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Field Soil Properties Influencing the Variability of Denitrification Gas Fluxes

. G. L. GRUNDMANN, D. E. RoLsTON,* AND R. G. KACHANOSKI

ABSTRACT

The spatial variability of field denitrification gas fluxes was in-
vestigated In relation to water content, soil-gas diffusivity, nitrate
concentration, and water soluble organic C. Water was applied in a
periodic fashion eslong a strip of Yolo soil (Typic Xerorthents)
amended with chopped alfalfa hay and nitrate. Data were analyzed
statistically using simple correlations and spectral and coherency
analysis. Log spectrums showed that nitrate cycled at the frequency
at which water content cycled and was negatively related to water
content due to apparent leaching of nitrate from the high water ap-
plication areas. Denitrification gas flux cycled at twice the frequency
of water content with maximum fluxes occurring at the sides of the
water peaks. Spectrums for water soluble organic C and gas diffu-
sivity indicated no significant spatial cycling. Although denitrifica-
tion gas flux was more highly correlated to soil-water content than
to any other variable, coherency analyses revealed no significant
relationships between denitrification gas flux and water or nitrate
at specific frequencies due to dpposing eflects related to nitrate
leaching and small gas diffusivities at the soil surface. The spatial
pattern of denitrification calculated from a simple equation was ex-
amined using spectral analysis and was found to be notf representing
measured denitrification gas flux adequately at the frequency at which
water content cycled, The discrepancy between measured denitrifi-
cation gas flux and calculated denitrification rates was attributed to
very small gas diffusivities preventing gas transport to the surface
and inadequate characterization of actual C and nitrate concentra-
tions at microsites.

FFORTS AT UNDERSTANDING the global behavior

of N,O 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 (0,), 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-Grundmann et al., 1983). -

Despite numerous laboratory studies, few field exper-
iments have succeeded in significantly relating deni-
trification 1o the various soil factors known to affect
denitrification (Burton and Beauchamp, 1985; Folo-
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 1o 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 spatiat
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 well-drained alluvial soil, at Davis,
California. A 45-m long strip, 2-m wide, was amended with
finely chopped (<23 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. ! run for 1 h, 3 d before the experiment.
After 200 kg N ha~! of Ca(NQ,), was spread evenly, line no.
2 was run for 30 min. Then, 1 h before the experiment, the
highest amount of water was applied with line no. 3 oper-
ating for 30 min. The distance between two maximum sur-
face soil-water contents was 4.2 m. g

Denitrification gas flux was measured eve}{ 0.7 m along
the strip at 64 locations using the closed ¢hamber method
(Rolston, 1986) and the acetylene (C,H,) blockage approach
(Ryden et al., 1979)."Details are given by Grundmann and
Rolston (1987). To obtain the denitrification flux measure-
ments and the diffusivity in the shortest time and avoid
changes in water content, the experiment was run in two
separale halves on different days. o

Within 1 h afier flux measurements were made, gas dif-
fusivities were measured using a modification of the method

proposed by MclIntyre 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 afier gas flux and gas diffusivity measure-
ments were completed, the scil inside the chamber was col-
lected, separated into two layers O 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 {Folorunso 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 colon-
metnc procedere (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 van-
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Fig. 1. Values of soil variables at 60 locations along the transect.
Denitrification gas flux converted to rate per soi! 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 10
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
cach period of 4.2 m (frequency = 0.167 ¢ycles m~'). When
large trends in the data were detected, these series were de-
trended by subtracting the mean of each half of 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.
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Fig. 2. Log spectrums of water content detrended according to a 3rd- :
order polynomial and nitrate concentration on a solution basis 7

detrended according to a linear 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~3soild~!, 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 of water content was .
the peaks of denitri- *

only slightly larger than that at
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 * /i

at other locations indicating that nitrate leaching likely

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 ug N

mL~'. Water soluble organic C concentration 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 1o the effect of water content on the dif-
fusivity.’ _

Table 2. Mean values for the various soil parameters (0-0.1 m) par-

titioned into subsets according to level of denitrification flux
and location of water content and denitrification flux peaks.t

