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Abstract. Contemporary agriculture is characterized by the intensive production of livestock in 
confmed facilities and land application of stored waste as an organic fertilizer. Emission of 
nitrous oxide (N20) from receiving soils is an important but poorly constrained term in the 
atmospheric N20 budget. In particular, there are few data for N:O emissions from spray fields 
associated with industrial scale swine production facilities that have rapidly expanded in the 
southeastern United States. In an intensive, 24-day investigation over three spray cycles, we 
followed the time course for changes in N:O emission and soil physicochemical variables in an 
agricultural field irrigated with liquid lagoonal swine effluent. The total N (535 mg L -1) of the 
liquid waste was almost entirely NHa+-N (> 90%) and thus had a low mineralization potential. 
Soil profiles for nitrification and denitrification indicated that > 90% of potential activity was 
localized in the surface 20 cm. Application of this liquid fertilizer to warm (19 ø to 28øC) soils in a 
form that is both readily volatilized and immediately utilizable by the endogenous N-cycling 
microbial community resulted in a sharp decline in soil NHa+-N and supported a rapid but short- 
lived (i.e., days) burst of nitrification, denitrification, and N:O emission. Nitrous oxide fluxes as 
high as 9200 •tg N:O-N m -2 h -• were observed shortly after fertilization, but emissions decreased 
to prefertilization levels within a few days. Poor correlations between N:O efflux and soil 
physicochemical variables (temperature, moisture, NO3--N, NHa+-N) and fertilizer loading rate 
point to the complexity of interacting factors affecting N:O production and emission. Total 
fertilizer N applied and N:O-N emitted were 29.7 g m ': (297 kg N ha -1) and 395 mg m -2, 
respectively. The fractional loss of applied N to N:O (corrected for background emission) was 
1.4%, in agreement with the mean of 1.25% reported for mineral fertilizers. The direct effects of 
fertilizer application appear to be more immediate and short-lived for liquid swine waste than for 
manures and slurries, which have a slower release of nitrogenous nutrients. 

1. Introduction 

Systematic global measurements have firmly established that 
the atmospheric concentration of the chemically and radiatively 
important trace gas N20 has increased at a rate of 0.25% yr -1 over 
the last decade [Houghton et al., 1996]. A long atmospheric 
lifetime (-120 years) and high global warming potential (320 
times that of CO2 on a 100-year horizon) ensure that current N20 
emissions will influence the Earth's climate system well into the 
future [Houghton et al., 1996]. 

Sources of atmospheric N20 include fossil fuel combustion, 
biomass burning, industrial production of adipic and nitric acids, 
and microbial activity (nitrification and denitrification) in aquatic 
and terrestrial environments [Houghton et al., 1995]. Although 
all major sources of atmospheric N20 are considered to be 
identified, the atmospheric budget is not well balanced and 
implied total sources exceed total sinks plus the atmospheric 
increase [Houghton et al., 1995]. Hence more firmly based 
source strength estimates are required for all major terms [Smith, 
1997]. 
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Changes in land use and land management practices alter the 
dynamics of natural elemental cycles [Vitousek et al., 1997a]. 
Agricultural expansion and intensification are significant, 
contemporary global changes [Matson et al., 1997]. Modem 
agriculture is characterized by an exponential increase in the use 
of N fertilizers [Vitousek et al., 1997b]. Mineral fertilizer 
production currently totals 80 Tg N yr '1 [Food and Agriculture 
Organization, 1993]. Use of organic-N fertilizers (animal 
wastes) is less well documented but is considered to be even 
more extensive, at 100 Tg N yr '1 [Bouwman et al., 1995]. 
Increased rates of N20 evolution by N-fertilized soils is well 
documented in field and laboratory studies (e.g., summary by 
Sahrawat and Keeney [1986]) and the accelerated application of 
N fertilizers in crop production is regarded as a major reason for 
enhanced N20 release from soils [Eichner, 1990; Mosier et al., 
1996]. Cultivated soils are the largest source of atmospheric 
N20, emitting 3.5 Tg N yr -1, or-24% of the 14.7 Tg N•O-N 
released annually from all sources [Houghton et al., 1995]. Most 
source strength estimates for the direct contribution of 
agricultural fertilizers to the atmospheric N20 budget rely heavily 
on coefficients for fertilizer-induced emission (the difference 
between postfertilization and prefertilization emission, expressed 
as a percentage of the total N applied) from mineral fertilizers 
[e.g., Eichner, 1990; Bouwman, 1994; Bouwman et al., 1995]. 
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However, the relatively few data available for animal wastes 
suggest a higher fractional loss of applied N to N•_O following 
land application of organic than mineral fertilizers [Bouwman, 
1994]. 

The contemporary, rapid growth of the swine (Sus scrofa) 
industry in the southeastern United States represents a significant 
regional land use change associated with agricultural 
intensification. The "Hog Belt" is clearly shifting from the 
Midwest to the South. In particular, North Carolina, which 
presently ranks second among states in hog production, realized a 
124% increase in total marketing share for the 1991 through 
1995 period, while Iowa, the traditional leader in swine 
production, recorded an 8% loss [Vansickle, 1997]. Other 
southeastern states have experienced similar but less spectacular 
industry expansion. 

The explosive growth of the hog industry in general has 
followed a nationwide trend toward consolidation and farm 

specialization in the respect that swine production occurs in 
large-scale confinement facilities housing several thousand head 
[Hatfield et al., 1993]. Waste (urine and feces) generated in 
confinement houses in the southeastern United States is usually 
flushed into anaerobic lagoons. The liquid phase is land-applied 
(sprinkler irrigation) as an organic fertilizer at the agronomic 
rate, i.e., at a rate that has been determined to satisfy the N 
(limiting nutrient) requirement of the receiving crop [Crouse, 
1995]. 

The few extant data for N•_O flux from land-applied animal 
wastes focus almost entirely on emissions from solid manures 
and slurries, the preferred handling system in the traditional Hog 
Belt [Hatfield et al., 1993]. A single published study [Sharpe 
and Harper, 1997] has examined N•_O flux following land 
application of liquid waste from anaerobic lagoons, the standard 
disposal practice for large-scale swine production facilities that 
are becoming increasingly common in the southeastern United 

States [Hatfield et al., 1993]. This report [Sharpe and Harper, 
1997] focuses largely on the time course for N•_O emission 
following liquid waste application and provides little information 
regarding environmental controls. 

The extent of use and variety of animal waste fertilizers 
clearly suggest that improved estimates of the agricultural 
contribution to the atmospheric N•_O budget will benefit from 
additional studies assessing emissions from soils subject to 
fertilization with common animal wastes. Moreover, detailed 
information concerning changes in biological and 
physicochemical soil characteristics that accompany fertilization 
will aid in formulating effective management and mitigation 
strategies. Since data are particularly scarce for liquid lagoonal 
swine waste, we conducted this investigation to (1) assess the 
time course for N•_O emission from a representative spray field 
irrigated with this fertilizer type, including determination of the 
fractional loss of applied N to N•_O and (2) evaluate the time 
course for changes in soil physicochemical properties following 
fertilization to gain a mechanistic understanding of the process- 
level response of the N cycling microbial community. 

