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Chapter 3

Nitrous Oxide Emissions at the Surface of
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North, U.S.A.
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Agricultural fertilization worldwide reportedly contributes
6.2 Tg N2O-N yr! to a total global source strength of 17.7
Tg N>O-N yr-l, and it is not entirely clear how fertilizer
management influences the net flux of N>O from soils. Data
are lacking in agriculturally productive areas of the upper
Midwestern United States, where sub-zero soil temperatures
persist over a prolonged winter. Nitrous oxide emissions may
be minimized by applying fertilizer N at variable, instead of
single rates within crop fields. Using on-farm case studies in the
Red River Valley of the North, U.S.A., variable-rate application
of fertilizer N to crops was compared to single-rate. Varying
the rate of N applied did not influence N>O emissions, and
greater amounts of N did not increase crop yields during this
2-year study. Background N>O data measured at undisturbed
grass sites suggest N2O emissions at the surface of soils under
production agriculture episodically, but not consistently, exceed
background emissions.

Nitrous Oxide Production in Soil

Nitrous oxide (N20O) gas is biogenically produced in soil by organisms as
they use organic and inorganic forms of nitrogen (N) for energy and respiration.
Several guilds of organisms utilize solid, dissolved, and gaseous forms of soil
N, and a common by-product of these catabolic reactions is N2O (/). There are
two main pathways through which N>O may be produced in soil. Reduced forms
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of soil N, such as ammonia, may be used for energy, and the process results in
the transformation of N into more oxidized forms of N, such as nitrate. This
process is referred to as nitrification, and some N>O gas is released during this
transformation. In addition, nitrous oxide is produced during denitrification when
soil oxygen is limited and nitrate, rather than oxygen, is used as an electron
acceptor (2). Additional more specific pathways relevant to N>O sources and
sinks have been reported (3), but these are outside the scope of this chapter.
Nitrification and denitrification broadly encompass major oxidative and reductive
processes through which N,O is produced in soil as a by-product. Both processes
commonly occur simultaneously within the soil matrix and contribute to the net
N>O emissions measured at the soil surface.

Biologically-available N is required for microbial production of N>O in
soil. Soil N may become available as a result of organic matter decomposition,
atmospheric N deposition, or the addition of N as fertilizer. Typically, reduced
forms of N are nitrified to nitrate by chemotrophic organisms, and N»O is released
as a by-product. Heterotrophic nitrification, where soil organic carbon is used
as an energy source, also occurs when oxygen is available (4). When oxygen
is limiting, however, the nitrate produced during nitrification may be used by
facultative aerobes in the process of denitrification, which also releases N»O.
Denitrification is a heterotrophic process, so a lack of soil carbon can limit
denitrification rates (5). Emissions measured at the soil surface represent the
amount of N>O that has been produced by both oxidative and reductive processes,
and has subsequently diffused from the soil pore spaces to the atmosphere
aboveground. Physical changes that alter soil diffusivity, soil pore space volume,
and soil pressure gradients will affect the transport of N>O to the soil surface and
then to the atmosphere (6).

Measurements of N,O Emissions at the Soil Surface

While N,O is biogenically produced belowground, researchers commonly
study the net surface flux for a given area per unit time. Typically, measurements
of N>O involve collecting multiple samples of air within an enclosed chamber
of a specific volume. Soil gas emanating from the surface accumulates in the
chamber’s headspace, and the molar change over time is used to calculate the rate
of emission. This is referred to as the static chamber technique (7). The chamber
is constructed over a bare soil footprint and the air is enclosed for a short (~30
minute) period of time, after which samples are collected with a syringe and the
chamber top is removed. The samples are analyzed in a laboratory, where the
concentration is determined using an electron capture detector following elution
of the sample through columns in a gas chromatograph. The gas chromatograph
is calibrated with known standards, so the amount of N>O in the sample can
be calculated by integrating the area under the chromatogram peak of intereSt.
Usually, several static chamber sample sites are selected at random within plots
to determine the spatial variability for soil N2O. Emissions are also measured
at several points in time to determine how they change with time, temperature,
moisture, season, etc. A number of problems associated with this method have
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been reviewed in the literature (§), such as changes in chamber pressure that
would affect the volume calculated within the enclosed headspace. However,
most of the current knowledge of N>O in agricultural soils is based on the static
chamber technique. Due to the relatively simple protocol and wide availability of
comparable data, this is likely to remain the most commonly published method for
estimating N>O emissions at the soil surface until more advanced measurement
technologies become available.

