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1. SUMMARY 

Production of N20 was detected within 30 min 
of adding water to very dry soil (matric water 
potential < -9 MPa) sampled at the end of the 
dry season from an annual grassland of Cali- 
fornia, U.S.A. Using C2H2 to inhibit nitrification, 
we demonstrate that nitrification was a modest 
source of N,O in sieved soil wetted to a water 
content below field capacity, but that denitrifica- 
tion was the major source of N20 in sieved soils 
wetted to a water content above field capacity and 
in intact cores wetted either below or above field 
capacity. Significant abiological sources of N 2 0  
were not detected. De novo enzyme synthesis be- 
gan within 4-8 h of wetting, and denitrifying 
enzyme activity doubled within 26 h, indicating 
that denitrifying bacteria can quickly transform 
their metabolic state from adaptation to severe 

Correspondence to: A. Rudaz, Swiss Federal Research Station, 
3097 Liebefeld-Berne, Switzerland. 

drought stress to rapid exploitation of changing 
resources. 

2. INTRODUCTION 

Pulses of N20 flux have been observed in field 
studies following irrigation and precipitation 
events [l-51. Persistent and rapid denitrifying ac- 
tivity has been observed following wetting of air- 
dried soils in laboratory incubations ( [6] ;  and ref- 
erences therein). However, nitrification and abio- 
logical sources [7] might also contribute to ob- 
served pulses of N,O in field studies. Indeed, 
observations of N20 pulses that occur within 
minutes of wetting very dry soil [8] raise the 
question of how quickly soil microorganisms can 
respond to increases in soil moisture. The first 
objective of the present study was to characterize 
the time-course of N20 production following wet- 
ting of field-dry soil. Secondly, we wished to iden- 
tify the sources-denitrification, nitrification, 
abiological-of observed N20 production. A third 
objective was to determine how quickly de novo 
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synthesis of denitrifying enzymes can occur fol- 
lowing wetting. 

3. MATERIALS AND METHODS 

3.1. Soils and site description 
Soil samples were collected from the University 

of California Sierra Foothills Range Station in the 
central valley of California. Soils are Argonaut silt 
loams (Mollic Haploxeralfs) with 25% clay con- 
tent. Soil pH (in H 2 0 )  ranges from 5.5-5.9. Vege- 
tation and site characteristics of this oak wood- 
land/ annual grassland are more completely de- 
scribed elsewhere [9]. Because of distinct dif- 
ferences in N cycling processes between soils un- 
der oak canopies and soils in open grassy areas 
[lo], sampling was stratified, with three study plots 
under oak canopies (hereafter ‘canopy’) and three 
in open grassy areas (hereafter ‘open’). Twelve 
plastic cores (4 cm diam. X9 cm deep) were 
driven into the soil of each plot near the end of 
the rainy season in April, 1988. Almost no precipi- 
tation falls during the hot summer of ths Mediter- 
ranean-type climate and the soils become very dry 
(3% gravimetric moisture) and hard. The soil water 
potential at the end of the dry season was too low 
to be measured in a dew point psychrometer de- 
signed for readings as low as -9 MPa. The soil 
cores were retrieved in early September, 1988, just 
before the first fall rains. At the same time, bulk 
soil samples of the top 9 cm were excavated with a 
chisel at each site. The bulk samples were ground 
to break up large chunks and were sieved (4 mm). 
Intact cores and bulk soil samples were stored in 
the laboratory at field-dry moisture at room tem- 
perature. 