A TR i R T

Denitrifi- Nitrate wsC
Tahle 1. Pertinent statistics for the various seil variables from cation Water  concen-  concen- Gas
the 0- to 0.1-m depth. gas flux content tration  tration diffusivity
Denitrifi- C Nitrate gN nll"‘ m*m™3 g N mgC m?g”’
cation Water concen- concen- Gas d” mL ™! kg~!
gas fluxt  content tration tration  diffusivity All samples (64) 0.10 0.35 427 47 1.7 x 107!
gNm™* miH 0 mgC pgNmL™' m?s™! Denitrification )
soild™'  m~? soil kg'% soil soil solution >0.1 (21} 0.25 0.38 303 49  10x10°°
_s Denitrification .
Mean 0.10 0.35 7 427 1.7 x 1070 <0.1 (43) 0.03 0.33 488 46 20 x107"
Variance 0.02 0.002 126 60708 1.9 x 10 i Peaks of soil-water
Maximum 0.83 0.42 7 1300 1.0 x 107 content {12} 0.15 0.38 239 49 12 x10°°
Minimum 0.002 0.21 26 27 48 x 10 Peaks of denitrifi-
cv 151% 13% 24% 58% 108% cation (22) 0.19 0.37 aav 49 11 x 107*

1 Surface flux converted to rate per soil volume {0.1-m depth} in order to
compare with calculated values.

1 Numbers in parentheses behind subset designations are the number of
samples within that group.
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Fig. 3. The cospectrum and coherency spectrum between average
water content and nitrate. The 95% confidence level for specific

g:;grees of smoothing of the coherency spectrum Is given on the
ure,

| Table 3 gives the correlation coefficients and con-
fidence levels for selected pairs of soil variables (0-
0.1m) 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 of denitrification 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. Ap-
parenily, leaching of nitrate at the high water content
locations resulted in poor correlation with soil-water
content. Denitrification flux was negatively correlated
lwith nitrate concentration for most data subsets due

Table 3. Correlation coefficient for several pairs of soil variables
{0 to 0.1 m) partitioned into subsets according to level of
denitrification flux and location of water content and denitrifica-
tion flux pesks.t

Denitrifi-

cation va. Denitrifi-

relative cation ve. Denitrifi- Denitrifi- Nitrate
water nitrate cation vs. cation vs. vs. water
content conc. C cone. diffusivity content

All samples {84} +0.56(38) —0.33(9%) —0.07141) —0.22(92) —0.B3(99)
Denitrification

0.1 (21} +0.49(98) -0.19(59) —0.31(63) —0.06(20) —0.45(96)
Denitrification
<0.1 {43) +0.52(99) —0.43(99) —0.07(35) —0.26{81} —0.84(99)

Peaks of soil-water

content (12) +0.76(99) +0.20(48) -0.11(27} +0.30(66) —0.20{47)
Peaks of denitri-

fication {22) +0.6899) -0.32(86) —0.36(90) —0.0%{30} —0.68(99}

t Numbers in p.arent.heses behind subset designations are the number of
samples within that group, Confidence levels are given in parentheses
within the table.

GRUNDMANN ET AL.: FIELD SOIL PROPERTIES AND VARIABILITY OF DENITRIFICATION GAS FLUXES 1353

3
VEASURED
DENTRFCATION
2t
1} 95%
, leve
£
CALCULATED
g DENTRFICATON
-2+
bl cod
T I 45
Frequency

Fig. 4. Lng' épectrums of measured denitrification flux and calculated
denitrification. Trends were removed by subtracting means from
each half of transect. - ] Lo

€.

1o the fact that water content and nitrate were nega-
tively related. . AT e e

Denitrification flux was negatively related to gas dif-
fusivity for all subsets except at the peaks of water
content where a positive relationship existed. Al-
though the correlation coefficient at the peaks of water
content was ‘small, this observation may indicate a
limitation of denitrification gas flux due to small dif-
fusion rates across the wet soil surface.

The correlation coefficient between gds diffusivity
and soil-air content within the top 0.1 m of soil ac-
cording to a power function relationship was only 0.59
which implies that other processes such as diffusion
through cracks and other heterogeneities within the
soil may also be complicating the transport of gas
across the soil surface.

