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Abstract
The impact of interactions between management and climate on nitrous oxide (N2O),

carbon dioxide (CO2), and ammonia (NH3) emissions are not well understood. This

study quantified the effect of urea fertilizer application timing on inorganic N move-

ment, immobilization, and the gaseous emissions of N2O-N, CO2-C, and NH3-N.

Urea was applied once, at two rates (0 and 224 kg ha−1) on six dates (early fall,

20 Sept. 2017; mid-fall, 11 Oct. 2017; early winter, 1 Nov. 2017; early spring, 1 May

2018; mid-spring, 22 May 2018; and early summer, 12 June 2018). Gaseous emis-

sions, soil temperature, and soil moisture were measured every 4 h for 21 consecutive

days following urea application. Changes in soil inorganic N contents were used to

determine the amount of inorganic N remaining in the soil, nitrification, immobiliza-

tion/fixation, and leaching. For all fertilizer application dates, the cumulative fertilizer

derived N2O-N emissions for the 21 days following application were <0.05% of the

applied N. Fertilizer-derived N2O-N emission rates were higher than N2O-N emis-

sion rates in the unfertilized soil in early fall and early summer. Even though the

highest net N2O-N emissions occurred in early spring, the application of fertilizer

did not increase emissions. The highest net N2O-N + NH3-N emissions occurred

in cool soils (early spring) in soils with water filled pore space (>60%). These

findings indicate that intergovernmental panel on climate change (IPCC) default

value of 1% of applied N for N2O emissions improved by considering the fertilizer

application date.

1 INTRODUCTION

When applied to soil, urea [(CO(NH2)2] is hydrolyzed by

the urease enzyme to produce ammonia (NH3), carbon diox-

ide (CO2), and water (Clay, Malzer, & Anderson, 1990b;

MacLean & McRae, 1987). The hydrolysis reaction is rela-

tively fast, that can be slowed by treating the urea granule

with a hydrolysis inhibitor (Clay et al., 1990b; Sherlock &

Abbreviations: phospholipid fatty acids, PLFA.
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Goh, 1984). Following hydrolysis, a portion of the ammonia

(NH3(aq)) which is in equilibrium with ammonium (NH4
+

(aq))

can be volatilized into the atmosphere. The temporal pattern

of NH3 volatilization generally follows the soil temperature

diurnal cycle because NH3 water solubility and the pKa value

for the reaction, NH4
+

(Aq) → NH3 (Aq) + H+ decrease with

increasing temperature (Bates & Pinching, 1949; Clay et al.,

1990b; Young, 1981).

Once urea is hydrolyzed, NH4
+ can be immobilized into

soil organic matter, fixed by soil clays, nitrified to NO3
− by
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soil bacteria, or utilized by growing plants (Azum, Simmons,

& Mulvaney, 1993; Reddy & Reddy, 1993). The fixa-

tion/immobilization processes can be either non-biological or

biological. Non-biological N fixation/immobilization, which

can be as high as 200 kg NH4 –N ha−1 (Broadbent, 1965;

Nieder & Benbi, 2008) can occur through several mechanisms

including the trapping of NH4
+ between the clay layers,

reactions between ammonium with organic matter, and the

fixation of ammonium as ammonium aluminum phosphates

(Allison, 1973; Nieder, Benbi, & Scherer, 2011). These

mechanisms can lower the amount of NH4-N subject to nitri-

fication, which in turn may reduce the loss of nitrate through

leaching or denitrification.

Two biological process that reduce inorganic N concentra-

tions are microbial N immobilization and N uptake by plants.

In biological N immobilization, soil microbial uptake of inor-

ganic N reduces the amount available to growing plants.

The remaining NH4
+, be transformed to NH2OH, nitrite

(NO2), or nitrate (NO3
−) through a process called nitrifica-

tion (MacLean & McRae, 1987). Nitrification requires oxy-

gen and generally decreases with decreasing soil temperatures

(Liu et al., 2016). However, this process is not 100% efficient

and a small portion (0.03 to 1%) can be lost as nitrous oxide

(Farquharson, 2016).

Once in the NO3
− form, it can be taken up by plants,

leached to lower soil depths, or denitrified. Denitrification

is the process where NO3
− is used as the terminal electron

acceptor of respiration (Barnes, Smith, & Aiken, 2012; Black-

mer & Bremner, 1978, 1979; Holtan-Hartwig, Dörsch, &

Bakken, 2002; Sánchez-Martin, Vallejo, Dick, & Skiba, 2008;

Senbayram, Chen, Budai, Bakken, & Dittert, 2012; Weier,

Doran, Powers, & Walters, 1993; Wlodarczyk, Stepniewska,

& Brzezinska, 2003; Maeda et al., 2015). During denitrifica-

tion, NO3
− is reduced to NO2, NO, N2O, and N2 through a

series of half reactions that include:

NO−
3 + 2H+ + 2e− → NO−

2 (Nitratereductase)
NO−

2 + 2H+ + 2e− → NO (Nitritereductase)
2NO + 2H+ + 2e− → N2O (Nitricoxidereductase)
N2O + 2H+ + 2e− → N2 (Nitrousoxidereductase)

Denitrification is not 100% efficient, and depending on sev-

eral factors including temperature and NO3
− concentration,

NO, N2O, and N2 can be emitted. For example, each half reac-

tion involves a different enzyme with a different Q10 value.

The Q10 value is ratio between the reactions rates measured at

two temperatures that differ by 10◦C (Baer, Connelly, Sipler,

Yager, & Bronk, 2014). Philips, Mcmillan, Palmada, Dando,

and Giltrap (2015) reported that nitric oxide reductase has a

Q10 of 2.0 and nitrous oxide reductase has a Q10 of 1.4. The

higher Q10 value for nitric oxide reductase (NO to N2O) than

nitrous oxide reductase (N2O to N2) suggests that the ratio

between N2O and N2 will increase with temperature.

Core Ideas
• Management and climate interactions affected

N2O-N, CO2-C, and NH3-N emissions.

• Temperatures <12◦C slowed nitrification.

• Ammonia losses from urea were greater in the

spring than fall.

• Total N2O emissions were highest when soil mois-

ture and CO2 emissions were high.

• For all application dates, fertilizer-derived N2O-N

emission over 21 days were <0.05% of applied N.