2. Methods 

2.1. Study Site 

The study site is a corporate, 1200 sow farrow-to-finish swine 
production facility. It has been in operation for 6 years and is 
centrally located (35ø06'N, 78ø11'W) within North Carolina's 
Hog Belt, in Sampson County (Figure 1). Waste management 
practices are regionally representative. Swine waste is deposited 
into a below-floor sump and is pumped into a single anaerobic 
lagoon of 2.6 ha surface area and 70 x 103 m 3 volume, where the 
liquid phase is subsequently recirculated to flush below-floor 
collection pits and is eventually land-applied to 63 ha of spray 
fields via a traveling big gun sprinkler system. 

Sampson,•,• 

36ON 

82ow 78oW 

35ON 

Figure 1. Location of North Carolina's "Hog Belt" and the study site. 
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Table 1. Soil Properties Prior to Fertilization, 0- to 20-cm Zone 

Property Value 

Sand/silt/clay, % 64/23/13 
Bulk density, gcm '3 1.45 
Particle density, gcm '3 2.45 
pH 6.2 
WHC, a % dry weight 40.4 
Organic matter, % 3.16 
Total organic-C, % 1.33 
Total-N, % 0.08 
NH4 TM, gg gaw s oil'• 4.4 
NO3'-N, gg gaw so il'• 4.2 

a WHC, maximum water holding capacity. 

The spray field selected for study has been fertilized for 4 
years and is currently planted to a crop rotation of soybeans 
(Glycine sp.) and winter wheat (Triticum sp.). Fertilizer 
frequency and volume depends on crop demand and timing, as 
well as waste nutrient and soil analyses and is based National 
Resources Conservation Service standards. A quantity of 1.25 to 
2.5 cm per application and a monthly application frequency 
during the crop growing season are common. Summer and 
winter air temperatures average 25øC and 6ø,C, while annual 
precipitation totals 125 cm, with 5 cm as snowfall [Brandon, 
1986]. Soils of the area are generally of the Norfolk-Rains- 
Goldsboro series and show a sandy loam texture [Brandon, 
1986]. Table 1 summarizes soil properties for the spray field 
prior to fertilization. 

2.2. Experimental 

The general experimental approach is outlined below and 
specific methodologies follow. Determinations of N20 flux and 
soil physicochemical variables were made for a 24-day period 
(August 25 through September 18, 1997) in an irrigated field of 
soybeans at the pod-filling growth stage. During the 
observational period, soils were amended with liquid lagoon 
effluent via two traveling big gun sprinklers beginning in the 
early morning on August 25 and 29 and on September 3. The 
target application was 2.5 cm on August 25 and 1.25 cm during 
subsequent irrigations. Total pumping time was usually -4 hours 

_ _ 

but ranged to 8 hours, depending on the date, application rate, 
and sprinkler. 

Prior to the initial fertilization, nine polyvinyl chloride collars 
(20 cm diameter x 11 cm height) were pressed 4 cm into the soil 
at randomly chosen locations to serve as permanent sampling 
stations for repeated N20 flux determinations. One collar was 
located outside of the planned spray zone and served as a control 
to assess the influence of irrigation on N20 flux and soil 
physicochemical variables. A single control was used because 
previous, unpublished data showed a relatively invariant and 
continuous low level N20 emission once postfertilization fluxes 
had returned to baseline. The nine sampling stations were 
occupied once prior to fertilization and 31 times during the 
experiment. Nitrous oxide flux determinations were made no 
more than 0.5 hour after the traveling sprinkler had passed by 
each sampling station, at -•3-hour intervals thereafter to 12 hours, 
at roughly 6-hour intervals to 24 hours, and less frequently 
thereafter until the next irrigation. 

Supporting data were collected in conjunction with N20 flux 
measurements. Local precipitation was recorded with a tipping- 
bucket rain gauge located adjacent to the spray field and 
maintained by the North Carolina Department of Environment 
and Natural Resources. Acid-rinsed 130-mL collection cups 
were positioned 10 cm above the soil surface and 10 cm from 
each collar prior to each fertilization to estimate local variations 
in effluent received within each collar as influenced by the 
delivery system and plant canopy. Soil temperature at a soil 
depth of 10 cm was recorded with a thermistor temperature probe 
at a central reference station during each sampling session. Soil 
cores (2.5 cm diameter x 20 cm depth) were collected within I m 
of each collar during most sampling sessions. Soil and spray 
samples were frozen in liquid N 2 immediately upon collection 
and analyzed for nitrogenous nutrients (all samples) and moisture 
(soils) as described below. 

During the third fertilization, the influence of increased soil 
moisture (without added nutrients) on N•O emission was 
assessed by watering the control collar that was located outside 
of the planned spray zone. Three companion collars were 
established within 2 m of the control collar and all four collars 

were amended with 2.5 cm of deionized water. Flux 

determinations were continued at the control collar until the 

entire experiment was terminated at 24 days. The additional 
collars were used to track changes in soil physicochemical 
properties that resulted from watering. One companion collar 
was cored whenever soil samples were collected adjacent to other 
collars for soil moisture and nutrient determinations. 

Deployment of multiple collars for destructive sampling ensured 
that few cores (< 4) would be removed from any given collar by 
the end of the experiment. Thus data from each core reflected 
physicochemical changes in soil properties that resulted from the 
treatment rather than the influence of previous corings. 

Prior to the first fertilization, triplicate 5.5-cm-diameter soil 
cores to 50 cm were collected at random locations in the spray 
field and analyzed in 10-cm increments for denitrifier enzyme 
activity and short-term nitrifying activity to identify soil zones 
potentially active in microbial N transformations that influence 
N20 emission. Duplicate cores (5.5 cm x 20 cm depth) were 
collected within each soil collar following the last N•O flux 
measurement and were similarly assayed. All soil samples 
intended for determinations of microbial activity were 
transported on ice and stored at 4øC in the laboratory. Assays of 
microbial activity were initiated within 24 hours of sample 
collection. 