Figure 2 gives the log spectrums for average water
content and nitrate concentration. At .17 cycles m~',
which is the frequency of applied water, significant
peaks in the log spectrum of the water content and
nitrate series occurred. This verifies that the water
content was indeed cycling at the frequency of applied
water and that it also strongly affected the nitrate con-
centration. A cospectrum and a ¢coherency spectrum
of water content and nitrate concentration given by
Fig. 3 shows a highly-correlated, negative relationship
at the frequency of 0.17 due 1o apparent localized ni-
trate Jeaching. The average bulk nitrate concentration
in the 0.10-m depth was probably not limiting for den-
itrifying activity, although the concentration was cer-
tainly low in the upper 0.05 m of soil and may have
limited denitrification at the microsite level.

The spectrums of diffusivity and water soluble or-
ganic C (not shown) indicated no significant spatial
cycling. The C values varied within a quite small range
from 26 to 71 mg C kg~' soil.

The log spectrum for measured denitrification flux
(Fig. 4) showed that denitrification flux did not cycle
at the frequency imposed by the water content {0.17)
but at nearly double that frequency of 0,30. Inspection
of the original data (Fig. 1) also shows that there were
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Fig. 5. Coherency spectrums for measured denitrification flux vs.
ealculated denitrification and calculated minus measured denitri-

fication versus soi! 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 usmg the
equanon proposed by Rolston et al. (1984)

F=Fkfif.6 CN 11

where F is denitrification rate, @ is volumetric soil-
water content, N is NO3 concentration, C is water
soluble organic C concentration, k is the denitrifica-
tion rate constant, f;-is a temperature function set equal
1o 1, and £ 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. (1982). The water function was calculated
using the equation proposed by Grundmann and Rol-
ston (1987), f,. = [6/8, — 0.62)/0.38]""*, where 0, is
the water content at saturation. Since f,. was developed
from the same data set used in this paper, comparison
of calculated denitrification from Eq. [1] with the mea-
sured flux is useful only in determining if Eq, [1] and
a single function for f, can reconstruct the pattern of
spatial variability observed and to determine how Eq.
[1] 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
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denitrification flux, however, indicating that Eq. [1] is i
predicting peaks of denitrification in the high water - J
content locations which are not occurring experimen- "4
tally as peaks of denitrification gas surface flux. == 7
The coherency between measured fluxes and cal- -
culated denitrification (Fig. 5) is high in the low frez:.
quency (large period} range and at the frequency wheré -
denitrification cycles with positive relationships for,
both frequency ranges. The high coherency at low fre-. ;8
quencies (large periods) indicates that Eq. [1] does a‘ L
reasonable job of predicting the large scale variation . £
(overall high denitrification 1n the first half of the 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 denitrification flux cycled:
The overall 2 = 0.36 betweelymeasured 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 diffusivity (Flg' f
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 diffusivity 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 comrespond to intermediate
values of nitrate concentrations, Eq. (1] 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
N,O gas to the surface may have been impeded by - 4
very low gas diffusivities. Both processes may explain ’}
why maximum denitrification surface fluxes did not .
occur at the maximum water contents. N
Further evaluation of the difference between cal-» 3
culated denitrification and measured flux as a function - %
of gas diffusivity (Fig. 6) shows that the largest dis- %
crepancies occurred at six locations where diffusivities %

were very small. All six data points of Fig. 6 with ' %
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positive differences between calculated denitrification

and measured flux greater than 0.7g N m~? soil d~'
had diffusivities less than 3.3 X 10-"m?s-!. The next
four largest positive differences have diffusivities less
than 1.5 X.10~¢ m? s~!. 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 of greatest water
content. 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
al 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

- _This study 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 parameters (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). o . R N ol .

Although relationships between the primary soil
variables known to 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 mode! 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
esttmates of denitrification 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 characterization 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
of actual substrate levels at sites of denitrification. Re-
cently, Parkin (1987) has found that “hotspots” of high
denitrification 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. o ]

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

- transport of product gases to the soil surface is an

of this paper indicate that soil gas diffusion as related
to both the development of anoxic sites and diffusive

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 10 be elucidated.
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