Even though the influence of temperature and soil mois-

ture on N2O emissions has been widely studied (Linn &

Doran, 1984; Sainju, Stevens, Caesar-Tonthat, & Liebig,

2012; Wagner-Riddle & Thurtell, 1998), interactions between

management and these factors in the field are poorly under-

stood (Abagandura et al., 2019). If management can produce

predictable and consistent impacts on emissions, then these

findings can provide a justification for adjusting the calcu-

lated agricultural carbon footprint (DeKlein et al., 2006; Han,

Walter, & Drinkwater, 2017; IPCC, 2007; Snyder, Bruulsema,

Jensen, & Fixen, 2009). For example, increasing N use effi-

ciency by synchronizing the N supply with crop demand is a

strategy that has been integrated into the 4 R program (Fixen,

2007): apply N at the right rate, at the right time, in the right

form, and at the right location. However, synchronization has

produced mixed impacts on GHG emissions (Burzaco, Smith,

& Vyn, 2013; Venterea & Coulter, 2015; Eagle, Olander,

Locklier, Heffernan, & Bernhardt, 2017; Ma et al., 2010).

The lack of consistent findings may be attributed to papers

that report total losses and not fertilizer derived-N (Lehman,

Osborne, & Duke, 2017; Johnson & Barbour, 2019), and sam-

pling methods that do not account for diurnal and seasonal

differences in soil temperature, soil moisture, and microbial

activity (Liu et al., 2019; McGowan, Roozeboon, & Rice,

2018; Shurpali et al., 2016). Therefore, to resolve why syn-

chronization produces mixed impacts on N2O-N emissions,

research was conducted to determine the effect of fertilizer

application timing on N2O-N, CO2-C, and NH3-N emissions

from soil-applied urea. This study quantified the effect of urea

application timing on inorganic N movement, immobilization,

and the gaseous emissions of N2O-N, CO2-C, and NH3-N.

2 MATERIALS AND METHODS

2.1 Experimental design and treatments

This research concentrated on the period immediately fol-

lowing the fertilizer application because season-long studies
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shows that emissions are event-based and that a large percent-

age of the total emission occurs within 30 days of applying the

N (Fujinuma, Venterea, & Rosen, 2011; Burzaco et al., 2013;

Halvorson & Del Grosso, 2013; Shurpali et al., 2016). The

dataset used in this experiment is available in Thies (2018)

and this paper is the second in a series of paper using this

dataset. In the first paper. Thies et al. (2019) showed the link-

ages between temperature, N2O emission, and soil moisture

across a 24-h cycle. In this paper, the impact of fertilizer appli-

cation date on average daily N2O, CO2, and NH3 emissions

were investigated.

A field study was conducted near Aurora, South Dakota

(44◦ 18′ 20.57″ N, 96◦ 40′ 14.04″ W). The site was located on

the border between the Bsh (semi-arid) and DFa (continental

wet all seasons) Köppen climate groups. The soil at the study

site was a Brandt silty clay loam (Fine-silty, mixed, super-

active, frigid Calcic Hapludolls) (Soil Survey Staff, 2018).

The surface soil (15 cm) contained 280 g clay kg−1 (28%),

65 g silt kg−1 (65%) 7 g sand kg−1 (7%) and 36 Mg ha−1

(1.8% SOC) of soil organic carbon (SOC). As reported by

Clay et al. (2015), the no-tillage first order rate constant and

half-life for this soil was 0.00675 kg (kg-C × yr)−1 and 103

years, respectively. The soil pHwater 1:1 was 5.8, and the soil

parent materials were loess (0–60 cm) over glacial outwash.

The surface soil hydraulic conductivity was ksp = 0.72 m d−1

(Clay, Clay, Brix-Davis, & Scholes, 1994) and the slope was

between 0 to 2%. For this site, Kim, Clay, Carlson, Clay, and

Trooien (2008) calculated evapotranspiration (ET) with the

model, ET = I + P – D - Δθ, where I was irrigation, P was

precipitation, D was deep drainage, and Δθ was the change

in soil moisture over the growing season. Testing of this soil

showed that due to a soil textural discontinuity between 60

and 80 cm (silty clay loam to gravel) the deep drainage (D)

value was near zero during the growing season. The gravi-

metric water contents at field capacity and the wilting point

were approximately 0.315 and 0.177 g g−1, respectively. For

the study site, additional findings are reported in Clay et al.

(1996, 2005, 2015). The prior history of the site was the seed-

ing of soybean (Glycine max L.) in the spring of 2017, and fer-

tilizer was not applied for the prior 1.5 years. To prepare the

soil for the experiment, soybeans were terminated and surface

residue was removed on 14 Sept. 2017.

The experiment contained six blocks, which represented

different fertilizer application dates. Within a block, the exper-

iment contained two N rates (0 and 224 kg N ha−1), that

were replicated four times. Within a block, all treatments were

within 2 m of each of each other. Fertilizer was applied only

once to the soil within the chamber, the fertilizer rate and dates

treatments were applied in early fall (20 Sept. 2017), mid-

fall (11 Oct. 2017), early winter (1 Nov. 2017), early spring

(1 May 2018), mid spring (22 May 2018), and early summer

(12 June 2018). All soils were exposed to prevailing climatic

conditions. All fertilizer application-date plots were located

within 40 m of each other. For the N treatments, the appropri-

ate amount of urea was dissolved in 10 ml of water and sprin-

kled onto the soil surface inside a 20.3-cm diameter polyvinyl

chloride (PVC) ring, resulting in a 224 kg N ha−1 rate. Water,

10 ml without urea, was applied to the non-fertilized treat-

ments. In these treatments, N2O, CO2, and NH3 emissions and

changes in soil inorganic N with soil depth were measured.

To assess the importance of N immobilization/fixation a

study was conducted in July 2019. This study had two N rates

(0 and 74 kg N ha−1), four replicates, and the experiment was

conducted at a constant soil moisture content (field capacity).

This soil was not dried or ground and the water-filled porosity

was approximately 60%. The soil treatments were placed on a

plastic tarp and covered with a rainout shelter. Nitrous oxide,

CO2-C, and NH3-N emissions were measured (Thies et al.,

2019), and soil samples collected at 0, 6, 12, 17, and 21 days

were dried, ground and analyzed for pH (1:1 water), NH4
+-N,

and NO3
−-N.

2.2 Nitrous oxide, carbon dioxide, and
ammonia emissions measurements

A complete description of the methodology used in N2O-N,

CO2-C and NH3-N flux measurement are available in Thies

et al. (2019). In each experiment, eight LI-COR LI-8100-

104 long-term opaque chambers (8100-104 LI-COR, Lincoln,

NE) were placed onto treatment areas. Each chamber con-

sisted of a base and cover that pivots to cover the treated area

during sample collection. The PVC ring was inserted 5 cm

into the soil. The surface area of each ring was 314 cm2. Gas

samples were collected from 0000 to 0230 h, from 0400 to

0630 h, from 0800 to 1030 h, from 1200 to 1430 h, from

1600 to 1830 h, and from 2000 to 2230 h. The sampling inter-

vals were aligned with the average (0930 to 1030 h), mini-

mum (0530 to 0630 h), and maximum air temperatures (1330

to 1430 h) (Thies et al., 2019). In the following discussion,

N2O-N, CO2-C, and NH3-N emissions for the six measure-

ment over a 24-h period were averaged to determine average

emission rates or summed to determine cumulative losses.