2.3. Nitrous Oxide Determinations 

Nitrous oxide flux measurements were made using the static 
chamber technique [Whalen and Reeburgh, 1988]. Briefly, 
open-bottomed, cylindrical polyvinyl chloride covers (20 cm 
diameter x 9 cm height) fitted with a butyl O-ring were inserted 
onto the permanent soil collars to isolate 0.031 m 2 of soil surface 
and 5.3 L of overlying air. Covers were fitted with a capillary 
bleed to equalize pressure and a Swagelok O-seal fitting 
equipped with a septum for syringe sampling. Chamber 
temperature was monitored during experimentation by fitting 
some covers with thermistors but the chamber temperature never 
exceeded ambient by more than IøC due to shading by the 
soybean overstory. 
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Chamber headspace gases were sampled using 10-cm 3 SESI 
nylon syringes equipped with pistons modified to accept a larger 
diameter sealing O-ring. Chamber headspaces were sampled on 
cover emplacement and at 15-min intervals thereafter to 45 min. 
Samples were stored prior to analysis by inserting the 
hypodermic needles of the syringes into butyl rubber stoppers. 
Samples were usually analyzed for N20 within 6 hours of 
collection, but always within 24 hours. Tests showed no 
significant change in N20 concentration over this storage 
interval. Covers were removed from collars between sampling 
sessions. 

Nitrous oxide was measured using a Shimadzu GC-14A 63Ni 
electron capture detector gas chromatograph fitted with a 0.5-mL 
sample loop. Gases were separated on a 1-m precolumn and a 3- 
m analytical column (both Porapak-Q) operated at 40øC with a 
5% CH 4 - 95% Ar carrier flowing at 25 mL min '•. The gas 
chromatograph was calibrated with commercial N20 - air blends 
(Scott Specialty Gases) following verification of stated 
concentrations with National Institute of Standards and 

Technology standards. The precision of analysis expressed as a 
coefficient of variation for 10 replicate injections of standards 
(301 and 8042 ppb N20) was < 2%. Nitrous oxide fluxes were 
calculated from the time-linear rate of concentration increase in 

the headspace during chamber deployment. 

2.4. Soil Physicochemical Measurements 

All soil cores collected in conjunction with N:O flux 
measurements were sieved (4-mm mesh). Extractable (2M KC1; 
10:1 volume/soil wet weight) NO3'-N + NO2'-N (hereafter 
referred to as NO3'-N ) and NH4+-N were determined by the 
copperized cadmium reduction and the indophenol blue methods, 
respectively [Keeney and Nelson, 1982], following sample 
filtration through a Whatman no. 42 filter. Total-N and total-C 
were determined by dry combustion (Carlo Erba NA 1500 
Elemental Analyzer). Soil moisture was measured 
gravimetrically (oven dried at 105øC) and organic content was 
determined by loss on ignition (550øC) of oven-dried samples. 
Soil particle density was measured pycnometrically, texture was 
assessed hydrometrically, and bulk density was computed as the 
quotient of oven-dried mass divided by field volume. Percent 
water-filled pore space (%WFPS) was calculated as the ratio of 
volumetric soil water content to total soil porosity. Soil pH was 
measured potentiometrically on 1:2 soil-deionized water slurries 
equilibrated for 24 hours. 

The volume of effluent in each collection cup was determined 
and 20-mL aliquots were randomly combined to form three 
composites from each fertilization. Each composite was 
analyzed for NH4+-N as described above and for total-N by 
persulfate oxidation [Solorzano and Sharpe, 1980]. 

2.5. Soil Microbial Activity 

All soil core sections collected at random locations before 

fertilization and cores collected within collars after fertilization 

were homogenized by sieving (4-mm mesh). Denitrifier enzyme 
activity (DEA) was determined by a short-term anaerobic assay 
[Tiedje, 1994]. A sample (25 g dry weight equivalent) of each 
sieved core or core section was dispensed into a 133-mL jar and 
slurried with 25 mL of a medium consisting of NO 3' (100 mg N 
kg'•), dextrose (40 mg kg'•), and chloramphenicol (10 mg kg'•). 
Samples were sealed with lids equipped with a Swagelok O-seal 

fitting to allow headspace sampling and were rendered anaerobic 
by repeated evacuation and flushing with N 2. Acetylene rinsed in 
H2SO 4 [Hyman and Arp, 1987] was added to 10 kPa to inhibit 
N20 reduction to N 2. Jars were vigorously shaken and incubated 
at 25øC on a rotary shaker (150 rpm). Headspace N20 
determinations were made as described above at 30 minutes and 

at 30-minute intervals to 120 minutes. Total N20 at each time 
point was calculated as the sum of gas and liquid phase 
(determined from Bunsen solubility coefficients [Moraghan and 
Buresh, 1977]) concentrations and the time-linear rate of N20 
production was used as an indication of denitrification potential. 

The C103' inhibition method [Schmidt and Belser, 1994] was 
used to assess the short-term nitrifying activity (NA) of a 25 g 
dry weight equivalent sample of each core or core section. Each 
sample in a 250-mL flask was amended with a phosphate buffer 
and 0.2 mL of 0.25M (NH4)2SO4. One mL of 1.0M KC103 was 
added to block the oxidation of NO2'-N to NO3'-N. Samples 
were placed on a rotary shaker (150 rpm) at 25øC and 3-mL 
aliquots were withdrawn immediately and at 4-hour intervals to 
12 hours. Samples were filtered (Gelman Metricel; 0.8 •m) and 
analyzed for NO2'-N by the modified Griess-Ilosvay method 
[Keeney and Nelson, 1982]. The time-linear rate of NO2'-N 
accumulation was taken as a relative measure of the NH4 +- 
oxidizing potential of the sample. 

2.6. Statistical Analysis 

Statistical analyses were performed with the SAS Institute Inc. 
statistical package [SAS, 1989]. Nonparametric analysis of 
variance (Kruskal-Wallis Test), t-test (Mann-Whitney U Test), 
and correlation analysis (Spearman's Rank Correlation 
Coefficient, p) were used to assess the relationships between N:O 
flux and environmental variables because these statistical tests 

are best suited for small sampl• sizes and do not require normal 
distributions [Zar, 1984]. A significance level of ct = 0.05 was 
used for all tests. 

3. Results 

3.1. Depth Profiles for Nitrification and Denitrification 
Potentials 

Prefertilization depth profiles for NA and DEA in triplicate 
soil cores randomly collected at the study site indicate that most 
of the microbial potential for nitrification (Figure 2a) and 
denitrification (Figure 2b) was located in the upper soil horizons. 
In particular, 63 + 5% ( X _+ SD ) and 28 + 6% of depth-integrated 
NA was located in the 0- to 10-cm and 10- to 20-cm soil zones, 
respectively. Thus 91 + 2% of potential nitrifying activity was in 
the surface 20 cm of soil. Denitrifier enzyme activity was even 
more strongly localized near the soil surface, showing 82 + 4% 
of depth-integrated DEA in the 0- to 10-cm horizon and 17 + 4% 
in the 10- to 20-cm interval. Hence 98 + 2% of denitrifying 
potential occurred in the 0- to 20-cm soil zone. Supporting 
physicochemical analyses (section 2.4) for N:O flux 
determinations were made on homogenized soil cores from the 0- 
to 20-cm zone because that was the location of most of the 

potential microbial activity associated with N:O production. 