3.2. Sources of N,O-bulk soil 
Sieved soil samples from each plot were com- 

bined to form a single bulk sample for the open 
plots and another for the canopy plots. Subsam- 
ples of 20 g were placed in 200 ml canning jars 
with a septum in each lid. The following treat- 
ments were imposed: (1) 16 jars were left at field- 
dry moisture (3%), 16 jars received 6 ml deionized 
H 2 0  (33% moisture) and 16 jars received 9 ml 
deionized H 2 0  (48% moisture); (2) at each mois- 

ture content, 4 jars had been previously auto- 
claved twice at 120°C for 20 minutes (sterilized 
H,O was used to wet sterilized soil), 4 jars re- 
ceived C,H, to bring headspace concentration to 
10 kPa, 4 received C2H2 to bring headspace con- 
centration to 10 Pa, and 4 received no C,H,- 
Acetylene was added by syringe through the septa  
after all jars had been closed. Samples were in- 
cubated at room temperature (21” C). Headspace 
gas of each jar was sampled by syringe 6 or 7 
times during the first 10 h after wetting and Once 
again at 24 or 26 h. Gas samples were analyzed for 
N20  using a gas chromatograph with an electron 
capture detector. 

3.3. Sources of N 2 0  production-intact cores 
The same experimental design was followed for 

intact cores except that only 2 treatments of C,H, 
were used (0 and 10 kPa) and autoclaving was 
omitted. A uniformly low concentration of C,H, 
could not be achieved with certainty in intact 
cores. Two replicate cores from each of the study 
plots received the same treatment combinations, 
thus providing 6 replicates for each treatment 
combination for both canopy and open sites- 
Either 0, 30, or 45 ml deionized water was added 
to the top of each core to approximate 3% 33% 
and 48% soil moisture treatments, respectively; the 
approximate weight of each core was 100 g, but 
the exact amount of soil (particles < 4  mm) in 
each intact core varied. Following incubation, the 
cores were broken up, weighed, dried, and sieved 
to determine dry weight and moisture content. To 
ensure that C2H2 penetrated wetted cores, cores 
that were to receive both H 2 0  and C2H2 were 
wetted with acetylated H 2 0 ,  and C,H2 was also 
added to headspace by syringe. 

3.4. calculation of rates 
Patterns of N20 accumulation during the first 

10 h following wetting were generally nonlinear 
(Fig. I). To appropriately describe N 2 0  accumula- 
tion in headspace gas with time, data for the first 
10 h were fitted to the non-linear model: 

y = beaX 

where y is N,O-N produced per gram dry soil and 
x is time in hours. Regressions using eqn. 1 were 

(1) 
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Minutes 
II: 

Hours since wetting 
Flg. 1 .  Examples of time course of N 2 0  production for samples 
of bulk mixed soil from an open-grass area. The solid line is 
for a sample wetted to 48% moisture and treated with 10 Pa 
C2H, (denitrification N20 only). The broken line is for a 
sample wetted to 33% moisture with no C2H2 (primarily 
nitrification N20). Data for the first two hours after wetting 
are given in the inset on a nanogram scale. Doubling times (id) 

of N 2 0  are expressed in hours. 

with linear regressions of the same data 
( y  = ax + b) for 12 intact cores at approximately 
48% moisture. The mean R 2  values were 0.941 
and 0.819 for the non-hear (eqn. 1) and linear 
regressions, respectively. Because R2 values are 
percentages of variance accounted for by the re- 
gression, they were arcsin transformed [ll] and a 
one-tailed paired t-test of the transformed data 
revealed that the R 2  values from the non-linear 
model of eqn. 1 were significantly higher at a = 

0.01. 
Treatment effects were assessed by comparing 

N 2 0  doubling times calculated from the following 
equation: 

td = In 2/a (2) 
where t ,  is the doubling time of N20 in headspace 
gas and 'a' is calculated from eqn. 1. While dou- 
bling time terminology is commonly used in de- 
scription of a binary microbial growth pattern, 
this approach is also appropriate to describe any 
exponential response function. Its use is not meant 
to imply that growth of microorganisms neces- 
sarily occurred. 

Effects of sampling site, soil moisture, and 
C2H2, were determined by 3-way analysis of vari- 
ance of td values (all statistical analyses were 

performed with Statview software for MacIntosh 
Computers, Abicus Concepts, Berkeley, CA). Be- 
cause sterilized soil and soil left at field-dry mois- 
ture exhibited no N,O production, these data were 
not included in the analysis of variance. 