Since surface N>O emissions often represent the net amount produced by
both oxidative and reductive processes, microbial production of N»O is strongly
regulated by soil oxygen status. Oxygen status belowground is heterogeneous
and changes rapidly in soil, so a single measurement during the day may not
adequately represent the rate of N»>O released over a 24-hr period. To determine
diurnal variability, continuous measurements of N>O in the field would be
necessary, such as can be collected with tunable diodes, quantum cascade lasers
or Fourier transform infrared spectroscopy (FTIR). As these technologies become
available for field studies, researchers will gain a much greater understanding of
how N>O emissions change at the soil surface in response to management and
soil conditions.

N>O Emissions and Agriculture

Food production comprises the single largest land use worldwide (9), and
roughly two-thirds of N>O emissions come from soils (9). Knowledge of how
agricultural management influences sources and sinks of N>O relative to crop
yields is important to understanding potential anthropogenic impacts on climate
forcing (/0). One of the key factors influencing N>O production is the fertilization
of arable soils (//—14). Nitrogen can be oxidized by organisms capable of using
reduced forms of N (such as ammonium) for energy, while oxidized forms (such as
nitrate) can serve as terminal electron acceptors in the absence of oxygen. While
the fertilizer N pathway within plants is well known, less known are interactions
between soil biota and plants as they compete for fertilizer N.

While a number of studies indicate that N fertilization enhances microbial
production of N>O (//—-14), laboratory and small-plot studies may not represent
conditions typical of production agriculture fields. For example any disturbance
to the soil (such as soil excavation and sieving) will affect NoO emissions (8).
Nitrous oxide is produced within soil micro-aggregates (/5) throughout a soil
pedon (/6), so emissions data collected after removing soil from the field may not
represent emissions in situ. Small-plot studies aim to simulate field conditions and
minimize disturbance, but it is difficult to accurately scale-up small-plot studies
to large, dryland production agriculture operations. For one, rates of fertilization
used in experimental studies do not necessarily reflect agronomic rates used for
crop production (/4, 17), and furthermore experimental plots often use irrigation
(10, 18). Additionally, heavy equipment usage on large farming operations
would influence soil biological activity, yet heavy equipment is rarely used on
experimental plots. Lastly, production agriculture operates under economic and
climatic pressures that affect how soils and crops are managed. These conditions
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are also difficult to simulate. Any of these factors potentially alter soil gases, yet
current knowledge of agricultural N>O emissions is largely based on laboratory
and small-plot studies. The question of how dryland production agriculture
influences soil emissions of N»O is difficult to fully address using soils that
are disturbed, irrigated or fertilized at anomalously high rates. This chapter
demonstrates factors potentially affecting surface NoO emissions from fields
managed for food production in the Red River Valley of the North (RRV), U.S.A..
The aim was to quantify and compare surface fluxes for large fields fertilized
using either a) variable rate or b) single rate at two locations in the RRV using
repeated measurements collected over 2 years.

Two on-farm studies were initiated in an effort to quantify N>O emissions for
soils under dryland agriculture in the RRV (Figure 1). This region lies between
North Dakota and Minnesota and extends from Canada to South Dakota. The
RRV watershed lies on what was the southern tip of Lake Agassiz during the last
glaciation, and soils here are considered some of the most fertile in the world.
The growing season is short (May-August), and soils remain below freezing from
November to March. The region typically receives over 50 cm of precipitation as
rainfall each year. Monthly daily average temperatures during the growing season
range from 10 to 25 °C. The highest air temperatures typically occur in July, with
the first frost in September. Soils are usually cool and wet in April, so seeding is
often delayed until May.

On-farm studies were initiated with independent growers in the RRV with
the understanding that profitability would continue to be a priority. Growers
understand their soils and crops to a greater extent than outside scientists and
would likely make better management decisions. Researchers would not interfere
with farming management decisions, and therefore the study would approximate
conditions representative of production agriculture. This partnership required
fundamental trade-offs: the advantage of performing research in situ would be
accompanied by a lack of control over crop management decisions.

Current literature suggests that, by reducing total N inputs, variable-rate
N fertilization alters the rate of N>O emitted from the soil surface (10, 19-21).
Variable-rate involves the utilization of equipment that adjusts the amount of N
applied according to management recommendations at specific geo-locations.
Application rate is programmed according to maps loaded into a GPS that is
attached to the applicator. These maps are commonly referred to as zoning maps
because fields are broken down into several “zones”, where specific rates are
mapped as colors (Figure 2). As the applicator moves through fields from one
zone to another, the application rate is automatically adjusted. Zoning maps
are usually updated each year, depending on crop selection, soil tests, grower
knowledge, and yields reported the previous year. The rate of N,O emission is
commonly referred to as flux, with units of N emitted as N,O (mg N>O-N m-
d-1). If the rate of fertilizer N application influences N>O flux and the application
of fertilizer at variable rates reduce total N inputs, then variable-rate application
should result in lower emissions of N>O than from application at a single rate.
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Figure 1. Map of the Red River Valley of the North watershed, U.S.A. and
locations of experimental fields.