3.2. Fertilizer Application and Nutrient Concentration 

Composites of effluent captured in collection cups adjacent to 
each permanently installed chamber base showed average (+ SD) 
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Figure 2. Depth profiles for (a) short-term nitrifying activity (NA) and (b) denitrifier enzyme activity (DEA) at the 
study site prior to fertilization. Triplicate, randomly collected cores were assayed for microbial activity in 
homogenized 10-cm sections to a depth of 50 cm and data are plotted at the midpoint of each depth interval. 

total-N and NH4+-N concentrations of 535 + 34 mg L 'l and 500 + 
42 mg L 'l, respectively, indicating that 93% of the nitrogenous 
nutrient of the waste was in the inorganic phase. No differences 
in concentrations of total-N or NH4+-N were noted among the 
three irrigations. At the collar (i.e., submeter) scale, the quantity 
of effluent received during an irrigation was highly variable and 
ranged over a factor of-4 for each event (Table 2). No station- 
specific trends were apparent. Consequently, the total effluent 
received showed less stationwise variability than the quantity 
received for an individual event and ranged over a factor of < 2. 
Field scale target applications were 2.5, 1.25, and 1.25 cm for the 
three irrigations. Observed mean quantities of effluent received 
at the collar scale were in reasonable concordance, at 3.1, 1.2, 
and 1.2 cm, respectively. 

3.3. Time Course for N20 Emission in 
Fertilized and Unfertilized Plots 

Nitrous oxide emission increased markedly within a few hours 
following each fertilization, and showed peak fluxes as high as 
9240 I, tg N20-N m '2 h 'l (Figure 3a). Fluxes were maintained at or 
near peak levels for 6 to 48 hours and gradually decreased 
thereafter until the next fertilization (Figure 3a). Although this 
general pattern was observed at all eight fertilized stations, the 
magnitude of the response varied highly among plots. The initial 
irrigation effected a 10- to 102-fold increase in N20 emission 
over prefertilization fluxes. On average (+ SD) the flux 
increased by a factor of 52 + 39. The response to the second 
fertilization was not as dramatic but also showed high station-to- 

Table 2. Stationwise Summary of Effluent Received During Each Fertilizer Application, Total-N Load to 
Each Station, Total N20 Flux From Each Plot, and Fertilizer-Induced N20 Flux for Eight Field Stations 
Fertilized With Liquid Lagoonal Swine Waste During the 24-Day Study Period. 

Spray 1, Spray 2, Spray 3, Total, Total-N, N20 flux, FIF a, 
Station 

cm cm cm cm g m '2 mg N m '2 % 

S-1 1.3 1.9 1.3 4.5 24.3 324 1.2 
S-2 1.3 0.5 1.5 3.3 17.8 424 2.3 
S-4 3.4 1.0 1.3 5.7 31.0 137 0.4 
S-5 3.3 1.3 0.8 5.4 29.3 170 0.5 
S-6 3.4 1.5 0.4 5.3 28.3 1058 3.7 
S-7 5.1 0.9 0.6 6.6 35.4 201 0.5 
S-8 1.8 1.2 2.2 5.2 27.9 352 1.2 
S-9 5.0 1.2 1.8 8.0 43.3 494 1.1 

Mean 3.1 1.2 1.2 5.5 29.7 395 1.4 
SD 1.5 0.4 0.6 1.4 7.5 296 1.1 

Target applications were 2.5 cm (spray 1) and 1.25 cm (sprays 2 and 3). 
a FIF, fertilizer-induced N20-N flux: calculated as the time-integrated N20-N flux from each station minus the product 

of the mean hourly flux at the unfertilized station (S-3) prior to inadvertent fertilization multiplied by the duration of the 
experiment (= 23 mg N m'2), expressed as a percentage of the fertilizer N applied. 
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Fisure 3. Time courses for (a) N•O flux, (b) soil inor•anic-N concentrations in the 0- to 20-cm depth interval, and 
(c) soil temperature at 10 cm and percent water filled pore space (%WFPS) in the 0- to 20-cm depth interval at one 
(station S-6) of eight pe•ent stations located within the spray zone of the study site. Zero time data were 
collected immediately before the travelin8 sprinkler passed by each station. Double-headed •rows between pands 
indicate spray events. Initial •d subsequent fe•ilizer applications were nominally 2.5 and 1.25 cm, respectively. 
Sin81e-headed •ows •d associated numbers within pands indicate rainfall >1 cm and the measured volume of 
precipitation in centimeters. 

station variability. Nitrous oxide emissions increased 2- to 16- 
fold over the fluxes observed immediately prior to the second 
amendment. On average the flux increased by a factor of 6 + 5. 
The final fertilization proved to be more stimulatory than the 
second with respect to N20 emission and also showed high 
stationwise variability. Fluxes increased 2- to 37-fold over 
values observed immediately prior to the third irrigation. On 
average the flux increased by a factor of 13 + 13. Nitrous oxide 
emissions had returned to prefertilization values at all fertilized 
stations at the termination of the experiment 15 days after the last 
irrigation. 

In contrast to fertilized stations, N20 emission in the single 
unfertilized station (S-3) remained essentially unchanged at-•40 
!.tg N m '2 h '• from the start of the experiment until deionized H20 
was added at day 9 while the fertilized plots were receiving the 
second waste amendment (Figure 4a). Nitrous oxide flux 
decreased to about 20 !.tg N m '2 h '• in response to H20 addition, 
but inadvertent fertilization with an unknown mass of lagoonal 

effluent on day 10 resulted in about an eight-fold increase in N20 
flux to 156 !.tg N m '2 h 4 by day 12. Emissions declined thereafter 
and had returned to the baseline level by the termination of the 
experiment on day 24. 

Rainfall was recorded on nine occasions during the study, and 
three events were in excess of 1 cm (Figures 3a and 4a). Nitrous 
oxide emission in fertilized stations and the unfertilized station 

did not appear to be stimulated by precipitation. 

