Hindawi
International Journal of Agronomy
Volume 2019, Article ID 8572985, 15 pages
https://doi.org/10.1155/2019/8572985

Research Article
Aerial Nitrogen Fluxes and Soil Nitrate in response to
Fall-Applied Manure and Fertilizer Applications in
Eastern South Dakota
Mukesh Mehata,1,2 Erin Cortus ,1,3 Suresh Niraula,4,5 Mindy J. Spiehs,6
Joseph Darrington,1 Amitava Chatterjee,7 Shaﬁqur Rahman,4 and David B. Parker

8

1

Agricultural and Biosystems Engineering, South Dakota State University, Brookings, SD 57007, USA
Biosystems and Agricultural Engineering, Oklahoma State University, Stillwater, OK 74078, USA
3
Bioproducts and Biosystems Engineering, University of Minnesota, St. Paul, MN 55108, USA
4
Agricultural and Biosystems Engineering, North Dakota State University, Fargo, ND 58108, USA
5
Three Rivers Park District, Plymouth, MN 55441, USA
6
US Meat Animal Research Center, Clay Center, NE 68933, USA
7
Department of Soil Science, North Dakota State University, Fargo, ND 58108, USA
8
USDA-ARS, Conservation and Production Research Laboratory, Bushland, TX 79015, USA
2

Correspondence should be addressed to Erin Cortus; ecortus@umn.edu
Received 25 April 2019; Revised 25 July 2019; Accepted 11 August 2019; Published 22 September 2019
Guest Editor: Stefania Pindozzi
Copyright © 2019 Mukesh Mehata et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
Manure and inorganic fertilizer help to meet crop nitrogen demand by supplementing soil nitrogen (N). However, excessive N
losses reduce soil fertility and crop yield and can impair water and air quality. The objectives of the research were to compare
diﬀerent forms of fall-applied N for (1) the change in soil nitrate (NO3-N) over the growing season and (2) the aerial ammonia
(NH3) and nitrous oxide (N2O) ﬂuxes during the fall and early growing season. Treatments included solid beef cattle manure with
bedding (BM), solid beef cattle manure only (SM), urea (UO), and no fertilizer (NF). The two-year plot-scale study took place in
Brookings County, South Dakota, under rain-fed conditions in a silty clay loam. Manure and urea were applied at equal plantavailable N rates of 130 and 184 kg·N·ha− 1 in Y1 and Y2, respectively, according to the South Dakota nutrient management
planning process. The average total (i.e., 0–0.60 m soil depth) soil NO3-N for Y1 (83 kg·ha− 1) was signiﬁcantly higher than Y2
(67 kg·ha− 1), whereas surface (i.e., 0–0.15 m soil depth) soil NO3-N was not signiﬁcantly diﬀerent between years. The average
surface soil NO3-N (33.5 kg·ha− 1) and total soil NO3-N (105.0 kg·ha− 1) for UO were signiﬁcantly higher than the remaining
treatments (P < 0.05). Soil water NO3-N concentrations, leaf-N, corn-grain-N, and yield measurements did not indicate any
signiﬁcant diﬀerences between treatments. Based on the two-year average, the highest NH3-N ﬂux occurred from the BM
(3.4 g·ha− 1·h− 1); however, this ﬂux was only signiﬁcantly higher than NF (1.4 g·ha− 1·h− 1). The NH3-N ﬂuxes from UO
(2.2 g·ha− 1·h− 1) and SM (1.7 g·ha− 1·h− 1) were similar to both BM and NF. The N2O-N ﬂux from UO (0.79 g·ha− 1·h− 1) was
signiﬁcantly greater than NF (0.25 g·ha− 1·h− 1), while BM- (0.49 g·ha− 1·h− 1) and SM-produced (0.33 g·ha− 1·h− 1) N2O-N ﬂuxes were
not signiﬁcantly diﬀerent than neither UO nor NF. The three fall-applied N sources had similar aerial-N ﬂuxes even though urea
application resulted in signiﬁcantly higher soil nitrate.

1. Introduction
Soil nitrogen (N) is critical for crop yield [1, 2]. As an N
source, manure can also increase soil organic matter and
improve soil health [3, 4], which translates to higher

productivity. However, an excess amount of soil N loss can
lessen nutrients for crop production and pollute surrounding air and water bodies. Over application or mismanagement of manure and N fertilizer sources can
promote N losses from the soil [5, 6] through volatilization,
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denitriﬁcation, leaching, runoﬀ, and erosion [7–10]. Nitrous
oxide (N2O) loss to the atmosphere contributes to global
warming as well as depletion of the ozone layer [11–14]. EPA
[13] indicated that agricultural activities including manure/
fertilizer application and cropping practices were responsible for about 79% of total United States (US) N2O
emissions in 2014. European studies suggest 10 to 50% of
total agricultural ammonia (NH3) loss is from land-applied
manure fertilizers [15, 16]. Ammonia has a wide variety of
environmental impacts including soil acidiﬁcation, acid
rainfall, and eutrophication of ecosystems [17]. Also, aerialNH3 can react with atmospheric gases such as sulfur dioxide
or nitrogen oxides (in the presence of water) to form ﬁne
particulate matter that is very harmful for human and animal health and the environment [18, 19]. In order to reduce
aerial and other N losses, we must ﬁrst understand the
conditions that promote N loss to the environment.
Eastern South Dakota is part of the Northern Great
Plains and the Upper Missouri River Basin, with a
semiarid climate [20]. In 2012, 22% of the US beef cows
and 20% of corn production occurred in the Northern
Great Plains [20], with many producers integrating
livestock manure and crop production management
decisions.
Previous studies have demonstrated the eﬀect of land
application of solid manure regarding nutrient availability
[21], greenhouse gas emission [22–24], NH3 emission
[22, 23], and leachate concentrations [25]. Several studies
have also compared the eﬀects of slurry or liquid manure
application of diﬀerent manure types (swine, dairy, poultry,
feedlot, etc.) for similar factors [8, 9, 26–34].
Bedding is used on animal farms for animal comfort,
to reduce animal injury and to aid in manure handling
[35, 36]. Corn or soybean stover, wheat straw, or corn
cobs are common bedding materials for beef cattle in the
Midwest and Northern Great Plains because they are
locally available [37]. Bedding with manure may impact
soil properties, N and phosphorus (P) uptake, and N
mineralization rates [4, 9, 28, 38, 39]. Carbon-rich
bedding can temporarily immobilize manure N in the
soil, delaying the release of plant-usable forms of N.
However, as soil microbes use carbon as an energy source,
they also help N mineralization [40]. Miller et al. [28]
found that soil inorganic N, soil P, and soil mineralizable
N were signiﬁcantly aﬀected by manure applications and
the eﬀects changed with year, bedding, rate of application, and their interactions.
In the Northern Great Plains, fall application of manure is
a common practice—this allows emptying of manure storages
prior to the winter period and avoids soil compaction associated with manure application during the often wet spring
season. A study by Loecke et al. [8] reported that N use efﬁciency on corn was higher for fall-applied manure than
spring-applied manure. Also, manure has suﬃcient time to
decompose while it is applied in the fall and make nutrients
more available for crop uptake in the spring [41]. Best
management practices recommend fall application of fertilizers once the soil temperature is less than 10°C to limit N
losses [42].
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The objectives of the research were to compare different forms of fall-applied N (solid beef cattle manure
with bedding, solid beef cattle manure only, and urea) and
no fertilizer for (1) the change in soil nitrate (NO3-N) over
the growing season and (2) the aerial ammonia (NH3) and
nitrous oxide (N2O) losses during the fall and early
growing season. This study was conducted near Brookings, South Dakota, following a nutrient management
plan guide for the area. This study does not account for all
N losses from the crop system, but these data add to the
understanding of factors aﬀecting aerial nitrogen losses.
In conjunction with other research, this type of data helps
in the future reﬁnement of management and nitrogen loss
factors used in manure nutrient management planning
tools. Similarly, concurrent research occurred in North
Dakota [23, 43] and Nebraska under diﬀerent climatic and
soil conditions.