This assumption was tested by scientists at the University of North Dakota
in cooperation with growers at farms in St. Thomas, ND and in Crookston, MN.
Nitrogen was applied at variable rates for some fields and at a single, uniform
rate for other fields. Each grower needed to fertilize at rates necessary to achieve
yield goals for their soils according to personal knowledge and agronomist
recommendations. Gas samples were scheduled for collection approximately
21 days following urea fertilization and 14 days after seeding. This delay was
required because growers needed to complete all field activities before setting up
stations for measurements at the soil surface. The goal was to compare relative
differences in fluxes between variable and single rate fields rather than test for
effects of fertilizer on N>O emissions.

To avoid collecting data relevant only to a specific site or soil, research
partnerships were initiated with growers at both north and central sections of the
RRV, U.S.A.. Farthest to the north near the Canadian border, plots were selected
at the Carson and Collette Farms near St. Thomas, ND. Near the center of the
RRV between Fargo, ND and the Canadian border, plots were selected at A.W.G.
Farms near Crookston, MN. All farms were operated for the purpose of generating
profit through food production. Consequently, a) growers made crop management
decisions and performed farm operations, b) large fields (15-65 ha) and full-scale
farm equipment were employed, and c) large research plots were delineated and
sampled repeatedly at several points. Thus, a) researchers could not dictate how
crops were seeded, fertilized, harvested, or managed, b) researchers needed to
collect data around farming activities, and ¢) vehicle access was limited at certain
times to minimize traffic damage. This approach would yield realistic data for
N2O fluxes at a field scale under the constraints and pressures of production
agriculture.
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Figure 2. Example of a zoning map, where N fertilizer applied is presecribed for
each geo-located zone. Actual amount deposited is recorded and displayed by
color. In this example, the amount of urea applied to a St. Thomas crop field is

represented by color. (see color insert)

On-Farm Investigation, St. Thomas, ND

This study was designed to determine if N>O flux and crop yield varies with N
fertilization management strategy for croplands located in St. Thomas, ND. Fields
were selected both where fertilizer N as granular urea was applied annually using
variable-rate application technology and where fertilizer N was applied at a single
rate. Economics drive decisions in production agriculture, so rates of fertilizer
N were determined by trusted local agronomists. Prescriptions were based on
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previous data collected by yield monitors on harvesting equipment and soil testing
results. Where yields were higher than average, fertilizer N was prescribed at a
higher rate. Where yields were lower than average, fertilizer was prescribed at a
lower rate (Simplot, Inc., personal comm.).

Six fields (~20 ha each), located within a kilometer of each other, were
selected for this study (Figure 3). Soils history and taxonomy were similar among
all fields, which use spring wheat, potato, and sugarbeet rotation schedule. Soil
texture was a clay loam, with a bulk density of 1.1 g cm2 from 0- 15 cm. Soil
pH was 8.0 with 2.5% organic carbon and 1.0% inorganic carbon. All six fields
were seeded to hard red spring wheat in April 2003 and potatoes in May 2004.
Each spring, three fields received fertilizer N applied at variable rates while the
remaining three fields received a single rate of fertilizer N per field (Figure 3). An
application monitor on the equipment determined actual rate applied each year,
and these are the data reported here. One 8-ha plot was placed in each field at least
20 m from field edges. Within each plot, 10 points were randomly selected using
1-m aerial photography (Figure 3) and geo-located with a sub-meter, real-time
differential Trimble Geo XT Global Positioning System (GPS) Beacon receiver
(Trimble Navigation, Sunnyvale, CA, U.S.A.). At each of the 10 points within
each plot, a permanent station was deployed, where gas flux measurements were
repeatedly collected multiple times over two growing seasons using the static
chamber method described previously. At each station and collection time, soil
samples and soil temperature data were collected. On a single day, the first pair of
plots was sampled (one plot from each treatment). The next day, the second pair
was sampled, and the third pair was sampled on the third day. All sixty stations
were sampled over an approximate 10-day time period. Field measurements were
interrupted by rain, crop dusting, and harvest.