Chambers were sampled in a designated sequence, and cor-

rections were applied to each individual chamber to account

for air volume differences. Air temperatures were measured

with a thermistor and a vent was used to equalize the cham-

ber and atmospheric pressures. The gas within the cham-

ber was mixed during the 15-min sampling period. During

each chamber sampling interval, a total of 900 gas samples

were collected and analyzed for N2O-N, CO2 –C, and NH3-N

by a Picarro Cavity Ringdown Spectrometer (model G2508;

Picarro Inc., Santa Clara, CA). Nitrous oxide and ammo-

nia fluxes were calculated with data obtained between 45 to

900 s after chamber closure, whereas CO2 fluxes were deter-

mined with data obtained between 45 and 165 s. The N2O-N,
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CO2 –C, and NH3-N flux values were calculated using ver-

sion 4.01 LI-COR SoilFluxPro software (v. 4.01; LICOR,

Lincoln, NE).

The Picarro factory calibrations were checked with N2O,

CO2, and NH3 standards at the beginning and end of the

experiments. All standards were purchased from Airgas Spe-

cialty Gases (Airgas USA LLC, Cinnaminson, NJ). The

N2O-N standards had concentrations of 0.378 and 149 ppm,

whereas the CO2-C standards had concentrations of 99.91 and

2998 ppm. The equation between the N2O-N standard and

the factory calibrations, conducted prior to and following the

experiments was y = 0.02 + 1.013 × (standard), r2 = 0.99.

The equation between the CO2-C standards and the factory

calibration was y = −0.288 + 0.994, r2 = 1.00. For NH3–

N, the standard (1804 ppb) and machine reading (1806 ppb)

were virtually identical. Following the fertilizer application,

emissions were measured every 4 h for 21 days. However, for

fertilizer applied on 1 Nov. 2017 the experiment was termi-

nated on November 15 due to soil freezing. Adjacent to the

chambers, soil moisture and temperatures for the surface 5 cm

were measured using the LI-COR LI-8150-205 Soil Mois-

ture Probe (LI-COR, Lincoln, NE) and the LI-COR LI-8150-

203 Soil Temperature Probe (LI-COR, Lincoln, NE), respec-

tively. During the experiments, power outages or machine

failures resulted in short gaps in the dataset (September

21 to 22 and May 1 to May 2). Missing information was

replaced with time appropriate information collected from

each chamber.

2.3 Soil nutrients

Prior to each experiment, soil samples (0- to 15-, 15- to

30-, 30- to 45-, and 45- to 60-cm depths) were collected from

an area adjacent to the chambers and final samples were col-

lected from within the PVC rings. Each composite sample

consisted of eight soil cores that were frozen until analysis.

A subsample was analyzed for gravimetric moisture content

by drying the soil samples to a constant weight at 105◦C. The

bulk densities for the 0- to 15-, 15- to 30-, 30- to 45-, and

45- to 60-cm depths in the fall of 2017 were 1.29, 1.22, 1.22,

and 1.22 g cm3, respectively. The bulk densities for the 0- to

15-, 15- to 30-, 30- to 45-, and 45- to 60-cm depths in the

spring of 2018 were 1.34, 1.30, 1.30, and 1.30 g cm3, respec-

tively. Based on the measured bulk densities and volumetric

water contents, the water filled pore space was determined.

This calculation assumed that the soil particle density was

2.65 g cm−3. Soil samples were dried at 40◦C, ground

(<2 mm) and analyzed for NH4
+–N and NO3

−1–N (Clay,

Clay, Lyon, & Blumenthal, 2005; Kim et al., 2008). The

bulk densities were used to convert gravimetric values to

volumetric values.

2.4 Microbial community measurements

The microbial community structures were measured on sur-

face soil samples (0- to 15-cm) collected on 11 Oct. 2017

and 12 June 2018. Protocols for collecting and storing these

samples are provide by Veum, Lorenz, and Kremer (2019).

These samples were analyzed for the microbial community

structure using the Phospholipid Fatty Acid (PFLA) approach

(Reese et al., 2014). For this analysis, the soil samples were

submitted to WARD Laboratories, Inc. (WARD Labs Inc,

Kearney, NE). WARD Laboratories Inc. uses a modification

of Hamel et al. (2006). In this analysis, 2 g of soil were

mixed with 9.5 ml of dichloromethane for 1 h. Following mix-

ing, 2.5 ml of dichloromethane (DCM) and 10 ml of satu-

rated KCl were added, and the test tubes were shaken and

centrifuged. The aqueous portion was placed into clean vials

and 5 ml of dichloromethane/methanol (1:1 v/v) was added,

shaken, and centrifuged. The aqueous fraction was dried, dis-

solved in 2 ml of dichloromethane, placed onto silica gel

columns, and washed with dichloromethane. The neutral, gly-

col, and phospholipid fractions were collected by sequential

leaching with 2 ml of DCM, acetone, and methanol, respec-

tively. Of these fractions, the neutral and glycol fractions were

discarded. These samples were dried, dissolved in methanol

and the fatty acid methyl esters were created by mild acid

methanolysis. Neutral and phospholipids fractions were dried

under a N2 flow at 37◦C in the fume hood. Methanol/H2SO4

(25:1 v/v) was added to the vials, which were placed in an

80◦C oven for 10 min, and cooled to room temperature before

adding approximately 2 ml of hexane. Vials were vortexed for

30 s and left to settle for 5 min before the lower fraction was

discarded. Vials were vortexed a second time for 30 s, and

allowed to separate 5 min before the aqueous fraction was dis-

carded. The samples were dried, resuspended in 50 μl of hex-

ane, placed inside a gas chromatograph (GC) vial, and ana-

lyzed on a GC. Based on the PLFA biomarkers, the gram (+)

bacteria, gram (-) bacteria, actinomycetes, arbuscular mycor-

rhical fungi, saprophytic fungi, rhizobia, and protozoa organ-

isms were identified (Rankoth et al., 2019) using the MIDI

Sherlock Software system (Veum et al., 2019). This approach

is useful at providing information on the living biomass and

community structure. The microbial biomass was the sum

of the PLFA biomarkers, and this value does not reflect

total biomass.

2.5 Nitrogen calculations

The cumulative emissions of N2O-N, CO2–C, and NH3–N

were determined by assuming that the point measurements

were estimates of the emissions over a 4-h period. Total emis-

sions was determined by summing these values. The NH4–N
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T A B L E 1 Average 7-d soil and air temperatures, soil moisture, water filled pore space contents for the surface 5 cm and precipitation. The time

intervals shown are 0 to 7, 8 to 14, and 15 to 21 d. The values in parenthesis represent the range in values over the study period. Values in parentheses

represent the range in values during a study period

Season
Fertilizer
application date

Days after
application

Soil Temp.
0-5 cm Air Temp.