2. Materials and Methods
2.1. Site Description. The research was conducted at the
South Dakota Felt Farm in Brookings County (44°22′07.5″N
and 96°47′35.7″W, and 516 m above mean sea level) between
October 2015 and October 2017. The research site area was
0.11 ha (45.7 × 24.7 m) with average slope <1%. The soil was
silty clay loam, classiﬁed as Udic Haploborolls [44]. Daily
temperature and precipitation records for the research site
were collected from the South Dakota State University
Climate and Weather Station located about 7 km from the
site.
2.2. Experimental Design. The experimental design was a
randomized complete block design (RCBD). The four
treatments included solid beef cattle manure with bedding
(BM), solid beef cattle manure without bedding (SM), urea
(UO), and no fertilizer/control (NF). There were four blocks
with four plots (experimental units; 3.3 m × 9.1 m) per block.
A plot was assigned in each block to each treatment (Figure 1). The project periods from nitrogen application in
November of 2015 and 2016 to harvest in October of 2016
and 2017 were designated as Year 1 (Y1) and Year 2 (Y2),
respectively.
Based on soil and manure tests, N-based application
rates were determined using the South Dakota Fertilizer
Recommendations Guide EC-750 [45] (Table 1) for a corn
yield goal of 11.3 Mg·ha− 1 (180 bu·ac− 1). There was no credit
prescribed for the soybean crop preceding Y1. Aggregated
soil samples (0–0.6 m) from the research site area showed an
average soil nitrate nitrogen concentration of 113 kg ha− 1
prior to Y1 application, and the postharvest soil nitrate
nitrogen levels in Y1 (Table 2) were used for Y2 application
rates (methodology described in Soil Parameters). Manures
and urea were manually applied to each plot in November
each project year. The entire research site was tilled within
24 h of nitrogen application with two passes of a disk plow.
There was no irrigation. In Y1, the corn plant date was May
2. In Y2, corn was ﬁrst planted on May 6 and replanted on
June 2 following insuﬃcient seed emergence.
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Figure 1: Layout of the experimental site at the South Dakota State
University Felt Farm (Brookings County).

2.3. Sample Collection and Analysis
2.3.1. Manure Parameters. The SM and BM were from beef
cattle manure stockpiles at the South Dakota State University Ruminant Nutrition Center, Brookings, SD. The BM
included corn stover bedding. Prior to application, ten
random shovel samples of manure were collected from
stockpiles of each type in a pail and mixed thoroughly and a
subsample used for manure characterization following
recommended practices by Peters et al. [46]. Total N analysis
was by dry combustion Dumas method, ammonium-N
(NH4-N) analysis was by distillation, and phosphate (P2O5),
potassium oxide (K2O), sulfur (S) were determined using
microwave-assisted digestion and inductively coupled
plasma spectroscopy.

2.3.2. Soil Parameters. Soil samples were collected prior to
manure application and prior to planting, six-leaf vegetative
stage (V6), and postharvest stage from each plot. On each
sampling day, composite soil samples were collected for
0–0.15 m (0–6 in.) and 0.15–0.60 m (6–24 in.) depths in each
plot using a probe auger. Shallow soil sample (0–0.15 m)
analyses included ammonium nitrogen (NH4-N), electrical
conductivity (EC), organic matter (OM), phosphorus (P)
concentration, total N, total C, and pH. The NO3-N for the
0.15–0.60 m deep sample in each plot was added to the
shallow sample measurement for total soil NO3-N. The pH,
EC, and OM were analyzed using North Central Extension
Research Activities guidelines [47]. Soil NO3-N and NH4-N
were analyzed using the ﬂow injection analysis QuikChem
method 12-107-04-1-B with 2 M KCl extraction [48]. Similarly, Olsen-P was determined by the sodium bicarbonate
method [49], whereas ammonium and total N and C in the
soil samples were analyzed using the QuikChem method 12107-06-2-F [50] and Dumas method [51], respectively.
A suction lysimeter (1270 mm in length and 22 mm diameter; Irrometer Company, Inc., CA, USA) was installed at
1200 mm soil depth in the north end of each plot (Figure 1).
Soil water samples were collected on 17, 23, 31, 35, 44, and 50 d
after planting in Y1 and 16, 24, 33, 39, 48, and 53 d after
planting in Y2. The number of soil water sampling days
depended on rainfall events and soil water availability. During
sample collection, a hand pump applied a vacuum pressure
between − 60 and − 70 kPa and the vacuum was maintained for
4 hours. Soil water collected in the lysimeters was extracted
using a 60 mL polypropylene syringe, collected into a 50 mL
polypropylene vial, and transferred to the laboratory for analyses. In the laboratory, NO3-N concentration in collected
water was determined using an Automated Timberline TL2800
ammonia analyzer (Timberline Instruments, Boulder, CO).
The Aridlands Ecology Lab Protocol (modiﬁed 2009.01.19,
S. Castle) was used to measure bulk density of the top 50 mm
of soil. Soil surface (0–50 mm) samples were collected from
each plot using the AMS bulk density soil sampling mini kit
(50 mm dia. × 50 mm stainless steel ring). A composite soil
sample was used for mechanical texture analysis.
2.3.3. Crop Parameters. The six most recently unfurled
leaves below the whorl at the six-leaf vegetative stage (V6) and
six leaves below the corn ear at tasseling (VT) and physiological maturity stage (R6) were collected and composited
from six plants in each plot. We collected yield and corn-grain
nitrogen concentration measurements during the Y1 harvest.
After drying and grinding, total N concentration of the
plant and grain samples were measured using the microKjeldahl procedure [52].
2.3.4. Ammonia Flux. The NH3 gas ﬂux was collected at
three locations in each plot using semistatic chambers with
acidiﬁed (0.5 M H3PO4) foam strips as described by Jantalia
et al. [53]. In Y1, ﬂux was measured − 4, 3, 7, and 13 d from
the day of fall N-application, and − 6, 10, and 30 d from the
day of planting. In Y2, ﬂux was measured − 7, 1, 6, and 15 d
from the day of fall N-application, and − 35, 7, and 42 d from
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Table 1: Physical characteristics and application rates of manure and urea fertilizers for experiment site.