' Varialfle Rate (Colored) agd Single Rate (Clear) Fertilizer Appl 8

-~

Figure 3. Experimental design for fields owned by P. Carson and A. Collette
in St. Thomas, ND and 2003 zoning maps. The three colored fields represent
variable amounts of urea prescribed by agronomists. Clear plots represent areas
where a single rate of urea was applied. (see color insert)
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The N fertilization rate at each station was determined each year, based on
actual application maps (Figure 2). The random points generated within each
plot included points which received high, medium and low concentrations of N.
Since the zoning map and application rate changes annually, the plots were not
stratified by management zone for NoO flux measurements. The same points
were repeatedly sampled over two years, yet the amount of N applied to each
point changed each spring. Soil percent water-filled pore space (%WFPS) was
determined for each station during gas flux sampling. Net fluxes of N,O were
expected to vary with %WFPS, soil temperature, and the amount of N applied.
Differences in the total amount of N applied for both variable- and single-rated
fields were calculated. Flux data were collected repeatedly at a point, and were
analyzed to determine if fertilizer application technique (variable vs. single rate)
affected N>O flux under variable environmental conditions. Researchers aimed
to determine if variable rate application technology resulted in (1) less fertilizer
N applied, (2) lower emissions of N>O at the soil surface, and (3) greater crop
yields, as compared to fields where fertilizer was applied at a single rate. In 2004,
yield measurements were stratified by management zone, so a balanced test for
the effect of management zone on yield could be performed.

2003 Growing Season Results

The three fields fertilized at a single rate in 2003 (Figure 3) received a similar
amount of N, on average, as fields fertilized using variable-rate technology.
Average N applied to the variable-rate field was 160 kg N ha-l, whereas average
N applied to the single-rate field was 158 kg N ha'l. Wheat yield and total
aboveground dry matter production were also similar for both variable-rate and
single-rate fields (Figure 4), with aboveground production ranging from 11,000
to 11,500 kg ha'! (Figure 5). Nitrous oxide fluxes were also similar between
treatments. Fluxes for variable-rate and single-rate fertilizer management ranged
from 0 to 13 mg N2O-N m-2 d-! (Figure 6), and it is clear that NoO flux did not
necessarily increase with the rate of N application. In 2003, the highest values for
N>O flux (> 8 mg N2O-N m-2 d-) were recorded at fertilization rates between 140
and 175 kg N ha-l. For sites fertilized with less than 120 kg N ha-! (represented
by 34% of the total observations), N>O fluxes were less than 4 mg N>O-N m-2 d-1.
These data suggest that the addition of N beyond 120 kg ha-! may have enhanced
N20 flux, but there were too few observations to be certain. Fluxes collected
in 2003 were similar between those sites where N was applied at 180-190 kg N
ha! and those where N was applied at 110 kg N ha-! was applied. Peaks were
episodic, and a predictable, linear relationship between fertilizer N application
rate and N,O flux was not found (Figure 6). However, N>O flux was affected
by soil %WFPS and soil temperature. When soils were both cool (<15 °C) and
dry (<15 %WEFPS), fluxes were consistently less than 2 mg N>O-N m-2 d-!. The
rate of fertilizer N application in 2003 (ranging from 110 to 200 kg N ha-!) did
not statistically alter fluxes. These field points were measured again in 2004
following spring fertilization and potato seeding.
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Figure 4. Average wheat yield data collected by yield monitors for variable rate
versus single rate field management at St. Thomas, ND field sites.
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Figure 5. Average amount of dry matter produced in 2003 for variable rate
versus single rate fields at St. Thomas, ND field sites. Aboveground biomass was
harvested at random points using manual techniques.
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2004 Growing Season Results

The six fields seeded to wheat in 2003 (Figure 3) were seeded to potato
in 2004, so zoning maps and fertilization recommendations were adjusted by
growers. Fields fertilized at a single rate in 2004 received less total N, on average,
than fields fertilized at a variable-rate. Variable-rate field-average N application
in 2004 was 170 kg N ha'l, whereas single-rate field-average N application was
90 kg N hal. Application of more N did not result in a consistent increase in NoO
emissions (Figure 6). Similar to 2003, high flux values (4 of the 527 observations)
were found in 2004 for stations fertilized at approximately 200 kg N ha-! (Figure
6). In 2004, all fluxes at points fertilized at less than 100 kg N ha-l, were less
than 2 mg N2O-N m-2 d-!I. In both 2003 and 2004, N>O fluxes were more strongly
affected by temperature and moisture than by fertilization rate.

