significant cor- 
relation as a function of frequency. 

Calculated denitrification was obtained using ,the 
equation proposed by Rolston et al. (1984) 

where F is denitrification rate, 8 is volumetric soil- 
water content, N is NO; concentration, C is water 
soluble organic C concentration, k is the denitrifica- 
tion rate constant,fTis a temperature function set equal 
to I, andj;,. is a water function varying from 0 to 1 as 
an empirical means of accounting for anaerobic de- 
velopment in soil. The value of k used was that of 
Reddy et al. ( I  982). The water function was calculated 
using the equation proposed by Grundmann and Rol- 
ston (1987), f" = [S/S, - 0.62)/0.38]'.74, where 8, is 
the water content at saturation. Sincef,. was developed 
from the same data set used in this paper, comparison 
ofcalculated denitrification from Eq. [ I ]  with the mea- 
sured flux is useful only in determining if Eq. [I]  and 
a single function forJv can reconstruct the pat!ern of 
spatial variability observed and to determine how Eq. 
[ I ]  may be changed to better describe the denitrifi- 
cation process in the field. 

The spectrum of calculated denitrification (Fig. 4) 
shows at least two peaks, one at the frequency of ap- 
plied water (0.17), the other one at 0.32. The cycling 
of 0.32 corresponds to the cycling observed in the 
measured denitrification flux. The additional peak at 
0.17 must be the result of cycling of water content. 
This peak is absent from the spectrum of measured 

F = khfw9 C N  I 1 1  

1, I 

' . .  1,. 
no". 

denithfication flux, however, indicating that Eq. [l  ]'is 
predicting peaks of denitrification in the high water 
content locations which are not occurring experimen- ' 
tally as peaks of denitrification gas surface flux. . . 

The coherency between measured fluxes and calr 
culated denitrification (Fig. 5 )  is high in the low fie% 
quency (large period) range and at the eequency wheri 
denitrification cycles with positive relationships for, 
both frequency ranges. The high coherency at low fie;.:, 
quencies (large periods) indicates that Eq. [ I ]  does a!, 
reasonable job of predicting the large scale variation ., 
(overall high denitrification in the first half ofthe tran-,. 
sect and low denitrification in the second half). The,,.! 
high coherency centered at the frequency of 0.32 .is 
due to a good prediction of denitrification at the fre: 
quency at which measured deni,p5fication flux cycled: 
The overall 3 = 0.36 betweenpeasured flux and cal- 
culated denitrification, however, is fairly low due to 
low coherencies at other frequencies especially at the 
frequencies where the highest water contents occurred: 

The coherency spectrum of calculated denitrifica-" 
tion minus measured flux versus gas difisivity (Fig! 
5 )  shows two significant peaks at the frequencies where 
the water content cycled and at the frequency where 
denitrification flux cycled. The cospectrum (not shown) ' 
indicates a negative relationship for both peaks which " 
indicates that as the diffisivity decreases, the differ- 
ence between calculated denitrification and measured 
flux would increase. Evaluating the difference between 
calculated and measured denitrification as a function , 
of diffusivity and nitrate content (Fig. 6) shows that ., 

the equation fails to predict the flux for very low dif- 
fusivities. These fluxes correspond to intermediate 
values of nitrate concentrations. Eq. [ l ]  predicts de- 
nitrification rates greater than the measured surface 
flux for very high water contents because average ni- 
trate concentrations in the bulk soil were substantially' . 
greater than those in microsites or that the transfer of 
N20 gas to the surface may have been impeded by 
very low gas diffisivities. Both processes may explain 
why maximum denitrification surface fluxes did not 
occur at the maximum water contents. 

Further evaluation of the difference between cal- 
culated denitrification and measured flux as a function 
of gas diffusivity (Fig. 6) shows that the largest dis- " 
crepancies occurred at six locations where difisivities 
were very small. All six data points of Fig. 6 with 

1 
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positive differences between calculated denitrification 
and measured flux greater than O f g  N m-’soiI d-’ 
had difisivities less than 3.3 X IO-’ m2 s-!. The next 
four largest positive differences have diffusivities less 
than 1.5 X .  m2 s-l. This again suggests that very 
small values of gas diffusivity were partly responsible 
for the discrepancy between measured flux and cal- 
culated denitrification at the locations ofgreatest water 
cpntent. If the 10 data points giving the largest posi- 
tive difference between calculated and measured val- 
ues are removed from both series, the correlation in- 
creases from 0.59 to 0.79, indicating that further efforts 
at increasing the capability of predicting the ‘surface 
flux of denitrification gases should include a compo- 
nent accounting for gas diffusion to the soil surface. 

SUMMARY AND CONCLUSIONS .’ 
Thisstudy demonstrates that denitrification gas flux 

did not cycle at the frequency of imposed soil-water 
content due to several interacting factors. Soil-water 
Content variations were responsible for much of the 
variability of other parameterf (especially nitrate) 
which subsequently affected denitrification flux 
through the development of anoxic sites, reduction in 
gas transfer to the soil surface by diffusion, and nitrate 
leaching. This interaction cannot be totally accounted 
for by the relationship proposed by Rolston et al. 
(1984). . .. 

Although relationships ‘between the primary soil 
variables known t o  affect denitrification and field- 
measured denitrification gas fluxes exist, clear rela- 
tionships are difficult to establish because of spatial 
interdependence of several of the variables, many of 
which have opposing effects upon denitrification. The 
simple model proposed by Rolston et al. (1984) helps 
to provide some predictive capability, but it still only 
explains about 37% of the observed variability. This 
model should be able to provide order of magnitude 
estimates ofdeniuification gas flux averaged over some 
area of soil but is not able to adequately make pre- 
dictions of local variability based upon measured val- 
ues of water content, nitrate, and C. 

Both soil solution nitrate and water soluble organic 
C seem to be very poorly correlated to denitrification 
gas flux in the field. Thus, future research should be 
directed at improving the charaaerization of the C 
and nitrate pool available for denitrification in a dy- 
namic field environment. The use of average values 
of C and N in the bulk soil is an oversimplification 
ofactual substrate levels at sites ofdenitrification. Re- 
cently, Parkin (1987) has found that “hotspots” ofhigh 
denitrificafion activity were associated with particu- 
late organic C material, such as buried weed leaves, 
in the soil. A water soluble organic C extraction from 
bulk soil samples would not necessarily reflect the large 
C pool at such microsites. 

Any improvement in predicting denitrification will 
also depend upon increased understanding and char- 
acterization of the locations of denitrification activity 
with soil depth, time, and spatial location. The results 

. . I  

of this paper indicate that soil gas diffusion as related 
to both the development of anoxic sites and diffusive 
transport of product gases to the soil surface is an 
important process which should be considered if fur- 
ther predictive capability and understanding of the 
mechanisms causing the large spatial variability of de- 
nitrification gas fluxes are lo be elucidated. 
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