Variable

Year

Crop nitrogen requirementy (kg·ha− 1)
Soil nitrate nitrogen (0–60 cm; pre-N
application; kg·ha− 1)

1&2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

x

−1

Plant available nitrogen recommendation (kg·ha )
Manure moisture content (g·kg− 1)
Manure/urea total nitrogen (g·kg− 1)
Manure/ureaw ammonium nitrogen (g·kg− 1)
Plant available nitrogen in manurev/urea (g·kg− 1)
Manure/urea application rate (Mg·ha− 1)

Manure with bedding

57.3 ± 7.5

742
691
8.5
8.5
1.85
1.62
4.0
4.9
32.5
37.7

Treatmentz
Manure only
242
113
44.5 ± 5.9
130
183
723
530
8.2
11.5
1.77
1.16
3.8
6.2
33.8
29.5

Urea

63.7 ± 8.4

—
—
460
460
460
460
460
460
0.28
0.40

y

South Dakota Fertilizer Recommendations Guide EC-750 [45] recommends 1.2 times corn-grain yield goal (11.3 Mg·ha− 1). xPlant-available nitrogen
recommendation � crop nitrogen requirement – soil nitrate nitrogen [45]. wAssumes all urea-based nitrogen will hydrolyze to ammonium nitrogen in soil.
v
Plant-available nitrogen in manure � (application loss factor) ∗ (manure ammonium nitrogen) + (mineralization factor) ∗ (manure total nitrogen – manure
ammonium nitrogen); application loss factor � 0.9 for incorporation within 24 h; mineralization factor � 0.35 for ﬁrst year of manure (Y1) and 0.5 for second
year of manure (Y2).

the day of replanting. Collection periods ranged from 1 to 2 d
before fall N-application, 2 to 8 days after fall N-application,
and 3 to 8 days in the spring. After each collection period, we
transferred the acidiﬁed foam strips to a freezer. We
extracted the acid trap solution from thawed sample traps
with 250 mL of 2 M KCL solution. A subsample of the extraction solution was analyzed for ammonia using automated methods (Model TL2800 ammonia Analyzer,
Timberline Instruments, Boulder, CO).
Ammonia concentration was obtained in g·N·ha− 1 by
multiplying NH3 concentration (μg·mL− 1) and the total
volume of solution (250 mL) and then dividing by the
surface area of the soil covered by the respective chamber
(79 cm2). The ammonia ﬂux (g·N·ha− 1·h− 1) for each plot was
determined by dividing ammonia concentration by elapsed
time from installation to the removal of the NH3 traps.
2.3.5. Nitrous Oxide Flux. In this study, the static chamber
method was used described by Parkin and Venterea [54] to
measure N2O ﬂux. Each chamber consisted of a polyvinyl
chloride (PVC) collar (254 mm internal dia. × 150 mm) and a
vented PVC cap. Each collar was installed 10 cm into the soil.
The average headspace height was 142 mm with the cap in place.
Three collars on each plot (n � 48) were installed. In Y1,
ﬂux was measured − 4, 7, and 13 d following fall N-application
and − 7, 1, 6, and 15 d following N-application in Y2. Flux
measurements were collected − 7 d in Y1 and − 38 and − 17 d in
Year 2 relative to corn planting and subsequently at monthly
intervals in both years. For each ﬂux measurement, 10 mL gas
samples were withdrawn from each chamber using a syringe
after 0, 30, and 60 min of cap placement. We transferred
samples to 12 mL preevacuated glass vials. A sample of
ambient air during the sampling time for each block was
collected to capture the ambient N2O concentration, and all

samples were collected between 930 and 1600 h. The N2O
concentrations in the vials were measured using gas chromatography (Model 14B, Shimadzu Corporation, Japan). Air
and soil temperature (Model 00641W, AcuRite, Lake Geneva,
WI) and soil moisture (Model ML2x, Delta-T Devices,
Cambridge, England) were monitored in the vicinity of each
chamber on each sampling day.
The average ambient concentration measurement was
used in place of the 0 min samples for each sampling day.
The N2O ﬂuxes were determined from N2O concentrations
relative to elapsed time. Flux calculations were not performed if (a) the 30 min (T30) and/or 60 min (T60)
concentration(s) were less than (1 − error) ∗ ambient concentration and (b) the quadratic curve through the 3 data
points was concave down and T60 ∗ (1 + error) was less than
T30 ∗ (1 − error) or (c) the quadratic curve through the 3
data points was concave up and a linear slope ﬁt through the
3 points was not signiﬁcantly diﬀerent than zero. If the
quadratic curve through the 3 points was concave down, the
slope at time zero (the ﬁrst-order coeﬃcient of the quadratic
equation ﬁts through the 3 data points) was used to calculate
the ﬂux. If the quadratic curve through the 3 points was
concave up, but the linear slope through the 3 points was
signiﬁcantly diﬀerent than zero, the linear slope was used to
calculate the ﬂux. The allowable error (proportional to
concentration) was 20%. Evaluated N2O ﬂuxes were then
converted into µg N2O-N m− 2·h− 1 using the ideal gas law
equation. The resulted ﬂuxes were corrected using soil
properties (bulk density, clay fraction, pH, moisture content,
and soil temperature) using the method of Venterea [55].
2.4. Statistical Analysis. PROC GLIMMIX procedure [56]
was used for mixed model analyses with repeated measures
for all variables except corn yield and corn-grain nutrients.
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Table 2: Soil, leaf, grain, and yield measurements (±standard error)z based on treatment, year, and growth stage.
Treatment
Parameter
Year
Growth stage
Manure with bedding
Manure only
Total soil nitrate nitrogen in the top 0–60 cm of soil (kg·ha− 1)
Preplant
153.3 ± 19.5
155.1 ± 19.8
V6
67.3 ± 16.6
50.2 ± 12.4
Y1
Postharvest
57.3 ± 7.5
44.5 ± 5.9
Mean
83.2 ± 9.9
69.7 ± 8.3
Preplant
182.7 ± 23.3
172.2 ± 21.9
V6
39.2 ± 9.7
38.7 ± 9.7
Y2
Postharvest
34.3 ± 4.5
35.2 ± 4.6
Mean
62.1 ± 7.4
61.2 ± 7.3
Y1Y2
Mean
71.7 ± 6.3 b
65.1 ± 5.7 b
Surface soil nitrate nitrogen in the top 0–15 cm of soil (kg·ha− 1)
Preplant
40.8 ± 6.6
41.7 ± 6.8
V6
14.4 ± 2.3
7.7 ± 1.2
Y1
Postharvest
28.5 ± 4.6
21.2 ± 3.4
Mean
25.4 ± 2.5
18.8 ± 1.9
Preplant
67.1 ± 10.9
55.1 ± 8.9
V6
11.7 ± 1.9
8.6 ± 1.4
Y2
Postharvest
14.6 ± 2.4
13.3 ± 2.2
Mean
22.4 ± 2.2
18.4 ± 1.8
Y1Y2
Mean
23.8 ± 1.7 b
18.5 ± 1.3 bc
Soil water nitrate nitrogen concentration at 120 cm soil depth between planting
Y1
9.0 ± 3.2
16.6 ± 3.2
Y2
3.7 ± 3.4
9.1 ± 3.3
Y1Y2
Mean
6.35 ± 3.3
12.85 ± 3.3
Corn leaf nitrogen concentration, g·kg− 1
Preplant
29.3
29.9
V6
27.9
27.2
Y1
Postharvest
15.0
14.5
Mean
24.1 ± 0.9
23.9 ± 0.9
Preplant
28.5
27.3
V6
17
16.9
Y2
Postharvest
10.6
10.8
Mean
18.7 ± 0.9
18.3 ± 0.9
Y1Y2
Mean
21.4 ± 0.7
21.1 ± 0.7
Corn grain nitrogen concentration, g·kg− 1
Y1
13.3 ± 0.6
12.2 ± 0.4
Corn yield, Mg·ha− 1
Y1
12.0 ± 1.0
10.8 ± 1.0