Potato yield data were collected at three points within each management zone
for all fields just prior to harvest in September 2004. Results indicated that the
amount of N applied did not influence yield (Figure 7), and there was no difference
in yield among management zones. In summary, the amount of N applied in 2003
and 2004 did not sufficiently explain variability in N>O flux and did not have a
significant effect on wheat or potato yield for these clay loam soils in St. Thomas,
ND.

St. Thomas Growing Season N,O Emissions 2003-2004
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Figure 6. Nitrous oxide emissions data collected during the 2003 (symbolized
by triangles) and 2004 (symbolized by circles) growing seasons plotted against
fertilizer N application rate prescribed for each sample point at St. Thomas, ND
field sites. (see color insert)
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Figure 7. Average potato yield data collected using manual harvesting techniques
plotted against the amount of fertilizer applied to a specific geo-location at St.
Thomas, ND field sites.

On-Farm Investigation, Crookston, MN

Using croplands owned by A.W.G. Farms in Crookston, MN, a similar
study was designed to determine if NoO flux and yield vary with N fertilization
management. For this study, a 65-ha variable-rate field and a 40-ha single-rate
field were selected. Three 8-ha plots were delineated inside each field at least 20
m from field edges (Figure 8). In April 2004, the 65-ha field received fertilizer
N using variable-rate technology, while the 40-ha field received fertilizer N at
a single rate. Rates of fertilization were determined by the producer, based on
personal knowledge and yield history (G. Wagner, personal comm.). Fields
were then seeded to hard red spring wheat. The grower elected to fertilize again
in autumn 2004, so soil N,O emissions were collected again during the winter
of 2005. During the winter, stations were cleared of snow to the top of the
station, leaving 5 cm of snow cover at the soil surface. Nitrous oxide fluxes were
collected at 10 random points within each plot using the static chamber method,
in accordance with the St. Thomas work described above. One treatment pair was
sampled on one date, followed by the second and the third pair. Between April
and September 2004, a total of 540 N>O station measurements were collected.
Between January and April 2005, access to the stations was limited, so a total of
200 N2O station measurements were collected.
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Figure 8. Experimental design and 2004 zoning map for fields owned by A W.
G. Farms at Crookston, MN. The colored field represents variable amounts
of anhydrous ammonia prescribed by landowner Gary Wagner. Clear plots

represent areas where a single rate of anhydrous ammonia was applied. (see

color insert)

Land-use history and soil series (fine, silty, mixed, superactive frigid Aeric
Calciaquoll) was similar for both variable- and single-rate fields (Figure 8),
both with a history of wheat, sugarbeet and soybean rotations. Soil texture was
classified as clay with a high water holding capacity (0.9 g water per g soil). Bulk
density at the 0-15 cm depth increment was 1.3 g cm2. This contrasted with the
St. Thomas soils, which were well-drained clay loam soils with a moderate water
holding capacity (0.7 g water per g soil) and lower bulk density (1.1 g cm-2). Soil
pH was 7.9, which was similar to the pH of 8.0 at St. Thomas. Fields at Crookston
were fertilized with anhydrous ammonia and gas sample collection began seven
weeks after fertilization, whereas the fields at St. Thomas were fertilized with
urea and gas sample collections began three weeks after fertilization. Differences
in gas sample initiation were due to weather and field access limitations. Previous
work indicates that N>O fluxes at the soil surface are influenced by soil moisture
and temperature, fertilizer form (22), fertilizer amount (23), fertilizer application
timing (24), and soil texture (25). The effects of fertilization on greenhouse
gas fluxes at the soil surface tend to peak within the first eight weeks after N
application (//—14). Residual effects of fertilization could have affected emission
data collected within the first few weeks of fertilization.

Soil percent water-filled pore space (% WFPS) was determined for each station
during gas flux sampling, and soil temperature was measured each day. Net fluxes
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of N2O were expected to vary with %WFPS, soil temperature, and the amount of
fertilizer N most recently applied. Total N applied was calculated for both variable-
and single-rated fields. Flux data were collected repeatedly at each point, and
were analyzed to determine if fertilizer application technique (variable vs. single
rate) affected N2O flux under variable environmental conditions. As with the St.
Thomas investigation, researchers aimed to determine if variable-rate application
technology resulted in (1) less fertilizer N applied, (2) lower emissions of N>O at
the soil surface, and (3) greater crop yields, as compared to fields where fertilizer
was applied at a single rate.