3.4. Time Course for Changes in Soil 
Physicochemical Properties in Fertilized 
and Unfertilized Plots 

As expected, soil NH4+-N concentrations increased sharply 
following each fertilizer addition to the eight sampling stations 
located within the planned spray zone (Figure 3a). However, the 
magnitude of the increase varied among stations and events. The 
prefertilization concentration of-2 to 5 gg NHn+-N gdw soil'• 
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Figure 4. Time courses for (a) N20 flux, (b) soil inorganic-N concentrations in the 0- to 20-cm depth interval, and 
(c) soil temperature at 10 cm and percent water filled pore space (%WFPS) in the 0- to 20-cm depth interval at a 
single station (S-3) located outside the planned spray zone at the study site. The double-headed, dashed arrow 
between panels indicates the time of addition of 2.5 cm aleionized water. The double-headed, solid arrow between 
panels indicates the timing of inadvertent fertilization with an unknown quantity of effluent. Single-headed arrows 
and associated numbers within panels indicate rainfall >1 cm and the measured volume of precipitation in 
centimeters. 

briefly increased by a factor of 8 to 23 (23 to 67 !,tg NHn+-N gaw 
soil '] ) immediately following the first irrigation and decreased 
thereafter to the second fertilization. At five of the eight 
fertilized sites, soil NHn + concentrations had returned to 
prefertilization values by the time of the second irrigation, which 
occurred 4 days after the first application. The other three 
fertilized sites showed NHn+-N concentrations that were still 
elevated (9 to 27 !,tg N gdw soil'I) relative to prefertilization 
values at the time of the second fertilization (e.g., S-6; Figure 
3b). The increase in soil NHn+-N following the second 
fertilization was less dramatic than the response to the first 
fertilization, as concentrations increased only twofold to sixfold. 
Maximum observed NHn+-N concentrations ranging from 18 to 
55 pg N gaw soil']. However, in contrast to the second irrigation, 
NHn+-N concentrations returned to prefertilization values at all 
fertilized stations in the 5-day interval between the second and 
third applications (Figure 3b). The relative response to the third 

fertilization was similar to that of the first. Fertilization 

increased soil NH4+-N by factors of 4 to 23, relative to values 
measured immediately preceding irrigation. Maximum observed 
NH4+-N concentrations after the third fertilization ranged from 9 
to 47 pg N gaw soil'I- Soil NH4+-N concentrations returned to 
prefertilization values at all fertilized stations by the termination 
of the experiment, 15 days after the third irrigation (Figure 3b). 

Soil NO3'-N showed some similarities to NH4+-N at the eight 
sampling stations within the planned spray zone. Prefertilization 
concentrations were comparable at 2 to 5 pg N gaw soil'I, and soil 
concentrations of both forms of nutrient increased following 
fertilization. However, there was a distinct difference in the time 
course for change in concentration in response to irrigation. 
Changes in NO3'-N concentration lagged several hours behind 
changes in NH4+-N concentration such that sharp increases in the 
former accompanied rapid decreases in the latter (Figure 3b). In 
further contrast, NO3'-N accumulated in the soil between 
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irrigations rather than returning to pre-fertilization levels. As a 
consequence of accumulation, maximum soil NO3'-N 
concentrations attained following each irrigation increased with 
successive events. These ranged from 11 to 41, 18 to 47, and 32 
to 63 gg NO3'-N gdw soil'• for the first through third fertilizations, 
respectively. At the termination of the experiment, NO3'-N 
concentrations remained somewhat elevated at all stations (9 to 
17 gg gaw soil'•) relative to prefertilization levels. 

Soil moisture (%WFPS) increased in response to each 
irrigation at the eight fertilized sampling stations (Figure 3c). 
Soils were relatively dry at around 32% WFPS prior to 
fertilization but showed an increase to 50 to 60% WFPS 

immediately following the initial irrigation of 2.5 cm. Soil 
WFPS showed a general decrease between irrigations but never 
dropped to prefertilization levels because of shading by the 
soybean overstory and periodic thunderstorms. The second and 
third irrigations delivered half the quantity (1.25 cm) of the first 
fertilization. This was sufficient to increase the %WFPS of these 

already moist soils to the level attained by initially dry soils 
following the first fertilization of 2.5 cm. 

Soil temperature at a depth of 10 cm varied widely, ranging 
from 19.0 ø to 27.9øC (Figure 3c). This level of vm'iability is 
expected given that N20 flux measurements and supporting data 
(including soil temperature) were collected at all hours of the day 
and that the weather fluctuated over the 24-day experimental 
period. 

Inorganic-N concentrations at the station located outside of 
the planned spray zone (S-3) remained essentially unchanged at 
-2 gg NO3'-N gaw soil'• and 5 gg NH4+-N gaw soil'• from the start 
of the experiment to day 10, when the station was inadvertently 
fertilized with an undetermined quantity of effluent (Figure 4b). 
At that time, the NH4+-N concentration increased to nearly 25 gg 
gaw soil'• and decreased rapidly thereafter to a level lower than 
the prefertilization concentration, 2 gg NH4+-N gaw soil'•- In 
concordance with the pattern observed for stations within the 
fertilized zone, -1 day after fertilization the soil NO3'-N 
concentration increased as the NH4+-N concentration decreased 
and reached -14 gg NO3'-N gaw soil-l. Nitrate concentrations 
decreased somewhat thereafter but remained elevated with 

respect to prefertilization levels, in further agreement with the 
pattern observed for stations within the zone of planned 
fertilization. 

Soil moisture at S-3 fluctuated between 25 to 32% WFPS 

until the addition of 2.5 cm of deionized water on day 9, when 
WFPS increased to 60% (Figure 4c). Shortly thereafter, WFPS 
declined to 48%, but addition of an undetermined quantity of 

effluent effected a short term increase to 56% WFPS. The WFPS 
then decreased to -50% and remained relatively constant at that 
level to the termination of the experiment. The minimal increase 
in %WFPS and inorganic-N concentrations at S-3 with respect to 
ch•ges in these variables at the fertilized stations collectively 
suggest that little effluent was applied in the unplanned 
fertilization. 

3.5. Correlations Among Physicochemical Variables 
and N20 Flux 

Overall, stationwise analysis showed poor correlations 
between N20 flux and supporting environmental measurements 
(Table 3). Nitrous oxide flux was positively correlated with 
NH4+-N concentrations and %WFPS at < 33% of the stations, 
showed no clear trend with NO3--N concentrations, and was 
unrelated to soil temperature. Generally, correlations were no 
better among physicochemical variables. In one instance 
(%WFPS versus NO3'-N) the relationship was ambiguous (both 
positive and negative correlations), and in most cases, only one 
or two stations showed statistically significant values for p. The 
relationship between NH4+-N and %WFPS proved to be an 
exception, however, as a significant positive correlation was 
observed at 6 of 9 (i.e., 66%) sampling stations. 

3.6. Tota!-N Loading Rate, Fertilizer Loss to N20 
and Potential Microbial Activity 

The total-N load for the entire experiment showed high 
station-to-station variability at the eight fertilized stations, 
ranging from 17.8 to 43.3 g N m '2 and averaging (• + SD ) 29.7 
+ 7.5 g N m '2 (Table 2). Time-integrated N20 flux (24 days) 
showed even higher variability, ranging from 137 to 1058 mg N 
m '2 and averaging 395 + 296 mg N m '2 for the eight sampling 
stations within the planned spray zone. The average (n = 25) 
hourly N20 flux at S-3 prior to unplanned fertilization was 
multiplied times the duration of the experiment to estimate that 
23 mg N20-N m '2 was emitted from soils outside the planned 
spray zone during the observational period. Thus fertilization 
enhanced N20 efflux by a factor of 6 to 46. Fertilizer-induced 
N20-N emission (the difference in emission between the 
fertilized and unfertilized stations, expressed as a percentage of 
the fertilizer N applied) ranged from 0.5 to 2.3% and averaged 
( X + SD ) 1.4 + 1.1% for the eight fertilized stations. 