Urea

No fertilizer

304.1 ± 38.7
109.7 ± 27.1
63.7 ± 8.4
127.5 ± 15.2
422.3 ± 53.8
43.4 ± 10.7
37.5 ± 4.9
87.5 ± 10.5
105.3 ± 9.2 a

151.9 ± 19.4
57.5 ± 14.2
34.8 ± 4.6
66.6 ± 8.0
159.7 ± 20.3
44.7 ± 11.1
38.8 ± 4.8
63.5 ± 7.6
64.9 ± 5.7 b

116.3 ± 18.9
35.0 ± 5.7
16.8 ± 2.7
7.5 ± 1.2
26.4 ± 4.3
17.4 ± 2.8
36.9 ± 3.7
16.5 ± 1.6
189.0 ± 30.7
45.7 ± 7.4
9.8 ± 1.6
8.7 ± 1.4
15.7 ± 2.6
15.4 ± 2.5
30.5 ± 3.0
18.2 ± 1.8
33.5 ± 2.4 a
17.3 ± 1.2 c
and V6 growth stages (mg·L− 1)
12.1 ± 3.2
12.4 ± 3.2
8.5 ± 3.4
4.5 ± 3.3
10.3 ± 3.3
8.45 ± 3.3

Mean
181.2 ± 14.5
66.5 ± 8.8
48.5 ± 4.0
83.4 ± 5.8
213.6 ± 17.1
40.6 ± 5.3
35.7 ± 2.9
67.5 ± 4.7

a
b
bc
aa
a
bc
c
bb

55.9 ± 4.9
10.8 ± 1.0
22.8 ± 2.2
23.1 ± 1.3
74.5 ± 7.1
9.6 ± 0.9
14.6 ± 1.4
21.8 ± 1.3

a
cd
b

12.5 ± 3.2
9.5 ± 3.3

a
b

a
a
b
aa
a
b
c
bb

31.3
29
14.5
25.0 ± 0.9
31
20.6
10.3
20.6 ± 0.9
22.8 ± 0.7

27.7
28.4
12.6
22.9 ± 0.9
26.4
15.6
10.4
17.5 ± 0.9
20.2 ± 0.7

29.6 ± 0.8
28.1 ± 0.8
14.2 ± 0.8
23.9 ± 0.5
28.3 ± 0.8
17.5 ± 0.8
10.5 ± 0.8
18.8 ± 0.5

13.6 ± 0.7

11.9 ± 0.2

12.8

12.5 ± 0.5

10.8 ± 0.5

11.5

a
d
c

z

Mean ± SE � estimated mean ± standard error obtained from least squared means table. Diﬀerent letters in means among the treatments indicate signiﬁcant
diﬀerence at P < 0.05 within a variable type. Double letters indicate signiﬁcant diﬀerences between yearly means. The absence of letters indicates P > 0.05
between means.

Treatment (BM, SM, UO, and NF) and growth stage (stages
diﬀered for the various dependent variables) were considered
ﬁxed factors for surface and total soil NO3-N and leaf-N
concentration data, but time (sampling day) was considered a
random factor for soil water NO3-N concentration, NH3 ﬂux,
and N2O ﬂux data. Year was considered a ﬁxed eﬀect and
block considered as a random replication factor for all variables. The normality of the residuals was reviewed using Q-Q
plots, and if residuals were not normal, diﬀerent distribution
options (e.g., lognormal, exponential, and Poisson) available
in PROC GLIMMIX were tested. Diﬀerent covariance
structures were used to assess the repeated measure data,
including covariance component (VC), compound symmetry
(CS), autoregression (AR (1)), unstructured (UN), and Toeplitz
(TOEP). The covariance structure selected for each variable

was based on the smallest Akaike information criterion (AIC)
value. Table 3 summarizes the ﬁxed and random eﬀects, distribution type, and covariance structure used for each variable.
Signiﬁcant diﬀerences were considered at P < 0.05.
The obtained least squared means (LSMeans) from the
lognormal distributions were back transformed for
reporting purposes. For post hoc tests, Tukey’s honest signiﬁcant diﬀerence (HSD) was used. We used correlation
analyses to investigate relationships between yield, leaf-N,
and soil nitrate data.

3. Results and Discussion
Herein, data for weather, soil, and crop data that relate to
aerial N2O and NH3 ﬂuxes for the experimental period were

Log

AR(1)

<0.0001
0.4575
<0.0001
0.0001
0.4136
0.0018
0.2078

Log

UN

0.0009
0.0331
<0.0001
0.1157
0.4603
0.0114
0.3077

0.001
0.132
0.017
0.082
0.771
0.109
0.0005

VC

Log
VC

Nor
CS

Log
VC

Log

0.058 0.241
0.002 0.0002
0.809 0.793
0.002
0.168
0.004 0.032 <0.0001 0.0006
0.309 <0.0001 <0.0001 0.012
0.411
0.95
0.455
0.985
0.679 0.062 <0.0001 <0.0001
0.214 0.243
0.118
0.0004

VC

Nor

Block

Soil K

Exp

AR(1) AR(1)

Log

Block

Trt, GS

AR(1)

Log

0.58

Nor

Total
Corn
Ammonium
C
yield

Type III tests of ﬁxed eﬀects P value
0.0802
0.28 0.999
0.232
<0.0001
<0.0001
0.005 0.97
0.22
0.5657
0.1
1
0.219
0.8584
0.0001
0.2351

AR(1)

Nor

Block

Trt, Y, GS

Corn leaf
Total
nitrogen
N
concentration

0.098

Nor

Block

Trt

0.0185
0.4245

0.1921

0.1712

VC

Log

0.8708

0.1989
0.0305

AR(1)

Nor

Soil water
nitrate
concentration

Date, block

Trt, Y

Ammonia
ﬂux

0.0106
0.3204

VC

Log

Corn grain
Nitrous
nitrogen
oxide
concentration

All statistical tests were performed using PROC GLIMMIX and included interactions among ﬁxed and random eﬀects. Abbreviations for ﬁxed eﬀects: Trt � treatment; Y � year; GS � growth stage. Abbreviations for
distribution type: Log � lognormal; Nor � normal or Gaussian; Exp � exponential. Abbreviations for covariance structure: UN � unstructured; AR(1) � ﬁrst-order autoregression; VC � variance components.