2004 Growing Season Results

Soils fertilized using variable-rate technology in 2004 received less total N, on
average, than soils fertilized at a single rate. The average N applied to the variable-
rate field was 123 kg N ha-!, whereas the average N applied to the single-rate field
was 132 kg N ha-l. Wheat yields were similar among fields and did not increase
with rate of fertilization (Figure 9). Nitrous oxide flux data are plotted in Figure
10 against the specific rate of N applied at each of the 60 points. Variable-rate
technology application did not reduce emissions of N>O to the atmosphere, and
greater rates of N application did not predictably enhance emissions of N,O (Figure
10). While higher N inputs sometimes resulted in greater emissions of N»O, the
pattern was not consistent. The highest N>O emissions in 2004 were observed
during one day in July, at two points fertilized at 110 and 120 kg N ha-!, when soil
temperature was 17 °C and %WFPS was 60%. Crookston N>O fluxes, in general,
were greater than those observed at St. Thomas. The capacity for soils to hold
water at Crookston, where soils are clay, was greater than the capacity for soils
to hold water at St. Thomas, where soils are clay loam. Average %WFPS for St.
Thomas was 30%, while average %WFPS for Crookston was 60%. Soils with
higher % WFPS are known to enhance soil microbial gas production (26).

2005 Winter Results

Rates of N applied to measurement stations in autumn 2004 included two
points where the application rate was less than 100 kg N ha-l. Gas samples were
collected at points where application rates were 0, 30, 100, 105, 120, 130, and 138
kg N ha-l. Average N input for the entire variable-rate field was 115 kg N ha-l,
while the average N input for the single-rate field was 130 kg N ha-1. Fertilization
rates in autumn were similar to those from the previous spring, and winter N>O
emissions were on the same scale as those from the growing season. The highest
emissions occurred at the end of the winter sampling period, after the spring thaw
in 2005 (Figure 10). The highest emission peak (16 mg N>O-N m-2 d-!) was
observed during the April data collection, when soil temperature was 15 °C and
%WEFPS was 60%. High N>O emissions at the soil surface are common after soils
thaw (27), which may be due to high soil water content and the release of N>O
previously produced and trapped in ice (28). Peaks due to N inputs generally
occur within the first 8 weeks following fertilization. In this case, the highest NoO
peak occurred over four months after the fall fertilization. It is likely that freezing
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and thawing may interact with fertilizer N to affect NoO flux (29), but more
research in this area is needed. Moreover, without continuous measurements, it is
not known how long these emission peaks are sustained. Advanced measurement
technologies would enhance the science needed to understand the effects of
agriculture on N>O emissions at the soil surface.

Background N,O Emissions

Background or reference N>O emissions refer to fluxes measured from sites
that are not fertilized, tilled or otherwise disturbed by agricultural production
practices. Emissions from these sites can be used to indicate what level of N,O
emissions might be expected in the absence of agriculture. For the St. Thomas
and Crookston investigations, one native prairie remnant at each location was
sampled at each data collection time. Prairie remnants are rare, so multiple
reference sites were not available for inclusion in the experimental design. These
data are spatially limited, but multiple measurements over time can indicate how
emissions change, so a background threshold can be identified. Nitrous oxide
emissions occurred at the surface of these undisturbed soils and often ranged
between 1 and 2 mg NoO-N m2 d-l. Emissions greater than 2 mg N,O-N m-
d-1 were found only in four of the 55 prairie incubations. These background data
are similar to reference data collected at semi-arid prairie sites, where emissions
exceeded 2 mg NoO—-N m2 d-! in only three of the 705 incubations (24). When
cropland emissions (Figures 6 and 10) are compared to background levels, these
field data suggest that cropland soil N2O emissions were greater than reference
sites in some but not all cases.

If background N>O emissions were 2 mg NoO-N m?2 d-!, then observations
over 2 mg N>O-N m? d-! reported at the St. Thomas and Crookston sites are most
likely associated with agricultural land use. These high emissions may result from
current or historical agricultural soil disturbance, such as topsoil and native plant
removal. Loss of soil will affect physicochemical properties, such as water holding
capacity, cation-exchange capacity, and microbial communities. Further, the loss
of native grassland plants will affect fungal hyphae, soil aggregation, soil aeration,
and water infiltration. Nitrous oxide is initially produced within soil microsites,
and then migrates to the soil surface through soil pore spaces; consequently, any
of the factors associated directly or indirectly with agriculture could affect N,O
emitted at the surface.