The total-N loading rate within soil collars appeared to have 
no direct influence on N20 emission or potential activity of 
microbial groups associated with N20 production. The time- 

Table 3. Sign (Number) of Statistically Significant Correlations (Spearman's Rank Correlation 
Coefficient, p) Between N20 Flux and Environmental Measures (n = 21 in all cases; p > 0.435) 
at the Nine Sampling Stations Monitored During This Study 

Variable N20 flUX NO3'-N NH4+-N %WFPS a 
Soil 

temperature 

N20 flux NA b 
NO3'-N -(1), +(2) NA 
NH4+-N +(3) -(2) 
%WFPS +(2) -(1), +(2) 
Soil temperature none none 

NA 

+(6) NA 
-(2) -(1) NA 

a %WFPS, percent water-filled pore space. 
b NA, not applicable. 
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Figure 5. Relationship between total-N applied as liquid swine effluent and (a) time-integrated N20 flux, (b) short- 
term nitrifying activity, and (c) denitrifier enzyme activity for the eight permanent sampling stations located within 
the spray zone. Error bars are one standard error of the mean (n = 2). 

integrated loss of fertilizer to N20 was not significantly 
correlated with the mass of total-N received (Figure 5a). Further, 
no significant differences were found in NA (Figure 5b) or DEA 
(Figure 5c) among fertilized stations when collars were 
destructively sampled at the termination of the experiment. No 
significant differences were found between prefertilization and 
postfertilization values of NA or DEA and NA was not 
significantly correlated with DEA. 

4. Discussion 

4.1. Depth Profiles for Nitrification and 
Denitrification Potentials 

Our data for depth distributions and rates of NA and DEA 
show that 91% and 98% of NA and DEA are localized in 0- to 

20-cm soil zone (Figure 2) and that rates of activity in this zone 
(Figure 5b and 5c) range from -•100 to 170 ng NO2-N g•w soil'l h- 
I for NA and from -•120 to 360 ng N20-N g•w soil" h 'l for DEA. 
Limited available data for other agricultural soils also show 
maximum potential microbial activity near the soil surface, but 
NA and DEA are highly variable. In the single investigation 
where NA and DEA were simultaneously assessed, Staley et al. 

[1990] reported that that both enzyme activities were 
concentrated in the 0- to 3.8-cm layer and barely detectable in the 
15- to 30-cm layer in a silt loam planted to maize (Zea sp.). 
Within this surface layer, NA and DEA ranged from -10 to 90 
ng NO2'-N gaw soil'l h 'l and 200 to 650 ng N20-N gaw soil'l h']. 
Luo et al. [1998] reported markedly decreasing DEA with soil 
depth to 30 cm in well and poorly drained pasture soils, with 
rates of-400 to 800 ng N20-N gaw soil'l h'l in the 0- to 5-cm 
depth interval. Liraruer and Steele [1983] found high DEA in the 
0- to 3-cm zone and little activity in the 6- to 9- cm zone of a 
pastoral soil fertilized with urine. Topsoil (0 to 10 cm) samples 
from a range of agricultural soils under different cropping and 
fertilization regimes showed NA varying from -60 to 140 ng 
NO2'-N gaw soil'• h'• [Kandeler and Bohm, 1996] and 130 to 500 
ng NO2'-N gaw soil'l h'l [Berg and Rosswall, 1985]. 

The near-surface (0- to 20-cm soil zone) localization of NA 
and DEA in the present investigation is not surprising. The total- 
N of liquid lagoonal effluent consists almost wholly of an 
immediately utilizable substrate (NHq+-N) for both nitrification 
and plant assimilation. Soil core watering experiments (data not 
shown) demonstrate that at typical summer soil moisture levels 
(25 to 30% WFPS; Figure 4b), a 2.5-cm application of effluent 
will not percolate below 20 cm. We observe that plant roots are 
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highly concentrated in the 0- to 20-cm depth interval. Hence 
nitriflers must also position themselves here to successfully 
compete. Apparently, the increase in WFPS and respiratory 
activity following application of the effluent in this relatively 
light textured (Table 1) soil are sufficient to create anaerobic 
microzones in the 0- to 20-cm-depth-interval that support 
spatially coupled nitrification-denitrification. 

4.2. Fertilizer Nutrient Concentration 

The average total-N concentration (535 mg L 'l) in effluent 
captured in collection cups positioned at the soil surface are 
wi!:hin the range for other regional data. Point-of-contact total 
Kjeldahl-N (TKN) concentrations in spray fields associated with 
North Carolina swine production facilities range from -100 to 
550 mg L '1 [Burns et al., 1985; Safiey et al., 1992]. Samples 
collected directly from lagoons [Westerman et at., 1978, 1983, 
1985b, 1990; Safiey et al., 1992] show higher TKN (275 to 800 
mg L'l), but 20% of the N can be lost via NH 3 volatilization on 
spraying [Evans et al., 1984]. This wide range in total N of 
liquid swine waste is reasonable, given that waste composition 
can vary seasonally [Westerman et al., 1990] and is dependent on 
site-specific methods of storage, collection, and dilution 
[Hatfield et al., 1993 ]. 

Our fraction of total N in the organic phase (7%) is somewhat 
lower than the 10 to 20% reported in these studies. However, the 
collective data for liquid swine effluent indicate that most waste 
decomposition occurs during lagoon storage and that land- 
applied effluent has a low mineralization capacity. Thus most of 
the total N of liquid swine effluent is immediately available in 
an inorganic form immediately after application, in contra•t to 
slurried or solid animal wastes which generally show a higher 
organic-N content and gradual mineralization [Kirchmann, 
1994]. 