Fixed eﬀects
Random
eﬀects
Distribution
type
Covariance
structure
Eﬀects
Trt
Y
GS
Trt ∗ GS
Trt ∗ Y
Y ∗ GS
Trt ∗ Y ∗ GS

Descriptor

Total soil Surface soil
nitrate in nitrate in
Olsen- Soil
the top
the top
Soil pH Soil EC
P
OM
0–60 cm 0–15 cm of
of soil
soil
Trt, Y, GS

Table 3: Summary of statistical tests and model factors.
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presented. Additional supporting data collected during the
experiment are in Table 4, Mehata [57], and Mehata et al.
[58] for future reference or modeling purposes.
3.1. Weather Conditions. Daily mean air temperatures were
13°C in Y1 and 7°C in Y2 on the day of manure/fertilizer
application (Figure 2). In Y1, there was no rainfall for 12 d
after N-application; however, light rainfall (1 mm) occurred
2 d after N-application in Y2. Annual precipitation in 2016
and 2017 was 5.3% higher and 3.9% lower, respectively,
compared to average annual precipitation between 1981 and
2010 (618 mm). Wet and cool weather in May of 2017
contributed to poor emergence and the need for replanting
in Y2. The 530 mm of precipitation received during Y1
during the corn growth period (May through October 2016)
was 17% higher than the 442 mm received during the Y2
growing season (June to October 2017).
3.2. Soil Nitrogen. All fertilized plots received equal amounts
of plant-available nitrogen, which includes ammonium-N and
mineralized organic N from the manure (Table 1). Treatment
signiﬁcantly aﬀected the total soil NO3-N (0 to 0.60 m) and
surface soil NO3-N (0 to 0.15 m) during the project (Table 2).
The mean surface soil NO3-N (33.5 kg·ha− 1) and mean total
soil NO3-N (105.3 kg·ha− 1) for UO were signiﬁcantly higher
than manure and no-fertilizer plots (P < 0.05, Table 2). The
average surface soil NO3-N between Y1 (23.1 kg·ha− 1) and Y2
(21.8 kg·ha− 1) was not signiﬁcantly diﬀerent, but total soil
NO3-N was signiﬁcantly greater in Y1 (83.4 kg·ha− 1) compared to Y2 (67.5 kg·ha− 1). It is possible more soil NO3-N
moved from the lower depths by leaching in Y2 because
rainfall in Y2 (preplanting to V6 stage) was 226 mm, compared to 172 mm for Y1.
For the surface soil nitrate, the interaction between
treatment and growth stage was signiﬁcant. Carbon and
organic matter can reduce N mineralization in manure plots,
inﬂuencing soil nitrate. Qian and Schoenau [21] found that
N mineralization decreases signiﬁcantly with an increase in
the C/N ratio in cattle manure.
The interaction between year and growth stage was a
signiﬁcant eﬀect for surface and total soil NO3-N (P < 0.05,
Figure 3). Nominally, but not signiﬁcantly, the Y2 preplant
surface and total nitrate-N were 25 and 18% greater than Y1,
respectively. In this study, the recommended soybean credit
[45] of 44.8 kg·ha− 1 was neglected in the Y1 nitrogen application rate calculations (Table 1). Nitrogen ﬁxation in the
soil likely increased the Y1 preplant soil nitrate levels. The Y2
preplant nitrate-N concentration for the NF, BM, and SM
treatments increased approximately 125 kg·N·ha− 1 from the
postharvest levels; the UO treatment showed a similar increase in addition to the urea-N applied in the fall. Mineralization of organic N in the research site area over winter
and spring could account for some of the additional nitrateN. Mineralization of N from soil organic matter and residual
nitrogen immobilized from diﬀerent fertilizer sources after
snow melt may have contributed to the increased nitrate
level preplant. The wet spring conditions and soil moisture
levels may have also promoted upward movement of nitrate
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from lower soil proﬁles. Despite the higher Y2 preplant
levels for all treatments though, nitrate-N levels decreased
faster between preplant and V6. Surface nitrate decreased
between preplant and V6 each year and increased between
V6 and postharvest. The decrease in Y2 between preplant
and V6 was more signiﬁcant than Y1. The signiﬁcant eﬀect of
growth stage between Y1 and Y2 on soil NO3-N may be
related to the replanting of the crop in Y2 and diﬀerences in
precipitation during the growing seasons between Y1 and
Y2. Wetter conditions during early spring in Y2 may have
promoted nitrate loss via erosion and leaching prior to the
growing season measurements.
Other soil parameters such as average total N concentration (0.2%), ammonium concentration (22.68 kg·ha− 1),
and total carbon (2.2%) were not signiﬁcantly diﬀerent
among treatments for Y2 (Y1 data not available) (Table 4).
3.3. Soil Water Nitrate Concentration. Soil water samples
from each plot between corn planting and the V6 stage in
both Y1 and Y2 growing seasons were indicators of leachate
concentration under the root zone. Treatment was not a
signiﬁcant factor (P > 0.05; Table 2). The average soil water
NO3-N concentration was signiﬁcantly greater in Y1 compared to Y2. This diﬀerence may be due in part to soil nitrate
and rainfall diﬀerences. The total soil NO3-N was higher at
preplanting time but lower at the V6 stage in Y2 compared to
Y1 at the same stages (Figure 3). The 148 mm of rainfall in Y1
between planting and V6 stage was greater than the 108 mm
of rainfall in Y2 during the same period of corn growth.
Allaire-Leung et al. [59] found a positive correlation between
nitrate leaching and soil NO3-N. Nitrate leaching from soil
also depends on soil type, N-application rate, types of N
sources, cover crops cropping intensity, and crop N uptake
[60–62], and these factors inﬂuence translation of these research results to other ﬁelds and crop systems.
3.4. Crop Response. The average leaf-N concentration signiﬁcantly diﬀered based on year and growth stage (V6, VT,
and R6; P < 0.05; Figure 4). The leaf-N concentration at the
V6 stage was higher in both years of study and the concentration of N in leaves decreased with corn growth stage.
The N uptake from soil peaks between the vegetative and
tasseling stages [63, 64]. The mean leaf-N concentration at
the V6 stage was not signiﬁcantly diﬀerent between Y1 and
Y2, whereas at VT and R6 stages, average leaf-N was signiﬁcantly greater in Y1 compared to Y2 (Figure 4). The
variation in leaf-N concentration over the growing stages
may relate to diﬀerences in soil NO3-N over the corn growth
period. The average leaf-N was 23.9 g·kg− 1 for the Y1,
whereas for Y2, it was 18.8 g·kg− 1. The signiﬁcant variation in
leaf-N concentration among two years may be due to
rainfall, soil moisture, and soil-available N for late corn
planting in the Y2. Leaf-N has also been linked to rainfall
during the growing season, and low rainfall can aﬀect nutrient availability [65].
Yield and grain-N concentrations in Y1 did not diﬀer
based on treatment, including NF, despite diﬀerences in soil
N. The BM and UO corn yields greater than 12.0 Mg·ha− 1
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Table 4: Average supporting surface soil (top 0–0.15 m) test data (± standard error)z for the four treatments in Year 1 (Y1) and Year 2 (Y2).
Manure with
bedding