We identified “background” flux based on remnant prairie data collected
adjacent to crop fields as approximately 2 mg NoO—N m?2 d-!. Those observations
greater than 2 mg N>O-N m2 d-! were evaluated separately for the purpose of
identifying how often fluxes at St. Thomas and Crookston exceeded background.
We found 45 observations collected at St. Thomas exceeded 2 mg NoO-N m?
d-l. These represented 6% of the 870 total data points collected from 2003 to
2004. We found 66 observations collected at Crookston exceeded 2 mg NoO—-N
m?2 d-1. These observations represented 9% of the 740 total data points collected
from 2003 to 2005. The low number of high emissions may be attributed to
limitations in large-scale “on-farm” experiments, where weather, logistics, and
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farming practices (spraying, etc.) precluded regular data collection. The fact that
less than 10% of the emissions data were above background for both Crookston
and St. Thomas suggests that high N>O emissions may not occur as frequently
as expected. Inclusion of observations directly following fertilization would
have increased the number of observation above background. This study did not
aim to quantify emissions directly following fertilization, as these reports using
small, randomized block designs are common in the literature. Instead, emissions
are evaluated for fields managed by producers in the business of production
agriculture.

The 45 observations above background collected at St. Thomas and the 66
observations above background collected at Crookston are graphed together with
respect to fertilization rate in Figure 11. Highest emissions (from 9 to 16 mg
N2O-N m?2 d-!) were recorded at fertilization rates ranging from 100-150 kg N
ha-l. Average emissions were approximately 6 mg NoO—N m2 d-! for those points
fertilized between 150 and 220 kg N ha-1. Average emissions were approximately
3 mg NoO-N m?2 d-! for those points fertilized at less than 100 kg N ha-l. While it
is clear from these data (Figure 11) that fertilization rate positively influences N,O
flux, the relationship was not linear. These data suggest lower emissions may be
achieved when N is applied at rates less than 100 kg N ha-1.

Crookston Wheat Yield 2004

Wheat Yield (tonnes ha'!)

70 80 90 100 110 120 130 140 150
N Application Rate (kg N ha™)

Figure 9. Average wheat yield data and fertilizer N application rate collected
using applicator measurement systems and yield monitors for variable rate and
single rate fields at Crookston, MN field sites.
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Crookston N20 Emissions 2004 and Winter 2005

16 1 o Single 2004 .
14 4 ® Variable 2004 A A
~ A Single 2005
s 129 4 Variable 2005
qla 10 ] A o ©
%D 8 1 * A o %
Z, b
é 6 | A O g
o - ° PY
Z 4 2 :A 4
2 A o 2 ‘ i °
4
01 * ‘ L 'A

0 20 40 60 80 100 120 140 160
N Application Rate (kg ha™)

Figure 10. Nitrous oxide emissions data collected during the 2004 growing
season (symbolized with circles) and winter 2005 (symbolized with triangles)
plotted against fertilizer N application rate prescribed for each sample point at
Crookston, MN field site. (see color insert)

For data that exceeded the 2 mg N>O-N m-2 d-! background level, the amount
of N2O-N emitted per unit of fertilizer N applied at that point was calculated to
provide a rough comparison of the maximum N utilization rates at Crookston and
St. Thomas. For each flux in Figure 11, there is a corresponding fertilization rate.
We summed the Crookston fluxes and the Crookston fertilization rates for all 66
observations. The flux sum was divided by the fertilizer rate sum. This provided an
indication of the proportion of N added that was emitted as NoO-N. For Crookston,
6% of the fertilizer N applied was emitted as N,O. Using St. Thomas data in a
similar manner, 3% of the fertilizer N was emitted as N>O. In this case, the average
percentage of fertilizer N emitted as N>O was twice as high for Crookston than for
St. Thomas. This was found in spite of the time delay between fertilization and flux
collection. It is clear from this example that emissions of N,O at the soil surface
and microbial response to N inputs vary with soil properties for agricultural fields
located in a similar climate.
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Highest N,O Emissions Observed
and Fertilization Rate 2003-2005
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Figure 11. Nitrous oxide data for both St. Thomas, ND and Crookston, MN field
sites that exceeded the background level of 2 mg N2O-N m-2 d-! versus fertilizer
application rate.

Clay loam soils at St. Thomas were fertilized more heavily, yet net N>O fluxes
(for those observations that exceeded background and therefore could be attributed
to agriculture), were 50% lower per unit of N added than for the less-fertilized clay
soils at Crookston. Higher clay content in Crookston soils could explain some of
the differences in N>O fluxes between the research areas, if all other factors were
equal. Clay content is a key input parameter to simulation models of N>O25, and
interacts with rainfall to affect %WFPS, soil oxygen status, and water infiltration.
Rainfall at both research areas were similar, yet the Crookston average %WFPS
was twice as high as the average % WFPS at St. Thomas. Another factor that could
contribute to observed differences between Crookston and St. Thomas is the form
of fertilizer N application (30). Nitrous oxide emissions following application of
anhydrous ammonium are reportedly higher than emissions following application
ofurea. Anhydrous ammonia, which is knifed into the ground, may also have had a
more sustained effect of gas emissions. Soil water status and fertilizer form likely
contributed to the unique responses to fertilizer inputs between Crookston and
St. Thomas observations. Understanding effects of agriculture on N>O emissions
for fields in production require further study, for less than 10% of the on-farm
agricultural soil emissions measured in these case studies exceeded background
levels measured at native reference sites.
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Summary