Volumetric soil
moist 0-5 cm

Water-filled pore
space 0-5 cm Rainfall

d ◦C ◦C cm3 cm-3 cm3 cm-3 cm

Early fall 20 Sept. 0-7 17.5 15.6 0.44 (0.12-0.52) 0.857 11

Early fall 20 Sept. 8-14 15.2 13.6 0.45 (0.36-0.51) 0.877 6.5

Early fall 20 Sept. 15-21 11.8 9.16 0.45 (0.34-0.49) 0.877 0.2

Mid-fall 11 Oct. 0-7 10.9 9.36 0.32 (0.28-0.39) 0.624 0.3

Mid-fall 1 Oct. 8-14 12.2 10.7 0.32 (0.25-0.45) 0.643 0

Mid-fall 11 Oct. 15-21 3.99 0.05 0.28 (0.18-0.45) 0.643 0.4

Early winter 1 Nov. 0-7 3.31 −2.12 0.24 (0.23-0.26) 0.468 0.7

Early winter 1 Nov. 8-14 2.19 −0.03 0.24 (0.17-0.32) 0.468 0

Early spring 1 May 0-7 12.6 17.5 0.37 (0.36-0.41) 0.749 1.3

Early spring 1 May 8-14 10.4 13.2 0.45 (0.28-0.41) 0.91 2.3

Early spring 1 May 15-21 14.4 18 0.33 (0.30-0.42) 0.668 0

Mid-spring 22 May 0-7 21.9 25.6 0.27 (0.20-0.33) 0.546 0.3

Mid-spring 22 May 8-14 18.9 23.3 0.27 (0.19-0.32) 0.546 1.2

Mid-spring 22 May 15-21 18.5 21.6 0.26 (0.19-0.34) 0.526 0.9

Early summer 12 June 0-7 21.1 22.9 0.29 (0.22-0.37 0.546 2.3

Early summer 12 June 8-14 18.9 21.2 0.34 (0.12-0.56) 0.465 4.2

Early summer 12 June 15-21 21 23.9 0.36 (0.26-0.68) 0.607 3.8

and NO3–N concentration in surface 30 cm was determined

by summing the 0- to 15- and 15- to 30-cm soil depths. The

amount of nitrified N fertilizer was calculated by subtract-

ing the kilograms of NO3
−–N + N2O-N per hectare in the

unfertilized plot from kilograms of NO3
−–N + N2O-N per

hectare in the fertilized plots. However, in the actual calcula-

tions, N2O emissions were assumed to approach zero because

these losses were 1,000 to 10,000 times less than the changes

in soil NO3-N. The amount of fertilizer N that leached below

the surface 30 cm was determined by subtracting the amount

of nitrate-N in the 30- to 60-cm depth in the unfertilized

plots from the nitrate-N in the fertilized plots. Leaching below

60 cm was not considered because previous analysis showed

that a soil texture discontinuity slowed water movement into

the gravel (Kim et al., 2008).

The percentage of NH4-N in the soil samples were

determined by dividing NH4-N by total inorganic N

(NO3
−1–N + NH4

+1–N). The amount of immobilized/fixed

N in the soil profile was determined with the equ-

ation: Immobilized or f ixed = N rate − [(Inorganic soil, fert
− inorganic soil, no−fert ) + Emitted N].

2.6 Statistical analysis

With the exception of block 3 (early winter), each of the fertil-

izer application dates were separated into three periods: 0 to

7, 8 to 14, and 15 to 21 days. Treatment differences for the

7-day intervals and loss over the 21-day experiment were

determined using ANOVA (R Core Team, 2017) where fer-

tilizer application dates were blocks and N rates were treat-

ments. Within each block, the treatments were replicated four

times. Due to interactions between the blocks (fertilizer appli-

cation date) and treatments (N rates), the fertilizer applica-

tion dates were analyzed separately. The emissions from the

six fertilizer application dates were compared using ANOVA.

Unless noted, a Duncan’s test at an α = .10 level was used to

separate treatment differences.

3 RESULTS AND DISCUSSION

3.1 Rainfall, soil temperatures, and moisture

The mean 7-d average soil temperatures decreased from

17.5◦C for fertilizer applied in early fall to 2.19◦C for fer-

tilizer applied in early winter (Table 1). For fall-applied fer-

tilizers, the average 7-d water filled pore spaces were greater

than 60% for fertilizer applied in early fall and mid-fall. Based

on Linn and Doran (1984) the 60% water filled porosity was

the point where the soil switched from aerobic to anaero-

bic. In spring 2018, temperatures generally increased from

1 to 22 May 2018, and the average water filled pore space

was greater than 60% for fertilizer applied on 1 May 2018.
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T A B L E 2 Amount of inorganic N (NH4–N and NO3–N) contained in the surface 30 cm and the percentages of the ammonia in the soil

samples at the beginning and completion of each fertilizer application experiment. The initial rates are provided for comparison and the statistical

analysis was between the two N rates at the completion of the experiments

Early fall Mid-fall Early winter

Treatment
Day after
application

Total inorganic
N

NH4-N/
Inorganic

Total
inorganic N

NH4-N/
Inorganic Total inorganic N

NH4-N/
Inorganic

d kg N ha-1 % kg N ha-1 % kg N ha-1 %

Initial 0 48.9 29.8 58.3 35.7 61 57.8

Urea 21 152.6 26.2 181.6 76 213 74.4

No-urea 21 46.8 69.4 55.1 27.6 39.7 49.8

P value 0.028 0.003 0.013 0.007 0.003 0.0613

Early spring Mid-spring Early summer

Treatment
Day after
application

Total inorganic
N

NH4-N/
Inorganic

Total
inorganic N

NH4-N/
Inorganic Total inorganic N

NH4-N/
Inorganic

d kg N ha-1 % kg N ha-1 % kg N ha-1 %

Initial 0 45.0 20.0 33.4 90 60.6 30

Urea 21 107.4 30.7 145.3 33.2 149.4 26.8

No-urea 21 38.6 66.2 45.0 53.7 56.5 76.7

P value 0.002 0.030 0.009 0.260 0.030 0.069

However, water filled porosities were generally less than 60%

for fertilizer applied in mid-spring and early summer.

3.2 Nitrogen budgets

3.2.1 Soil inorganic N concentrations

The initial amount of inorganic N (NO3 + NH4) in the surface

30 cm was less than 61 kg N ha−1 for all fertilizer application

dates (Table 2). Based on these amounts, nitrate-N concen-

tration in the surface 30 cm in the early fall, mid-spring, early

winter, early spring, mid-spring, and early summer were 9.09,

10.24, 6.76, 6.55, 0.91, and 10.66 mg NO3–N kg−1, respec-

tively. For some of the application dates, the NO3–N concen-

trations may have been low enough in the unfertilized treat-

ments to increase the conversion of N2O to N2 (Blackmer &

Bremner, 1979; Thomas et al., 2017).