4.3. Time Course for N20 Emission in 
Fertilized and Unfertilized Plots 

Field application of liquid lagoonal swine effluent resulted in 
enhanced N20 emission within hours, maintenance of peak or 
near-peak fluxes for up to 2 days and a gradual approach to the 
baseline N20 emission (Figure 3). This is in general agreement 
with data from the single published field study of N20 emission 
from repeated application of liquid lagoonal swine effluent. 
There, Sharpe and Harper [ 1997] reported a large efflux of N20 
within 6 to 12 hours following the first irrigation and a return of 
emission to the background level within 48 hours, but subsequent 
pulses were attributed to the combined influence of the additional 
two fertilizations and precipitation. Other laboratory and field 
investigations of N20 efflux following application of organic 
fertilizers show highly variable time courses for response to 
fertilization in terms of timing of peak emission and duration of 
the effect of fertilization. For instance, Lessard et al. [1996] 
reported highest N:O fluxes 1 day after application of solid cow 
manure to maize and a return to baseline levels 7 days later, 
while Christensen [1983] observed increased N=O emission 8 to 
12 days after addition of cow slurry to permanent grassland and a 
return to the preapplication flux after 4 weeks. Nitrous oxide is a 
by-product of nitrification and is an intermediate or end-product 
of denitrification [Bandibas et al., 1994]. Use of liquid organic 
fertilizers can be expected to result in rapid release of N=O from 

agroecosystems because several proximal or essential variables 
that may be limiting or deficient for nitrifiers or denitrifiers may 
be simultaneously replenished [Beauchamp, 1997]. Liquid swine 
waste provides an immediate source of NHn+-N for nitrifiers, is 
rich in labile C [Stevens and Cornforth, 1974; Sommer et al., 
1996] that can benefit denitrifers [Paul and Beauchamp, 1989], 
and increases WFPS, which further promotes denitrification 
[Comfort et al., 1990; Mahmood et al., 1998]. Slurries and solid 
manures have a lower fraction of total-N as NHn+-N, less readily 
decomposable organic-C and reduced moisture content. Hence 
condi. tions favorable for N•.O production from these fertilizer 
types are unlikely to be simultaneously optimized immediately 
following application and N=O emissions are more closely tied to 
rates of mineralization and environmental factors such as rainfall. 

Maximum postfertilization fluxes found here ranged to 9240 
!.tg N=O-N m '2 h '• and averaged -3900 !.tg N=O-N m '• h '• (Figure 
3a). Our mean is 56% higher than the maximum of-2500 !.tg 
N20-N m '• h '1 that we observe from the data of Sharpe and 
Harper [ 1997] for a Georgia oat (,•vena sp.) field thrice fertilized 
with liquid swine effluent. The collective data for liquid swine 
waste are somewhat higher than maximum fluxes reported for 
solid and slurried organic fertilizers and fall within the range of 
fluxes reported for other liquid organic wastes. Maximum N=O- 
N emission from solid manures and slurries varies from 290 to 

2100 !.tg m '• h '1 [Christensen, 1983; Goodroad et al., 1984; 
Ftessa et at., 1996; Lessard et at., 1996; Clayton et at., 1997; 
Chang et at., 1998; Teira-Esmatges et at., 1998; Yamutki et at., 
1998 ], while similar data for urine are generally higher but vary 
from 192 to 25,700 !.tg m '2 h '1 [de Klein and van Logtestijn, 1994; 
,•llen et al., 1996; Ftessa et at., 1996; Yamulki et at., 1998]. The 
general trend toward higher emissions from liquid than solid or 
slurried organics is consistent with the notion that the former 
optimizes conditions for N=O production immediately upon 
application. However, N20 emission in agricultural soils is also 
broadly related to soil type [Lemke et al., 1998], the amount of 
fertilizer applied [Paul et al., 1993] and the influence of previous 
applications [Chang et al., 1998]. 

Fertilized stations consistently showed a several hour lag 
between fertilization and increased N=O efflux. This has been 
observed elsewhere [e.g., Grundmann et at., 1988; Shepherd et 
al., 1991 ] and can result from diffusional constraints at high soil 
moisture [duty et at., 1982; Davidson and Firestone, 1988]. 
Diffusion limitation is likely immediately following fertilization 
because several soil collars were ponded for up to 2 hours due to 
the restriction of lateral movement of liquid waste received. 
Further evidence for diffusion limitation derives from the 

watering experiment in the control plot (Figure 4a), where a 2.5- 
cm water addition resulted in a decrease in N:O-N flux from-40 
to 20 !,tg m '• h -1. As soils begin to drain in fertilized plots, 
diffusion limitation is relieved and N20 emission is enhanced. 
Moreover, a reduction in soil moisture will increase the N=O/N= 
ratio of total denitrification [•eier et al., 1993], which can 
further increase N20 emission. 

Contrary to most previous studies assessing N=O emission 
from agricultural soils amended with liquid cattle waste [Burton 
et al., 1997], liquid swine effluent [Sharpe and Harper, 1997], 
urine [Yamulki et al., 1998], and solid [Cates and Keeney, 1987; 
Coyne et al., 1994; Lessard et al., 1996; Yamulki et al., 1998] or 
slurried [Comfort et al., 1990] animal wastes, rainfall did not 
enhance N=O emission at fertilized (Figure 3a) or unfertilized 
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(Figure 4a) stations. It is possible that sampling frequency was 
inadequate to capture the response or that the magnitude of the 
event was insufficient to elicit a response. Two of three rains in 
excess of 1 cm occurred after day 17, and no fluxes were 
measured between days 16 and 24 (Figures 3a and 4a). About 16 
hours expired between the 1.7-cm rain on day 10 and the next 
flux measurement. Alternatively, rainfall could have shifted the 
relative importance and interactions of the environmental 
variables (02, moisture, inorganic-N, labile-C, pH, and 
temperature [Granli and Bockman, 1994]) that influence the 
process product ratios for nitrification (N•_O/NO3) and 
denitrification (N20/N 0 in a manner that resulted in no net 
change in flux. 

4.4. Time Course for Changes in Soil 
Physicochemical Properties in Fertilized 
and Unfertilized Plots 

Ammonium in liquid swine effluent was rapidly nitrifled upon 
application to receiving soils, as indicated by the immediate 
increase in soil NO3'-N (Figures 3b and 4b). Immediate and 
rapid nitrification in our soils is not surprising. This process is 
optimum with a circumneutral pH, a soil temperature of 25 ø to 
35øC, and an adequate NH4+-N supply to aerobic soils 
[Gundersen and Rasmussen, 1990], all conditions that are either 
demonstrated (Table 1; Figures 3b and 3c) or inferred (adequate 
aerobic zones) here. 

The immediate increase in soil NO3'-N in concert with the 
lack of significant difference in NA between prefertilization and 
postfertilization sampling suggests that the NO3'-N resulted from 
activity of the endogenous nitrifier community rather than from 
population growth. This is supported by additional data (not 
shown) that indicates no significant change in NA in daily 
monitoring over a 10 day postfertilization period. Other studies 
[Petersen, 1992; Nielsen and Revsbech, 1998] report little 
increase in soil NO3'-N until 7 to 8 days following fertilization 
with liquid cattle waste and attribute the lag to the need for 
population development. 