Sources of N20 production at 8 h following 
wetting were calculated by subtraction of means 
of C,H, treatments [12]. At 10 kPa C,H2, N, 
production by denitrifying bacteria is inhibited, 
and at 10 Pa C2H2 or greater, N 2 0  production by 
nitrifying bacteria is inhibited. Denitrification N,O 
was estimated directly from 10 Pa C2H, treatment 
means. Denitrification N, was estimated by sub- 
tracting the mean N,O production of the 10 Pa 
C,H, treatment from the mean N20  production of 
the 10 kPa C2H2 treatment. Nitrification N20 was 
estimated by subtracting the mean N20 produc- 
tion of the 10 Pa C2H2 treatment from the mean 
N20 production under no C,H2. Because sam- 
pling times did not always fall precisely on the 
hour for each replicate, the cumulative N20 pro- 
duced at 8 h following wetting was calculated for 
each replicate from the regression model of eqn. 1 
and these values were used to compute treatment 
means at 8 h. 

3.5. Denitrifying enzyme activity (DEA) 
In order to determine if the microbiological 

capacity to denitrify was changing with time after 
wetting of the soil, a DEA assay was performed at 
time increments after wetting. Changes in DEA 
were measured for the composited sample of bulk 
soil from canopy sites after wetting to 48% mois- 
ture. Subsamples of 10 g field-dry soil were placed 
in each of 20 serum bottles (70 ml). The bottles 
were stoppered and 4.5 ml deionized H 2 0  was 
added to each. At times 0, 4, 8, and 26 h after 
wetting, five of the bottles were opened and the 
DEA assay [6] was begun. Briefly, 25 ml of a 
solution containing 10 mM glucose, 5 m M  KNO,, 
and 100 pg chloramphenicol ml-' was added to 
each bottle; each bottle was flushed three times 
with N,; C,H, was added to bring the headspace 
to 10 kPa; bottles were incubated on an orbital 
shaker at room temperature; N 2 0  concentration 
was analysed after 15, 30, and 60 min; and the 
DEA was calculated by linear regression of N20 
concentration vs. time. 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/8/2/117/459056 by guest on 24 April 2024



120 

3.6. Variation in NO,-, carbon and N 2 0  production 
Twenty subsamples of 10 g field-dry soil from 

the canopy site were extracted in 50 ml 2 M KCl 
and were filtered through Whatman No. 1 filters 
previously rinsed with KCI. Extracts were analyzed 
for NO; colonmetrically using a Lachat flow 
injection autoanalyser [13]. Twenty additional 
subsamples of 10 g field-dry soil were placed in 
serum bottles, wetted to 48% moisture, and the 
bottles then stoppered. Concentrations of N,O 
and CO, in headspace gas were analyzed at 0.4, 8, 
and 26 h after wetting. A gas chromatograph with 
a thermal conductivity detector was used for CO, 
analysis. 

4. RESULTS 

4. I .  Autoclaved soil incubations 
No N,O production was observed during in- 

cubation of autoclaved soil, indicating that abio- 
logical reactions were not responsible for N20 
production upon wetting of dry soil. However, i t  
should be noted that some abiologcal processes, 
such as reactions of NO; with phenolics [7], could 
also be affected by autoclaving. Hence, the impor- 
tance of N,O production by abiological processes 
following wetting of field-dry soil cannot be en- 
tirely discounted. 

4.2. Bulk soil incubations 
No production of N20 was observed during 

incubations of soils maintained at field-dry condi- 
tion. The rate of N,O production increased during 
the first 8 h of incubation of bulk soil samples at 
48% moisture (Fig. 1). This nearly exponential 
increase was not maintained to 24 h, presumably 
due to NO; and/or carbon limitation. Produc- 
tion of N,O was detectable within 30 min of 
wetting. Analysis of variance indicates that the 
effects of soil moisture, C2H, treatment, and Sam- 