3.2.2 Amount of nitrified N

The calculated amounts of nitrified fertilizer-N that was

applied in the early fall, mid-fall, early winter, early spring,

mid-spring, and early summer were 98.1 (44% applied N),

3.69 (1% applied N), 34.6 (15% applied N), 96.1 (43%

applied N), 76.2 (34% applied N), and 96.2 (43% applied

N) kg N ha−1, respectively. The low nitrification amounts for

fertilizer applied in mid-fall and early winter were attributed

to reduced biological activity with decreasing soil tempera-

ture (Table 1). These findings support the recommendation

of waiting to apply fall ammonium based fertilizers until the

surface 10 cm of soil decreases below 10◦C.

3.2.3 N fixation, immobilization, and leaching

At the completion of each 21-d experiment, the amount of

inorganic N that was derived from the applied urea was 111 ±
32.8 kg N ha−1. Given that 224 kg N ha−1 was applied,

these values suggest that approximately 50% of the applied

urea-N was not extractable with 1 M KCl. The missing N

could be the result of non-measured gas emissions (NO, and

N2), NO3
− leaching, N mineralization inhibition, or NH4–N

immobilization/fixation. We attributed the lost N to immobi-

lization/fixation for several reasons. First, large emissions of

NO were discounted because Fujinuma, Venterea, and Rosen,

2011 reported that NO losses were about 50% of N2O losses.

In addition, large emissions of N2 were discounted because

Del Grosso et al. (2000) reported that at 60% water filled

porosity in a silt loam soil, the N2 to N2O ratio was <1. Del

Grosso et al. (2000) also reported that the highest N2/N2O

ratios were observed in nitrate-limited soil.

Second, ammonium inhibition of N mineralization

(Mahal et al., 2019) was discounted because based on the

experiment conducted in July 2019, N mineralization was

1.22 mg N d−1, and if NH4
+ completely inhibited N miner-

alization, then NH4 inhibition would only account for 3.1%

of the missing N over 6 d. Third, the loss of approximately

half of the fertilizer through NO3
− leaching was discounted

because the amount of fertilizer-derived inorganic N that was

transported with percolating water below 30 cm for all fertil-

izer application dates was 11.63 ± 11.9 kg N ha−1 (p = .05).

Others have reported similar leaching losses of fertilizer-

derived N in field experiment (Tran & Giroux, 1998). Forth,

the loss of nitrate below the surface 60 cm was discounted

because this soil had textural discontinuity between 60 to
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80 cm that slows and/or prevents water movement below

this layer.

To confirm that N immobilization/fixation could be

responsible for the missing N, an additional experiment

was conducted in July 2019. In this experiment, losses

through leaching and plant uptake were prevented and the

combined gaseous loss of N2O-N + NH3–N over 21 d

was <0.1 kg N ha−1, respectively. In this experiment, soil

pHwater values in the fertilized and unfertilized soil was 5.8 ±
0.14 and 5.61 ± 0.11, respectively, and after 6 and 21 d, the

soil contained 46 ± 21% and 44 ± 7.6% of the fertilizer-

derived inorganic N. These values indicate that at 60% water

filled porosity, 54% of the applied fertilizer was either immo-

bilized or fixed.

Nieder and Benbi (2008) had similar results and reported

that NH4
+ fixation can range from 10 to 60 mg N kg−1 in

sandy soils and from 90 to 460 mg kg−1 in clay soils. Foster,

Beauchamp, and Corke (1985) reported that 3 months after

the urea application, 25% was immobilized into organic N.

Reddy and Reddy (1993) reported that following harvest,

50.4% of the 50 kg NH4NO3–N ha−1 that was applied,

remained in the surface 75 cm. Of the 50.4% of the applied N,

94% was contained in organic pools, and most of the immobi-

lized N (60.7%) was derived from NH4
+. Azum et al. (1993)

had similar results and reported that when organic C limited

growth, NH4
+ was preferentially immobilized over NO3

−.

Okereke and Meints (1985) showed that 12 h after applying

N to organic soil, 9 to 10% of the applied N was contained

in the organic matter, whereas Kelly and Stevenson (1987)

reported that maximum immobilization occurred within

6 d of being treated with glucose.

In a study that considered immobilization/fixation, plant

uptake, and mineralization of fixed or immobilized N, Clay,

Malzer, and Anderson (1990a) reported that 18 days after

applying 15N labeled urea to a sandy loam soil, 35% was

either immobilized/fixed into pools that were not extracted by

1 M KCl. Of the immobilized/ fixed N, 13.9 and 66% was in

6 M HCl hydrolyzable amino acid and NH4 pools, respec-

tively. The immobilized/fixed N mineralized 5 to 10 times

faster than the non-labeled organic N, which the plants sub-

sequently utilized. These findings have short and long-term

implications on N cycling. Over the short term, the immobi-

lization/fixation of NH4
+ reduces the amount of N that can be

lost through leaching or denitrification. Over the long-term,

immobilized/fixed N can effect N cycling for decades. Sebilo,

Mayer, Nicolardot, Pinay, and Mariotti (2013) reported that

after 30 years, 61 to 65% of the applied 15N labeled fertilizer

was taken up by the plant, and that 12 to 15% of the applied N

was still contained in the organic matter. Each year the contri-

bution that the plant receive from the single application of 15N

labeled fertilizer decreased. These data suggest that the failure

to account for immobilization/fixation and subsequent release

results in underestimate N fertilizer efficiency and overesti-

mating N losses.

3.2.4 N2O, CO2, and NH3 emissions

For fertilizer applied in the early fall (20 Sept. 2017) and

early summer (22 June 2018) the application of urea increased

N2O-N emissions. For fertilizer applied in early summer, N2O

emissions may have been limited by organic-C substrate avail-

ability. Others have seen high emissions following spring

freeze thaw cycle (Liu et al., 2019). However, the amount of

fertilizer-derived N that was emitted as N2O was less than 1%

of the applied fertilizer. For fertilizer applied in mid fall, early

winter, early spring and mid spring N2O-N emissions from

the fertilized and non-fertilized plots were similar (Table 3;

Figure 1). Other have also seen emissions rates that are less

than 1% of the applied N in frigid soils (Niraula et al., 2019).

In the fall of 2017, CO2–C emissions decreased as the

season progressed and for urea applied in the early fall

(20 Sept. 2017), mid-fall (11 Oct. 2017), mid-spring (22

May 2018), and early summer (22 June 2018), the fertilizer

treatments did not influence CO2–C emissions (Table 4;

Figure 2). However, for urea applied in the early winter

(1 Nov. 2017) and early spring (1 May 2018) the fertilizer

application increased CO2–C emissions.