Treatment
Manure
only

15.3 ± 3.1
18.1 ± 3.6
17.1 ± 3.4
16.7 ± 2.7
38.6 ± 7.7
14.5 ± 2.9
18.3 ± 3.7
21.6 ± 3.5
18.9 ± 2.3 a

Parameter
Growth
Year
stage
Soil Olsen test phosphorus (ppm)
Preplant
V6
Y1
Postharvest
Mean
Preplant
V6
Y2
Postharvest
Mean
Y1Y2
Mean
Soil pH
Preplant
V6
Y1
Postharvest
Mean
Preplant
V6
Y2
Postharvest
Mean
Y1Y2
Mean
Total N (g·kg− 1)
Preplant
V6
Y2
Postharvest
Mean
Ammonium (kg·ha− 1)
Preplant
V6
Y2
Postharvest
Mean
Soil carbon (g·kg− 1)
Preplant
V6
Y2
Postharvest
Mean

Mean

Urea

No fertilizer

20.0 ± 4.0
15.9 ± 3.2
15.1 ± 3
16.8 ± 2.7
36.4 ± 7.3
10 ± 2
16.7 ± 3.3
18.1 ± 2.9
17.3 ± 2.1 a

11.5 ± 2.3
7.8 ± 1.6
7.2 ± 1.4
8.6 ± 1.4
8.9 ± 1.8
8.8 ± 18
10.4 ± 2.1
9.3 ± 1.5
8.9 ± 1.1 b

10.7 ± 2.1
7.4 ± 1.5
7.5 ± 1.5
8.3 ± 1.3
11.3 ± 2.3
10.1 ± 2
13.3 ± 2.7
11.4 ± 1.8
9.7 ± 1.2 b

13.8 ± 1.6
11.2 ± 1.3
10.7 ± 1.3
11.8 ± 1.0
19.2 ± 2.3
10.5 ± 1.3
14.1 ± 1.7
14.1 ± 1.3

ab
ab
ab
b
a
b
ab
a

7.7 ± 0.2
7.9 ± 0.2
7.8 ± 0.2
7.8 ± 0.2
7.8 ± 0.2
7.7 ± 0.2
7.8 ± 0.2
7.8 ± 0.2
7.8 ± 0.1

7.7 ± 0.2
8 ± 0.2
7.8 ± 0.2
7.8 ± 0.2
7.8 ± 0.2
7.9 ± 0.2
7.9 ± 0.2
7.9 ± 0.2
7.9 ± 0.1

7.4 ± 0.2
7.8 ± 0.2
7.7 ± 0.2
7.6 ± 0.2
7.4 ± 0.2
7.7 ± 0.2
7.9 ± 0.2
7.7 ± 0.2
7.7 ± 0.1

7.7 ± 0.2
7.9 ± 0.2
7.8 ± 0.2
7.8 ± 0.2
7.8 ± 0.2
7.8 ± 0.2
7.9 ± 0.2
7.8 ± 0.2
7.8 ± 0.1

7.6 ± 0.1
7.9 ± 0.1
7.8 ± 0.1
7.8 ± 0.1
7.7 ± 0.1
7.8 ± 0.1
7.9 ± 0.1
7.8 ± 0.1

b
a
ab
a
ab
ab
ab
a

2.5 ± 0.17
2.11 ± 0.15
2.14 ± 0.17
2.3 ± 0.1

2.42 ± 0.17
1.66 ± 0.12
2.34 ± 0.16
2.1 ± 0.1

2.3 ± 0.16
1.93 ± 0.13
2.35 ± 0.16
2.2 ± 0.1

2.19 ± 0.15
2.40 ± 0.17
2.30 ± 0.16
2.3 ± 0.1

2.3 ± 0.1
2.0 ± 0.1
2.3 ± 0.1

a
b
a

20.7 ± 4.11
20.44 ± 4.09
21.59 ± 4.27
20.63 ± 2.26

18.06 ± 3.58
17.49 ± 3.5
25.67 ± 5.18
19.83 ± 2.22

18.91 ± 3.75
28.06 ± 5.62
26.87 ± 5.42
23.93 ± 2.68

17.65 ± 3.5
40.69 ± 8.15
26.49 ± 5.35
26.34 ± 2.96

18.57 ± 2.25
24.98 ± 3.13
24.76 ± 3.11

a
a
a

23.4 ± 11.7
21.2 ± 10.6
22.6 ± 11.3
22.4 ± 6.5

22.9 ± 11.4
19.7 ± 9.9
22.2 ± 11.1
21.5 ± 6.2

22.5 ± 11.2
20.8 ± 10.4
21.8 ± 10.9
21.7 ± 6.3

21.8 ± 10.9
21.3 ± 10.7
21.5 ± 10.8
21.5 ± 6.2

22.6 ± 5.7
20.7 ± 5.2
22.0 ± 5.5

a
a
a

z
Mean ± SE = estimated mean ± standard error obtained from least-squared means table; diﬀerent letters in the overall mean among the treatments indicate
the vales are signiﬁcantly diﬀerent at P < 0.05 within a variable type. The absence of letters indicates P > 0.05 between means.

exceeded the yield goal of 11.3 Mg·ha− 1, whereas the SM and
NF plots were 96% of the yield goal. Voss et al. [66] and
Kovács and Vyn [67] found that ear-leaf-N concentration
and corn yield were signiﬁcantly correlated. The Y1 data
showed that yield and leaf-N concentration for each plot at
the corn tasseling stage (N � 16) were signiﬁcantly related
(r � 0.70, and P < 0.05). The yield (r � 0.68) and grain-N
(r � 0.71) also correlated with the average Y1 total NO3-N
present in the soil (N � 16). The correlation result indicated
that yield and grain-N are dependent on available soil N.
These correlations suggest lower yield and grain-N concentrations in Y2 compared to Y1 were likely based on lower
soil nitrate and leaf-N levels in Y2.
Crop response diﬀerences between manure- and urea-N
sources were not expected because of the common plantavailable N-application rates. However, diﬀerences in response between fertilized and NF treatments were expected.
Limited replications and lack of Y2 yield data do not allow us

to validate the nitrogen application recommendations as
they pertain to corn growth.
3.5. Aerial Nitrogen Fluxes
3.5.1. Ammonia Flux. Table 5 shows the average NH3 ﬂuxes
for sampling days after N-application for Y1 and Y2. The
measurements showed NH3 ﬂuxes increased on the ﬁrst
sampling day after N-application in the fall for Y1 and Y2
relative to preapplication, and then decreased over the
remainder of the fall sampling days (Table 5). Over the
project, the analysis showed a signiﬁcant eﬀect of treatment
on NH3 ﬂux (P < 0.05) but no signiﬁcant eﬀect of year or
treatment by year interaction. The average NH3 ﬂux from
BM (3.4 ± 0.9 g·ha− 1·h− 1) was only signiﬁcantly higher than
NF (1.4 ± 0.4 g·ha− 1·h− 1), whereas SM and UO were not
signiﬁcantly diﬀerent than either BM or NF. In the
companion study by Niraula et al. [43] in North Dakota,
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Figure 2: Daily average air temperature, daily precipitation totals, and plot management events during the project period.
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Figure 3: Mean soil nitrate with standard error (vertical lines) for growth stage by year. Signiﬁcant diﬀerences (P < 0.05) are indicated by
lowercase (surface, 0–0.15 m depth) and uppercase (total, 0–0.60 m depth) letters.