While the addition of fertilizer N to agricultural soils may be intended to
benefit the plant only, fertilizer addition also stimulates microbial production
of greenhouse gases that are transported to the atmosphere. Greater amounts
of fertilizer N, however, do not necessarily induce incrementally greater N,O
emissions or crop yield for soils in the northern Great Plains (24). For example,
N2O emissions measured at the surface of fertilized soils under dryland maize
production were not consistently greater than uncultivated, native grassland soils
(24). In the RRV case studies reported here, peaks in N>O emissions occurred
both at spring thaw and during the growing season when soil temperatures were
greater than 15 °C. Contrary to results for plot studies where N inputs are high
(11-14), agronomic rates of fertilizer N for large fields in production may not
have a sustained effect on N>O emitted at the soil surface. Application of fertilizer
N at agronomic rates does not necessarily increase cumulative NoO emissions for
dryland agriculture, particularly at rates below 100 kg N ha-! (/7).

Variable-rate technology could result in a reduction of fertilizer N to
agricultural fields, but this will depend upon producer goals. In cases where
higher yields are desired (e.g. St. Thomas), agronomists will often prescribe
higher N inputs. In cases where lower input costs are desired (e.g. Crookston),
producers may decide to reduce N application rate. Here, there were some
differences between agronomic rates applied by single versus variable-rate
growers, but they were not followed by significant differences in N>O emissions
at the soil surface. Based on these agronomic data, microbial production of
N2O varies more with soil properties and environmental conditions than with
management. However, the static chamber method for collecting N>O data does
not provide the information necessary to capture important episodic peaks of
N>O flux. It is possible that researchers here and in other studies “miss” the
effect of fertilizer N on N>O emissions due to these methodological constraints.
Advancing knowledge of factors driving N>O emissions measured at the soil
surface requires measurement systems that capture spatiotemporal variability
inherent to nitrification and denitrification processes in soils.

Nitrous oxide fluxes observed at the surface of soils at St. Thomas and
Crookston were likely by-products of both soil nitrification and denitrification.
Both processes require an N source, either as ammonium or nitrate, respectively.
Therefore, NoO fluxes were expected to vary with the rate of fertilizer N
application for similar soils. Instead, fluxes varied with soil temperature and
percent water-filled pore space. Soil characteristics, such as clay content, and
the physical environment, such as temperature, may control microbial production
of N>O more strongly than the amount of fertilizer N. Denitrification tends to
contribute more to spikes in N>O flux data than nitrification (2). Oxygen has
a greater difficulty diffusing through water than air, so anoxic conditions are
expected at higher soil water contents. As soil oxygen declines at higher %WFPS
values, the rate at which microorganisms denitrify increases (26). Nitrifying
organisms also respond positively to soil water content with increased rates of
nitrification when some soil oxygen is present (2). The average %WFPS for clay
loam soils at St. Thomas was 30% and the average %WFPS for clay soils at
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Crookston was 60%. Nitrous oxide fluxes at Crookston were greater than fluxes
at St. Thomas (Figures 6 and 10). Anoxic microsites within the soil profile could
have been sources of denitrification at either location (/6), but denitrification was
more likely at Crookston, where clay content and % WFPS were greater. Advance
in N2O management will likely require identification of the dominant microbial
processes that contribute to N>O fluxes in situ.

While crop yield was not the focus of this study, it is interesting that neither
wheat and potato yields at St. Thomas, nor wheat yields at Crookston varied with
the amount of N applied. In these dryland agriculture case studies, addition of
more N did not result in greater yield. These observations suggest there may
be room for reductions in rates of fertilizer N, which would potentially reduce
costs for fertilizer and microbial production of greenhouse gases (27). Additional
studies are needed to determine thresholds where the addition of more N would no
longer affect yield but might instead stimulate microbial activity and increase trace
gas emissions (27, 37). The management of fertilizer N to minimize greenhouse
gas emissions is feasible, but this will require a close examination of how N is
utilized by both microbes and plants in situ, and also more advanced measurement
techniques.
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