F I G U R E 1 Average daily nitrous oxide emission rates across a

24-h period and soil temperatures (0-5 cm) from the six fertilizer

application dates as influenced by day of the year (DOY). The figure on

the left shows data from the early fall, mid-fall, early winter treatment

and the figure on the right shows early spring, mid-spring, and early

summer. The data shown represents the average daily emissions. The

arrows represent when the fertilizer was applied. Soil temperature in in

the chart and soil moisture are in Figure 2
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T A B L E 3 Total cumulative N2O-N emissions per hectare for each time interval from the six fertilizer application dates. In the urea treatment

224 kg urea-N ha−1 was applied

Days after application Days after application
Treatments 0-7 8-14 15-21 0-21 Treatments 0-7 8-14 14-21 0-21

kg N2O-N ha−1 kg N2O-N ha−1

Early fall Early spring

Urea 0.062 0.102 0.097 0.261 Urea 0.0983 0.1072 0.0876 0.293

None 0.039 0.072 0.108 0.219 None 0.1056 0.09 0.0466 0.242

p-value 0.201 0.055 0.176 0.085 p-value 0.882 0.756 0.168 0.681

Mid-fall Mid-spring

Urea 0.0442 0.0327 0.0087 0.086 Urea 0.0358 0.0358 0.0312 0.103

None 0.0364 0.0189 0.0059 0.061 None 0.0223 0.0146 0.0074 0.044

p-value 0.666 0.413 0.411 0.511 p-value 0.342 0.216 0.103 0.194

Early winter Early summer

Urea 0.0027 0.0027 ND 0.005 Urea 0.0219 0.0514 0.0958 0.169

None 0.0022 0.0031 ND 0.005 None 0.0087 0.0148 0.0194 0.0429

p-value 0.007 0.11 >0.9 p-value 0.101 0.0043 0.0001 0.0001

For fertilizer applied in early fall (20 Sept. 2017), 0.43% of

the applied N was lost through NH3 volatilization (Table 5;

Figure 3). However, delaying the application until mid-fall

(Oct. 11), increased volatilization losses 33%. This increase

was attributed to slowed nitrification resulting from low soil

temperatures. In the following spring (1 May 2018), NH3

losses were higher than fertilizer applied in the fall. High

losses in early spring maybe related to a combination of

factors including the impact of temperature on nitrification,

NH3 solubility and the pKa value for the equation, NH4
+→

NH3 + H+ (Bates & Pinching, 1949; Clay et al., 1990b;

Young, 1981).

3.3 Seasonal differences in N2O-N, CO2–C
and NH3–N emissions

Correlations between GHG emissions and soil temperature

and moisture were not consistent across fertilizer application

dates (Table 7). In the fall, decreasing soil temperatures

slowed nitrification (Table 6), which reduced N2O-N emis-

sions and increased NH3–N volatilization. The positive

relationship between the average daily temperature and

cumulative N2O-N emissions in the unfertilized plots in the

fall supports this hypothesis (Figure 4). Other studies have

reported similar differences (Adair, Barbieri, Schiavone, &

T A B L E 4 CO2-C cumulative emissions for each time interval for the fall and spring fertilizer application dates

Days after fertilizer application Days after fertilizer application
Treatment 0-7 8-21 15-21 0-21 Treatment 0-7 8-14 15-21 0-21

kg CO2-C ha−1 kg CO2-C ha−1

Early fall Early spring

Urea 167.4 86.6 100.3 354 Urea 185 180 262 627

None 128.8 108.9 143.9 382 None 120 153 191 464

p value 0.212 0.184 0.001 0.435 p value 0.001 0.372 0.116 0.044

Mid-fall Mid-spring

Urea 122 97 65 294 Urea 195 152 168 515

None 96 83 65 243 None 197 193 247 637

p value 0.165 0.467 0.985 0.266 p value 0.953 0.052 0.038 0.126

Early winter Early summer

Urea 75 43 120 Urea 197 151 148 496

None 34 31 43 None 190 201 253 644

p value 0.0099 0.0141 0.01 p value 0.798 0.225 0.059 0.219
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F I G U R E 2 Average daily carbon dioxide emissions rates across

a 24-h period for the three fall and three spring fertilizer application

dates as influenced by day of the year (DOY). Data from the early fall,

mid-fall, early winter treatments are on the left and data from the early

spring, mid-spring, and early summer are on the right. Arrows represent

when the single rate of fertilizer was applied to each plot. Soil moisture

(SM) is provided in the chart and soil temperature is in Figure 1

Darby, 2019; Drake, Giasson, Spiller, & Finze, 2013; Dusen-

bury, Engel, Miller, Lemke, & Wallander, 2008; Liu et al.,

2019; McGowan et al., 2018; Phillips, Tanaka, Archer, &

Hanson, 2009).

Across all fertilizer application dates, soil moisture was

positively correlated to N2O (Figure 5; Table 7). However,

a consistent relationship between soil moisture and N2O

F I G U R E 3 Average daily ammonia volatilization rates for

fertilizer applied in the fall of 2017 and spring of 2018. Each value

represents the sum of 6 measurement collected during the 24-h period.

Data from the early fall, mid-fall, early winter treatment are on the left

and data from the early spring, mid-spring, and early summer are on the

right. The average soil temperature and moisture values are shown in

Figures 1 and 2. The arrows represent when the fertilizer was applied

emissions between fertilizer application dates was not appar-

ent. For example, N2O and soil moisture were correlated to

soil moisture for early fall and early winter but were not cor-

related for mid-fall.

3.3.1 Relationship among temperature,
moisture, and N2O and CO2–C emissions

The correlation analysis between the individual components

shows that N2O-N emissions were influenced by both soil

temperature and soil moisture (Table 7). Others have reported

similar findings (Abagandura et al., 2019). However, our

T A B L E 5 Total cumulative NH3-N volatilization for each time interval for fertilizer applied in early fall (20 Sept. 2017), mid-fall (11 Oct.