pling site were significant at a = 0.05 (Table 1). 
All interactions of the main effects were also 
significant, except the soil moisture-by-sampling 
site interaction was not significant. Doubling times 
were shorter at 48% moisture than at 33% mois- 
ture and generally were shorter in samples from 
open-grass areas than from under oak canopies. 
The 10 kPa C,H, treatment had no consistent 
effect, but C,H2 at either low or high levels in- 
creased t ,  values at 33% moisture. Acetylene in- 
hibition of nitrification in the under-canopy Sam- 
ples at 33% moisture may have been incomplete 
for the 10 Pa treatment, because the 10 kPa treat- 
ment caused further inhibition (larger N 2 0  dou- 
bling time; Table 1). Subtraction of C2H2 treat- 
ment means revealed that most of the observed 
N,O at 48% moisture was produced by denitrify, 
ing bacteria (Table 2). 

Table 1 

Doubling times (id.  in hours) of N20 concentrations during incubations of mixed bulk soil samples and intact cores 

C,H, Treatment Sample site 

Open grass Under oak canopy 

S o i l  moisture Soil moisture Soil moisture Soil moisture 
33% 48% 33% 48% 

- 

- 
Mixed bulk soil samples 

10 kPa 26.6 (3.5) a 1.4 (0.1) 60.7 (8.7) 2.5 (0.3) 

None 11.0 (2.0) 1.5 (0.1) 10.7 (0.5) 4.1 (0.6) 
10 Pa 30.9 (10.4) 1.4 (0.1) 24.6 (3.6) 3.7 (0.5) 

Intact cores: 
10 kPa 
None 

2.4 (0.4) 1.2 (0.1) 
2.4 (0.2) 1.2 (0.1) 

2.9 (0.7) 1.4 (0.3) 
2.6 (0.3) 1.4 (0.1) 

a Means and (standard errors); n = 4 for mixed bulk soil samples and n = 6 for intact cores. Least significant difference 
((I = 0.05) = 13.2 for mixed bulk soil and 1.2 for intact cores. 
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Table 2 

Identification of N,O sources (in ng N20-N g-' dry soil) during the first 8 h after wetting mixed soil 

Origin of N,O Sample site 
Open grass Under oak canopy 

Soil moisture Soil moisture Soil moisture Soil moisture 
33% 48% 33% 48% 

Abiotic N,O 0 0 0 0 

Denitrification N,O 2 ( 2 )  490 (316) <1 (<I) 10 (1) 
Nitrification N 2 0  4 n.d. a 2 n.d. a 

Denitrification N2 0 31 0 23 

a Not detectable because effect of C,H2 was not significant ( a  = 0.05) by ANOVA. 
Means and (standard errors) of 10 Pa C,H, treatment; variance cannot be estimated for other source estimates because they are 
calculated by subtraction of C2H2 treatment means (see text). 

4.3. Intact core incubations 
Production of N20 from intact cores followed 

the same pattern of increasing rate as shown for 
bulk soil (Fig. I), except that t ,  values for cores at 
approximately 338  moisture were considerably 
shorter (Table 1). Analysis of variance revealed 
than only soil moisture effects were significant at 
a = 0.05. Mean t ,  values appear longer for soils 
from under canopy than from the open areas, as 
was observed for bulk soils, but large variation 

Table 3 
Variation of N,O accumulation and of potentially limiting 
factors in mixed soil of the canopy site 

Parameter Hours after wetting 

0 4 8  26 
- 
N 2 0  produced: 

Mean(ngN20-Ng-'  soil) N D  8 60 269 
C.V. (4;) ND 97 124 71 
No. of replicates N D  19 19 19 

Mean (ng N20-N g-' min-') 0.27 0.27 0.45 0.56 
C.V. (%) 20 23 28 14 

Denitnfying enzyme activity: 

No. of replicates 5 5  5 5 
Available C (respiration): 

Mean(pgC02-Cg- '  soil) ND 36 61 118 
C.V. (%) N D  10 16 16 
No. of replicates N D  19 19 19 

Mean(pgN0;-Ng-' soil) 2.7 ND ND N D  
C.V. (%) 10 ND ND N D  
NO. of replicates 20 ND ND N D  

NO; 

ND = no data; C.V. = coefficient of variation. 

among cores within treatments and sites rendered 
the difference statistically non-significant. 