the average NH3 loss rate from N-applied plots
(solid beef manure with and without bedding and urea)
was not signiﬁcantly diﬀerent, similar with the current
study’s result. The daily mean NH3 loss rates measured in
North Dakota ranged from 1.8 to 32.0 g·N·ha− 1·h− 1.
Adviento-Borbe et al. [31] reported peaks as high as
15 g·N·ha− 1·h− 1 during manure application that decreased

within 24 h, with ﬂuxes typically below 1.07 g·ha− 1·h− 1 from
liquid dairy manure and fertilizer N-treated plots under
corn-corn and corn-alfalfa rotation. They stated that decreasing NH3 ﬂux might be due to decreased total ammoniacal nitrogen at the soil surface, inﬁltration of slurry
into the soil proﬁle, and a drop in pH due to NH3 volatilization. The pattern of NH3 ﬂuxes in this study was
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Figure 4: Mean leaf N concentration with standard error (vertical
bars) for Y1 and Y2 based on growth stage. (V6, VT, and R6 are a
six-leaf stage, tasseling stage, and maturity stage of corn, respectively; diﬀerent letters above the bars indicate signiﬁcant
diﬀerences (P < 0.05)).

similar to their observation after N-application. Application timing, methods, N sources, and bedding material also
aﬀect reported soil NH3 ﬂux data compared to this study.
Within our study, the higher NH3 ﬂuxes from BM treatment could be due to higher ammonium-N (NH4+-N)
(Table 1) in the manure with bedding compared to the
manure only (SM). Huijsmans et al. [68] observed that soil
NH3 ﬂux increased with an increase TAN in manure.
Lab-scale studies suggest bedding material can inﬂuence
ammonia volatilization from stored manure with bedding
(i.e., bedded pack manure). Ayadi et al. [69] found NH3
volatilization increased when corn stover bedding is used
compared to soybean stubble during warmer weather because of rapid urea and protein hydrolysis and higher
moisture content in corn stover. The simulation study by
Spiehs et al. [70] showed using corn stover and diﬀerent
woodchip bedding produced a higher NH3 compared to
green and dry cedar chips; the diﬀerence was associated with
pH levels of the bedding materials. This study did not detect
diﬀerent ammonia losses between the bedded and nonbedded manure once land-applied and using data collected
over multiple seasons.
The present study suggests that when manure or urea is
applied to silty clay loam soils in late fall at agronomic rates
based on plant-available nitrogen and incorporated within
24 hours, ammonia loss can increase slightly compared to no
nitrogen application, but the source of nitrogen is not
signiﬁcant.
3.5.2. Nitrous Oxide Flux. The theoretical ﬂux underestimation method as described by Venterea [71] used an
average soil bulk density of 1.3 g·cm− 3, a clay fraction of 18%,
the measured surface soil pH (Table 4), and the soil temperature and moisture content (Table 6).
Table 6 shows the average nitrous oxide ﬂuxes for each
sampling day during Y1 and Y2. Treatment signiﬁcantly

aﬀected the overall combined N2O ﬂuxes. Year and interaction of year with treatment did not show any signiﬁcant
eﬀects on N2O ﬂuxes. The average (±SE) N2O ﬂux from UO
was 0.78 (±0.25) g N2O-N·ha− 1·h− 1 and signiﬁcantly higher
than the ﬂux from NF of 0.25 (±0.08) g N2O-N·ha− 1·h− 1. The
average ﬂux (±SE) from manure treatments BM and SM
were 0.49 (±0.15) and 0.33 (±0.10) g N2O-N·ha− 1·h− 1, respectively. The N2O ﬂuxes from manure-treated plots were
not signiﬁcantly diﬀerent from UO and NF (Table 6).
For the two-year study, the average (±SE) N2O ﬂux was
0.44 (±0.14) g N2O-N·ha− 1·h− 1 for the silty clay loam soil
plots. Miller et al. [4] compared the long-term land application of stockpiled feedlot beef manure with bedding
(barley straw and woodchips) on C/N ratio, denitriﬁcation,
and carbon dioxide emission in southern Alberta, starting in
1998. They annually applied stockpiled feedlot manure with
bedding at the rate of 77 Mg (dry weight) ha− 1·yr− 1 for 13 to
14 years to a clay loam soil. The measurement of denitriﬁcation ﬂuxes were taken in 2011 and 2012 (every
2 weeks between May and August). They found mean N2O
ﬂuxes for manure with straw bedding were between 0.04 and
44.92 g N2O-N·ha− 1·h− 1 (0.9 and 1078 g N2O-N·ha− 1·d− 1),
from 0.03 to 13.58 g N2O-N·ha− 1·h− 1 (0.8 to 326 g N2ON·ha− 1·d− 1) for manure with woodchip bedding, and 0.03
and 10.42 g N2O-N·ha− 1·h− 1 (0.6 to 250 g N2O-N·ha− 1·d− 1)
for control. However, they observed that total N, daily
denitriﬁcation ﬂux, and daily carbon dioxide ﬂux were not
aﬀected by bedding materials. The maximum mean N2O ﬂux
(0.80 (±0.25) g N2O-N·ha− 1·h− 1 in this study was very low
compared to the maximum ﬂuxes reported by [4]; it might
be because of lower rate of solid beef manure application
(about half application rate), diﬀerent bedding materials
used (corn stover vs. barley straw and woodchips), gas
sampling techniques/methods, and weather conditions.
Akiyama and Tsuruta [72] measured N2O ﬂux for poultry
manure (PM), swine manure (SM), and urea applied to soil
using an automated ﬂux monitoring system. They found the
total ﬂuxes were 0.21, 0.07, and 0.05 g N2O-N·ha− 1·h− 1 (184,
61.3, and 44.8 Mg N2O-N·m− 2·y− 1) from PM, SM, and urea,
respectively. This study showed higher N2O ﬂuxes than the
ﬂuxes reported by Akiyama and Tsuruta [72]; this diﬀerence
likely can be attributed to soil properties (silty clay loam vs.
Andisol (volcanic ash soil)), types and rate of N sources,
sampling method, and diﬀerent climatic conditions. In
contrast, the N2O ﬂux obtained for broadcast-incorporated
N placement by Engel et al. [73] was similar to N2O ﬂuxes
from urea-treated plots from this study. Engel et al. [73]
studied the eﬀect of urea placements (broadcast, band, and
nest) on N2O emission from a silt loam soil. The rate of urea
application was 200 kg·N·ha− 1. They found maximum N2O
ﬂuxes for the broadcast surface, broadcast incorporated,
band, nest, and control were 0.62, 0.55, 1.03, 1.17, and
0.13 g N2O-N·ha− 1·h− 1 (14.8, 13.2, 24.1, 28.1, and 3.1 g N2ON·ha− 1·d− 1), respectively. In the Red River Valley,
North Dakota, Niraula et al. [43] found the N2O ﬂuxes
varied from 0.022 (NF) to 1.91 (UO) g·N·ha− 1·h− 1 (2.2 to
191 μg·N·m− 2 hr− 1). They did not ﬁnd any signiﬁcant difference between N-applied plots, which was similar to the
current study. However, they observed very high N2O ﬂux
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Table 5: Average ammonia nitrogen ﬂuxes (±standard error)z for the four treatments based on time (sampling day) for Year 1 (Y1) and Year
2 (Y2).
Date
10/30/2015
11/3/2015
11/6/2015
11/10/2015
11/16/2015
4/26/2016
5/2/2016
5/12/2016
6/1/2016
Y1
11/9/2016
11/16/2016
11/17/2016
11/22/2016
12/1/2016
4/28/2017
5/6/2017
5/16/2017
6/2/2017
6/9/2017
7/14/2017
Y2
Y1Y2