2017), early winter (1 Nov. 2017), early spring (1 May 2018), mid-spring (22 May 2018), and early summer (12 June 2018)

Days after fertilizer application Days after fertilizer application
Treatment 0-7 8-14 15-21 0-21 Treatment 0-7 8-14 15-21 0-21

kg NH3-N ha−1 kg NH3-N ha−1

Early fall Early spring

Urea 0.24 0.007 0.001 0.25 Urea 1.812 0.0866 0.0368 1.9354

None 0.003 0.003 0.001 0.01 None 0.121 0.0003 0.0022 0.1235

p value 0.009 0.262 0.992 0.01 p value 0.159 0.175 0.152 0.0062

Mid-fall Mid-spring

Urea 0.1534 0.25 0.02 0.42 Urea 1.243 0.156 0.018 1.417

None 0.0337 0.06 0.005 0.1 None 0.045 0.0082 0.0045 0.0577

p value 0.306 0.281 0.055 0.04 p value 0.0121 0.0152 0.00152 0.12

Early winter Early summer

Urea 0.02 0.06 0.08 Urea 0.3656 0.0796 0.0126 0.4578

None 0.006 0.002 0.01 None <0.002 <0.002 <0.002 0

p value 0.161 0.025 0.03 p value 0.036 0.022 0.759 0.0304
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T A B L E 6 Correlation coefficients between daily average N2O, CO2, and NH3 emission rates as impacted by N treatment, season, and the soil

temperature and soil moisture contents. Bolded correlation coefficients were significant at p ≤ .05

Temperature Moisture
Season Date N rate N2O CO2 NH3 N2O CO2 NH3

kg N ha-1 r r r r r r

Early fall 20 Sept. 2017 all −0.05 0.59 0.52 −0.14 −0.62 −0.48
Mid-fall 11 Oct. 2017 all 0.66 0.56 0.32 0.58 0.67 0.35
Early winter 1 Nov. 2017 all −0.09 0.48 0.06 −0.16 0.31 0.23

Early spring 1 May 2018 all −0.25 0.14 −0.18 0.43 −0.5 0.11

Mid spring 22 May 2018 all 0.54 −0.15 0.25 0.09 0.37 0.12

Early summer 12 June 2018 all −0.28 0.25 −0.33 0.48 −0.26 −0.3

Sig. r values P0.05 = 0.3,

P0.01 = 0.393

Early fall 20 Sept. 2017 0 −0.13 0.49 0.03 −0.52 −0.59 −0.34

Mid-fall 11 Oct. 2017 0 0.61 0.55 0.33 0.61 0.6 0.31

Early winter 1 Nov. 2017 0 −0.38 0.73 0.02 −0.49 0.45 −0.11

Early spring 1 May 2018 0 −0.45 0.47 0.05 0.35 −0.55 0.07

Mid spring 22 May 2018 0 0.18 0.18 0.12 0.38 0.19 0.09

Early summer 12 June 2018 0 −0.23 0.4 −0.14 0.65 0.12 0.33

Sig. r value P0.05 = 0.423,

P0.01 = 0.608

Early fall 20 Sept. 2017 224 0.05 0.67 0.76 0.17 −0.65 −0.55
Mid-fall 11 Oct. 2017 224 0.74 0.61 0.43 0.59 0.76 0.49
Early winter 1 Nov. 2017 224 0.27 0.63 0.4 0.23 0.4 0.43

Early spring 1 May 2018 224 0.15 0.7 0.05 0.54 −0.64 0.15

Mid spring 22 May 2018 224 0.28 −0.007 0.11 −0.14 0.58 0.16

Early summer 12 June 2018 224 −0.09 0.02 −0.3 0.77 −0.54 −0.45
Sig. r values P0.05 = 0.423,

P0.01 = 0.608

Fall all 0.72 0.64 0.23 0.75 0.27 −0.07

Spring all −0.6 0.13 −0.13 0.69 −0.16 0.1

Fall 0 0.64 0.68 0.07 0.68 0.44 −0.12

Spring 0 −0.72 0.6 −0.21 0.68 −0.42 0.22

Fall 224 0.8 0.59 0.33 0.82 0.11 −0.08

Spring 224 −0.58 −0.12 −0.13 0.78 0.05 0.13

Sig r values P0.05 = 0.174,

P0.01 = 0.226

research also showed that while temperature is correlated to

N2O emissions, this relationship may be positive in the fall

and negative in the spring (Figure 4). In our experiment, the

highest N2O emissions (0.542 ± 0.079 g N2O-N ha−1 h−1)

occurred in the early spring, when temperatures were low and

soil moisture (0.3387± 0.011 cm3 cm−3) and CO2–C (1111±
107 g CO2–C ha−1 h−1) emissions were high. The high

CO2-C emissions in early spring was attributed to soil freez-

ing and thawing.

Soil moisture was positively correlated to N2O for all treat-

ments. These results are similar to those reported by Abagan-

dura et al. (2019) and Linn and Doran (1984). The lowest N2O

emissions (0.165 ± 0.002 g N2O-N ha−1 h−1) occurred in the

early winter which corresponded to low soil moisture con-

tents (0.234 ± 0.014 cm3 cm−3) and low CO2-C (285 ± 67

g CO2-C ha−1 h−1), whereas the highest emissions occurred

in the early spring when soil moisture and CO2 emissions

were high.

3.4 Seasonal differences in PLFA microbial
community structure

Seasonal differences in GHG emissions may be attributed to

seasonal microbial community structure changes. However,
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T A B L E 7 Average daily rate of N2O-N, CO2-C and NH3-N emissions for the six fertilizer application dates. Values with same letter within a

fertilizer treatments and gas species were not different (p = .05). To convert these values to loss per day, multiply each value by 24 h, and to convert

these values to average loss over the study period, multiply the daily values by the number of days in the study period

Urea No-urea
Application date N2O-N CO2-C NH3-N N2O-N CO2-C NH3-N

g ha-1 h-1 kg ha-1 h-1 g ha-1 h-1 g ha-1 h-1 kg ha-1 h-1 g ha-1 h-1

Early fall 20 Sept. 2017 0.514b 0.68c 0.4b 0.43b 0.75c 0.013c

Mid-fall 11 Oct. 2017 0.170d 0.56d 0.8b 0.12c 0.48d 0.198ab

Early winter 1 Nov. 2017 0.017e 0.36e 0.3b 0.02d 0.20e 0.026bc

Early spring 1 May 2018 0.597a 1.28a 4.0a 0.50a 1.95b 0.254a

Mid-spring 12 May 2018 0.211d 1.05b 2.9a 0.09c 1.30a 0.118abc

Early summer 12 June 2018 0.346c 1.016b 0.9b 0.09c 1.32a 0.023bc

p value <.001 <.001 <.001 <.001 <.001 0.0077

F I G U R E 4 Influence of temperature on the average daily N2O-N

(left) and CO2-C (right) emissions over 7 d in the fall of 2017 and

spring of 2018

because the relationship between emission and the microbial

community structure are not understood, the purpose of this

section was to continue this dialog on how the microbial com-

munity influence greenhouse gas emissions.

The total microbial biomass was not different in the fall

of 2017 and spring of 2018 (p = 0.149) (Table 8). However,

seasonal differences in percentage of bacteria, actinomycetes,

F I G U R E 5 Influence of fertilizer application date and volumetric

soil moisture (SM) on the average daily N2O-N emission rates

arbuscular mycorrhizae, and undifferentiated soil organisms

were observed. Others have reported seasonal changes in

the microbial community structure (Andresen et al., 2014).