4.4. Denitrifying enzyme synthesis 
A statistically significant (a = 0.01; one-way 

ANOVA) increase in DEA of bulk soil from the 
canopy sites was observed between 4 and 8 h after 
wetting (Table 3). The DEA at 26 h after wetting 
was double the DEA of field dry soil. 

5. DISCUSSION 

5.1. Effects of C2H2 and criteria for identifying N 2 0  
sources 

Acetylene is a potent inhibitor of the ammonia 
monooxygenase of chemoautotrophic nitrifying 
bacteria [14]. Inhibition of N 2 0  production at 10 
Pa C2H2 is strong evidence for autotrophic nitrifi- 
cation as the N 2 0  source. Higher concentrations 
of C,H, inhibit N,O reductase of denitrifying 
bacteria [15]. Increased N,O production in the 
presence of 10 pKa C2H2 is evidence for N, 
production via denitrification. When no effect of 
C2H2 is observed, denitrification is the probable 
source of N20.  Heterotrophic nitrification can also 
be a source of N,O, and current evidence indicates 
that this process is not affected by C2H2 [16,17]. 
However, evidence for N,O production via hetero- 
trophic nitrification is limited to aerobic incuba- 
tions in pure culture [17,18]. While a contribution 
from heterotrophic nitrification cannot be entirely 
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ruled out in soils incubated with C,H,, the signifi- 
cance of these sources has never been demon- 
strated in field studies or in studies of intact soil 
cores. To our knowledge, the only evidence from a 
soil study for a source of N,O other than auto- 
trophic nitrification or denitrification occurred 
when soil samples were incubated in an atmo- 
sphere of 100% 0, [19]. In contrast, denitrifying 
activity is strongly correlated with soil moisture 
and degree of anerobiosis [2,4,12,20]. We interpret 
a lack of C,H2 inhibition coupled with a strong 
positive response to increasing soil moisture as 
indication of denitrification as a dominant source 
of N,O. 

5.2. Importance of denitrification 
The 33% soil moisture treatment was chosen 

because this value represents approximate field 
capacity-i.e., a moist soil with most of the mac- 
ropores air-filled. The 48% moisture content ap- 
proaches saturation, when most of the pore spaces 
are water-filled. Smaller td values and lack of an 
inhibitor effect of C,H, at 48% moisture (Table 1) 
indicate that denitrification was the most im- 
portant source of N,O following near saturation 
of dry soil from this oak woodland/annual grass- 
land. An inhibitory effect of low C2H2 concentra- 
tions at 33% moisture in mixed bulk soil (Table 1) 
shows that the nitrifiers were also producing de- 
tectable amounts of N,O, but the magnitude of 
their production is dwarfed by production by de- 
nitrifiers at 48% moisture (Table 2). These results 
are consistent with findings of denitrification as 
the dominant source of N,O production in incuba- 
tions of marine sediments [20]. 

Use of mixed bulk soil permitted application of 
a low C2H2 treatment, thus enabling quantifica- 
tion of modest N,O production rates via nitrifica- 
tion in mixed soil. Incubations of intact cores 
provide more realistic conditions for assessing 
production rates. Lack of inhibitory effects of 10 
kPa C,H, on N,O production in intact cores 
confirms that denitrification was the main source 
of N,O in minimally disturbed soil. However, 
considerably smaller t ,  values for intact cores 
than for bulk soil at 33% moisture (Table I), 
suggest that this moisture content may be suffi- 
cient to impede 0, diffusion and enhance denitri- 

fication in intact cores, or that the moisture was 
not evenly distributed throughout the core, caus- 
ing ‘hot spots’ of high denitrifying activity. 