Soil NHn+-N loss exceeded NO3--N accumulation following 
each fertilization (Figure 3b), which is consistent with the report 
of extensive NH 3 volatilization for 24 hours following soil 
irrigation with liquid swine effluent [Sha rpe and Harper, 1997] 
and direct (•SN) observations of microbial immobilization after 
application of manure slurries [Petsson, 1988; Kirchmann, 
1989]. The modest net increase in soil NO3'-N by the 
termination of the experiment (Figure 3b) has been elsewhere 
[Hojberg et al., 1996] interpreted to indicate a plant and 
microbial preference for NH4+-N. 

Overall, the data for N20 flux (Figure 3a) and soil nutrients 
(Figure 3b) point to a sharp contrast between liquid swine waste 
and manure or slurries in terms of N cycling dynamics. Manures 
and slurries have medium-term (i.e., several months) effects on 
soil nutrient status and microbial activity due to the gradual 
decomposition of organics and reliance on rainfall or other 
factors to bring the fertilizer into contact with the microbial 
biomass [Ellis et al., 1998]. In contrast, the influence of liquid 
lagoonal swine waste is immediate and diminishes much more 
rapidly. This liquid fertilizer quickly penetrates the soil surface 
and is predominately in a form that volatilizes (NH3) or is 
instantly available to plant and microbial communities (NH4+-N). 

4.5. Correlations Among Physicochemical 
Variables and N20 Flux 

The inconsistent or poor station-scale correlation between 
N20 emission and environmental variables found here (Table 3) 
has been frequently reported for other studies assessing N20 
emission following organic waste fertilization [e.g., Chang et al., 
1998; Yamulki et al., 1998]. The lack of simple and definable 
relationships between environmental measures and N20 emission 
points to the multitude and complex interactions of 
physicochemical and biological factors influencing N•O 
production and emission. A temporal disconnect between N•O 
formation and emission may result from diffusion limitation 
[dury et al., 1982], dissolution in soil water at high WFPS 
[Minami, 1987], entrapment in soil aggregates [Kemper et al., 
1985], or sorption onto clay and organics [Chalamet, 1990]. 
Also, rapidly changing post-spray conditions of soil moisture, 
02, labile-C, and inorganic-N will undoubtedly have variable and 
shifting influences on activity thresholds [Bergstrom and 
Beauchamp, 1993' Goulding et al., 1993; de Klein and van 
Lotestijn, 1996; Clayton et al., 1997] and overall rates and 
process product ratios of nitrification and denitrification [Granli 
and Bockman, 1994]. Further, repetitive destructive sampling for 
determinations of soil physicochemical properties necessarily 
occurred adjacent to permanent flux collars and may not 
accurately reflect conditions that influence N•O efflux from soil 
isolated by the collars. Moreover, microbial activity is 
frequently isolated in hotspots [Parkin, 1987] and determination 
of variables in bulk soil samples (0- to 20-cm zone) cannot be 
expected to adequately characterize actual conditions at 
microsites [Velthoffet al., 1996]. Finally, the effect of repeated 
irrigations over a short period may confound relationships 
between flux and environmental drivers that may otherwise be 
apparent in a time course analysis for a single fertilization. 

4.6. Tota!-N Loading Rate, Fertilizer Loss to N20, 
and Potential Microbial Activity 

At the station (i.e., submeter) scale, the total-N load, DEA, 
and NA showed no relationship to the time-integrated N20 flux 
(Figures 5a, 5b, 5c). Both NA and DEA give an indication of 
potential activity by providing indirect estimates of enzyme 
concentrations [Schmidt and Belser, 1994; Tiedje, 1994]. A lack 
of correlation between DEA and measured denitrification rates 

has been reported previously [Smith and Parsons, !985; Martin 
et at., 1988; Parsons et at., 1991; Bergstrom and Beauchamp, 
1993] and is attributed to stronger control of denitrification by 
environmental conditions than by enzyme concentration. 
Likewise, extrinsic factors likely have a greater influence on both 
nitrifler and denitrifier activity than enzyme concentrations here. 
Any relationship between N•O effiux and NA or DEA is further 
obscured by the fact this gas can be produced simultaneously by 
both nitriflers and denitrifiers within the same soil aggregate 
[Hutchinson et al., 1993] and is not a major metabolic product of 
either microbial activity [Bandibas et al., 1994], with process 
product ratios for both microbial groups variably and 
differentially influenced by environmental conditions and soil 
type [Granli and Bockman, 1994]. The lack of correlation 
between total-N load and time-integrated N20 flux from 
individual stations indicates that nutrient load is not a dominant 

control on N20 emission at this scale. On a field scale, the N- 
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fertilization rate frequently correlates positively with N20 efflux 
(reviewed by Sahrawat and Keeney [1986]), probably due to 
larger spatial integration. 

Our fertilizer-induced N20-N flux of 1.4 __ 1.1% of applied N 
falls within the range of 0.0 to 6.8% reported by Bouwman 
[1994] in an analysis of 87 agroecosystems amended with 
mineral and organic fertilizers (however, no liquid swine waste) 
and is in agreement with his value of 1.25% calculated from 
regression analysis of a subset of 20 long term investigations (zl 
year) involving mostly mineral fertilizers. Bouwman [1994] 
further noted from the limited available data that fractional N20 
loss appeared to be higher for organic than mineral fertilizers. 
Our data for fractional N20 loss are more comparable to those for 
mineral fertilizers and do not support this generalization. Field 
factors affecting N20 emission include crop, cultivation practice, 
former site history, weather, rate and method of fertilizer 
application, and soil characteristics [Mosier et al., 1996; 
Beauchamp, 1997]. These influences were not assessed in the 
present investigation. Additional studies involving fertilization 
with liquid swine waste under a variety of conditions are needed 
to more firmly establish a fertilizer induced N20 flux associated 
with this regionally important agricultural waste disposal 
practice. In particular, the duration of the measurement period 
should be extended and should include wimer determination of 
fluxes and soil N transformations. 

$. Conclusions 

Liquid lagoonal swine waste is repeatedly sprayed as an 
organic fertilizer on agricultural soils associated with confined 
animal feeding operations in the southeastern United States. The 
total-N of the waste is almost entirely NHn+-N (>90%) and thus 
has a low mineralization potential. Application of this liquid 
fertilizer to warm soils in a form that is both readily volatilized 
and immediately utilizable by the endogenous N-cycling 
microbial community ensures a sharp postfertilization decline in 
soil NHn+-N and promotes a rapid and short-lived (i.e., days) 
burst of nitrification, denitrification, and N20 emission. In 
contrast, manures and slurries have a higher mineralization 
potential and therefore show a slower release of nitrogenous 
nutrients and a more protracted period (i.e., several months) of 
fertilizer influence. The fractional loss of applied N to N20 
found here for liquid lagoon waste (1.4%) agrees with that for 
mineral fertilizers (1.25%), but further studies of land applied 
liquid lagoon effluent are needed to confirm this similarity. 
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