Lipson, Schadt, and Schmidt (2002) reported that fungal/

bacteria ratios were higher in winter than in spring.

Buckeridge, Banerjee, Siciliano, and Grogan (2013) reported

that from the winter to spring, fungal populations decreased

and bacterial populations increased. Reese et al. (2014)

reported that in South Dakota, the fungi to bacteria ratio was

higher in the spring than the fall.

T A B L E 8 Seasonal differences on the total microbial biomass, bacteria, fungi, actinomycetes, arbuscular mycrorrhizae, undifferentiated

microbial biomass, and the fungi to bacteria ratio as determined using the PLFA technique

Sample date
Total
biomass Bacteria Fungi

Actino
mycetes

Arbusular
mycrorrhizae Undifferentiated

Fungi/
bacteria ratio

ng g−1 g kg biomass-1

11 Oct. 2017 2360 546 101 118 34 345 0.18

12 June 2018 3510 408 125 73 12 461 0.32

p-value 0.149 0.003 0.481 0.006 0.016 0.025 0.217
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Fungi are generally more efficient, have slower growth

rates, higher C to N ratios, are more tolerant to dry soil

and pH conditions, and have greater potential to immobilize

N than bacteria (de Vries, 2009; Rousk & Bååth, 2007;

Rousk, Brookes, & Bååth, 2009). In addition, fungi do not

fix N, however they do increase nutrient uptake through their

hyphal network, produce glomalin that builds soil structure,

have the ability to produce N2O through denitrification, and

are favored at lower temperatures (Clay et al., 1990b; de

Vries, 2009; Pietikäinen, Pettersson, & Bååth, 2005; Seo &

Delaune, 2010). Selected bacteria have the capacity to fix

N2, release organic acids to solubilize nutrients, produce

siderophores that chelate iron, convert ammonium to nitrate,

and use nitrate as the final electron acceptor. These findings

suggest that climatic changes may impact the microbial

community structure and nutrient cycling (Andresen et al.,

2014; Maeda et al., 2015).

3.5 Findings relative to IPCC N2O default
value of 1% of applied N

The findings reported in this paper differ from the current

IPCC protocol that uses a 1% default value for N2O emissions

(DeKlein et al., 2006). Low fertilizer-derived N2O-N losses

were attributed to several factors including that:

1. Fertilizer induced emissions were calculated as opposed to

total emissions,

2. Approximately, 50% of the applied N was immobi-

lized/fixed into non-exchangeable forms that were not

nitrified, and

3. Emissions were measured with a near continuous sys-

tem and the same experiment was repeated in the early

fall, mid-fall, early winter, early spring, mid-spring, and

early summer.

Others have also reported that <1% of the applied N is

emitted as nitrous oxide (Fujinuma, Venterea, & Rosen, 2011;

Halvorson & Del Grosso, 2013; Macdonald, Rochester, &

Nadelko, 2015; Niraula et al., 2019). However, the literature

contains N2O emission values that are highly variable. This

variability could be attributed to: 1) research conducted at

targeted locations that do not represent the entire watershed;

2) experiments that apply N at rates exceeding the plant

requirement; 3) estimating cumulative emissions from exper-

iments containing highly variable point measurements; and

4) using protocols with low accuracy and precision (Lehman

et al., 2017; Parkin, 2008; Johnson & Barbour, 2019;

Maharjan & Venterea, 2013; Steusloff, Nelson, Motovalli,

& Singh, 2019; Chiesa, Pineiro, & Yahdjian, 2019; Davis,

Groh, Jaynes, Parkin, & Isenhart, 2019; Hoben, Gehl, Millar,

Grace, & Robertson, 2010; Macdonald et al., 2015; Omon-

ode, Kovács, & Vyn, 2015; Parkin & Hatfield, 2013; Thies

et al., 2019). In spite of these difficulties, obtaining accurate

information is critical for estimating the carbon footprint

for the entire watershed. One approach to overcome these

barriers to conduct research at targeted locations and then

using mathematics or a simulation model to calculate area

corrected emission estimates (Chang, Clay, Clay, Smart, &

Ohrtman, 2017).

4 SUMMARY

This paper representre the second paper in series of papers

utilizing this dataset. In the first paper, Thies et al. (2019)

showed that the diurnal temperature cycle and soil mois-

ture interacted to influence emissions across a 24-h period.

This paper expands on this discussion and investigates the

influence of fertilizer application date on N cycling. The

current study showed that, when urea was added to soil

it was hydrolyzed resulting in the production of NH3 and

NH4
+. A portion of the N was immobilized/fixed into non-

exchangeable forms, emitted from the soil as either N2O or

NH3, or reduced to NO3
− that could be denitrified or leached

with percolating water. Mass-balance calculations suggest

that the applied N was split between extractable and non-

extractable forms, and that 11.63 ± 11.9 kg N ha−1 of the

applied N was transported below the surface 30 cm. The rel-

atively low NO3
− losses were attributed to a large percentage

of the applied N that was immobilized or fixed, that water per-

colation occurred prior to nitrification, and/or that nitrate was

weakly sorbed to the soil matrix (Clay, Zhen, Liu, Clay, &

Trooien, 2004).

The relationships between GHG emissions and soil temper-

ature moisture contents were dependent on the fertilizer appli-

cation date. In the fall, the relationship between the N2O-N

emission rate and temperature was N2O-N (g ha−1 h−1) =
−0.03+ 0.024× temperature (◦C), r2 = 0.39, p < .01, whereas

in the spring the relationship was N2O-N (g ha−1 h−1) = 1.10

− 0.048 × temperature (◦C), r2 = 0.508, p < .01. Higher emis-

sions in the spring than the fall were attributed to the spring

freeze–thaw cycle that released labile organic substrates. The

highest N2O emissions occurred in the early spring when

temperatures were low, and soil moisture and CO2 emissions

were high.

In the fall when the average 7-day temperature was less

than 12 ◦C, nitrification was slow, which resulted in increased

ammonia volatilization. For fertilizer applied in the spring,

ammonia volatilization losses were consistently greater in

the fertilized than non-fertilized plots. These findings suggest

that lower NH3-N volatilization losses for fertilizer applied

in mid-fall (11 Oct. 2017) than early spring (1 May 2018)

or mid-spring (22 May 2018) were attributed to low tem-

peratures. Ammonia volatilization peaks generally occurred

within 14 days of applying fertilizer. Based on the measured
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values, the combined emissions of N2O-N and NH3-N were

generally less for the fall than the spring applied N. These

findings show that management can be used to reduce N2O-

N and NH3-N emissions, and they confirm that delaying fall

applied N until after the soil temperature decrease below 10◦C

slows nitrification and potential losses.
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