The soil is very likely to be wetted above field 
capacity during major storms and to remain near 
field capacity for several hours following the storm. 
Our data for sieved soil indicate that detectable 
amounts of N,O are produced by nitrifying 
bacteria at soil moisture near field capacity, but 
our data for intact cores show that denitrification 
is the dominant source of N 2 0  at both moisture 
contents when soil structure is minimally dis- 
turbed. The DEA data show that denitrifying 
bacteria can utilize existing denitrifying enzymes 
withm minutes of wetting and begin de novO 
synthesis within 4-8 h. Hence, short-term fluxes 
of N,O via denitrification following wetting events 
are very plausible. The lack of a significant stirnu- 
Iatory effect of 10 kPa C,H, (Table 1) indicates 
that N, production was not significant at these 
moisture contents during this time period. 

5.3. Increasing rate of N,O production 
Exponential increases of products of microbial 

activity (Fig. 1) are often interpreted as indica- 
tions of microbial population growth, but this 
interpretation may not be entirely appropriate 
here. We have demonstrated that de novo synthe- 
sis of denitrifying enzymes did occur between 4 
and 8 h after wetting, but new enzymes may no t  
be the only factor contributing to nearly exponen- 
tial accumulation of headspace N20.  Microbial 
respiration consumes 0, following Wetting of the  
soil. Response of existing denitrifying enzymes to 
decreasing 0, partial pressures may be non-linear. 
Hence, as 0, is consumed, the activity of existing 
denitrifying enzymes may increase, causing the 
rate of N,O production to increase. Furthermore, 
rapid production of N 2 0  in the liquid phase of the 
soil could result in transient disequilibrium be- 
tween N,O in liquid and gas phases, causing a 
period of time when N,O accumulation in head- 
space gas was non-linear. 

S. 4. Sources of variation 
Denitrification is renowned for .its high spatial 

variability [21,22]. Although incubations of bulk 
soil in the present study used subsamples of sieved 
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and mixed composite samples, we observed coeffi- 
cients of variation (C.V.’s) of N20  accumulation 
up to 124% during incubations of soil from canopy 
sites at 48% moisture (Table 3). This large varia- 
tion of N,O produced is probably due to a multi- 
plicative effect of smaller variations in the poten- 
tially limiting factors of denitrifying enzymes, 
available-C, and NO;, which had C.V.’s ranging 
from 10% to 28% (Table 3). Parkin and Robinson 
[23] have shown that regression analysis and de- 
terministic models relating these limiting factors 
to N,O production perform poorly, but that a 
stochastic approach based on the variation of each 
limiting factor within a population of soil samples 
accounts for the large C.V. commonly observed 
for N,O production. It is interesting to note that 
the largest C.V. for N20 was observed at 8 h after 
wetting, when the C.V. for denitrifying enzymes 
also peaked (Table 3). 

5.5. Ecological significance 
Persistence of denitrifying enzymes in air-dried 

mixed soil samples and rapid initiation of denitri- 
fying activity and microbial growth following wet- 
ting of dried soils has been previously demon- 
strated 16,241. In the present study, the soils be- 
came extremely dry in the field. Tropical savan- 
nas, seasonally dry tropical forests and Mediter- 
ranean climates of temperature zones experience 
long hot dry seasons. Nitrate can accumulate in 
dry soil [lo] and readily available carbon is re- 
leased upon wetting dry soil [25,26]. Hence, soil 
moisture, NO,, and available carbon may be 
favorable for denitrification during the early rainy 
Season of these climates. Survival of significant 
populations of denitrifying bacteria and enzymes 
at very low matric potentials characteristic of field 
conditions (<  -9  MPa in the present study) was 
uncertain. Our data show that not only do the 
organisms and enzymes persist in very dry soil, 
but that resumption of denitrifying activity occurs 
within minutes of alleviating the severe drought 
stress. 

A rapid response of soil microorganisms to 
changing resources with the onset of a rainy sea- 
son has important implications for N cycling 
processes. Plants that must germinate from seed or 
grow new vegetative tissue respond to changing 

soil moisture over days and weeks, not minutes 
and hours. In addition to N trace gas production, 
microbial consumption of inorganic-N following 
early wet season rains could affect N availability 
to plants and N leaching losses. The focus of the 
present study demonstrates the importance of this 
rapid microbial response to changing soil moisture 
on N20 production. 
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