Manure with bedding
0.61 ± 0.21
10.41 ± 0.73
8.74 ± 1.83
5.23 ± 1.32
1.44 ± 0.02
1.39 ± 0.04
1.62 ± 0.07
3.87 ± 1.28
3.12 ± 0.56
14.59 ± 1.57
5.87 ± 1.96
2.98 ± 1.76
1.49 ± 0.31
1.69 ± 0.07
1.37 ± 0.03
2.13 ± 0.32
3.11 ± 1.03
3.40 ± 0.89 a

Ammonia nitrogen ﬂux (g·ha− 1·hr− 1)
Manure only
Urea
0.59 ± 0.07
0.67 ± 0.07
Y1 manure application
1.84 ± 0.59
2.09 ± 0.28
1.76 ± 0.21
1.7 ± 0.19
1.32 ± 0.10
1.83 ± 0.23
1.36 ± 0.07
1.57 ± 0.18
Y1 corn planting
1.36 ± 0.09
1.26 ± 0.05
1.46 ± 0.04
1.36 ± 0.09
1.49 ± 0.49
1.63 ± 0.54
2.92 ± 0.36
3.22 ± 0.29
Y2 manure application
6.12 ± 0.77
4.74 ± 0.22
3.58 ± 1.02
9.84 ± 2.76
0.65 ± 0.05
4.06 ± 2.08
1.22 ± 0.22
1.14 ± 0.08
Y2 corn planting
1.67 ± 0.14
1.60 ± 0.34
Y2 corn replanting
1.35 ± 0.03
1.40 ± 0.06
2.14 ± 0.12
1.94 ± 0.22
1.99 ± 0.66
3.03 ± 1.01
1.69 ± 0.44 ab
2.18 ± 0.57 ab

No fertilizer
0.89 ± 0.10

Mean
0.69 ± 0.06

0.64 ± 0.06
1.23 ± 0.06
1.16 ± 0.13
1.49 ± 0.15

3.74 ± 1.03
3.36 ± 0.9
2.39 ± 0.52
1.46 ± 0.06

1.21 ± 0.05
1.59 ± 0.06
1.17 ± 0.39
3.92 ± 0.77

1.31 ± 0.03
1.51 ± 0.04
1.79 ± 0.47
3.3 ± 0.26

5.17 ± 0.5
1.70 ± 0.19
0.64 ± 0.04
1.45 ± 0.14

7.65 ± 1.12
5.25 ± 1.11
2.08 ± 0.72
1.32 ± 0.10

1.57 ± 0.12

1.63 ± 0.09

1.38 ± 0.07
1.98 ± 0.18
1.79 ± 0.59
1.42 ± 0.37 b

1.38 ± 0.02
2.05 ± 0.10
2.36 ± 0.63

z

Mean ± SE � estimated mean ± standard error obtained from least squared means table. Diﬀerent letters in overall mean among the treatments indicate
signiﬁcant diﬀerence at P < 0.05. The absence of letters indicates P > 0.05 between means.

Table 6: Average nitrous oxide nitrogen ﬂuxes (±standard error)z for the four treatments based on time (sampling day) for Year 1 (Y1) and
Year 2 (Y2).
Date
10/30/2015
11/3/2015
11/10/2015
11/16/2015
4/24/2016
5/2/2016
5/9/2016
6/1/2016
7/7/2016
8/2/2016
Y1
11/9/2016
11/16/2016
11/17/2016
11/22/2016
12/1/2016
4/25/2017
5/6/2017
5/16/2017
6/2/2017
6/9/2017
7/10/2017
8/10/2017
Y2
Y1Y2

Soil temp. (°C)

m

8.6 ± 1.1
9.1 ± 0.2
14.4 ± 1.2

18.4 ± 3.8
22.1 ± 2.4
24.4 ± 2.2

14.2 ± 0.5
17.9 ± 0.8
20.2 ± 0.7
24.2 ± 1.4

19.7 ± 3.9
25.1 ± 2.5
30.9 ± 4.2
20.8 ± 2.0

7.8 ± 0.2

28 ± 0.4

5.7 ± 0.2
1.4 ± 0.4
0.8 ± 0.3
5.9 ± 0.3

32.5 ± 2.4
36.9 ± 3.5
42.6 ± 2.2
27.8 ± 3.2

17 ± 0.8

31.6 ± 4.2

25.5 ± 1.3
29.6 ± 1.6
20 ± 1.4

19.8 ± 3.9
22.6 ± 3.0
38.3 ± 1.5

Corrected nitrous oxide nitrogen ﬂuxes (g·ha− 1·hr− 1)
Manure with bedding
Manure only
Urea
No fertilizer
n/a
Y1 manure application
1.23 ± 0.26
0.97 ± 0.17
1.06 ± 0.09
0.77 ± 0.11
0.86 ± 0.43
0.26 ± 0.11
0.77 ± 0.11
0.54 ± 0.42
5.81 ± 4.68
0.66 ± 0.11
2.69 ± 0.69
1.04 ± 0.27
Y1 corn planting
1.39 ± 0.80
0.36 ± 0.09
0.43 ± 0.20
0.51 ± 0.29
1.10 ± 0.58
0.05 ± 0.03
0.82 ± 0.42
0.46 ± 0.23
1.02 ± 0.16
0.97 ± 0.13
1.07 ± 0.19
0.90 ± 0.12
− 0.03 ± 0.03
0.07 ± 0.07
− 0.02 ± 0.05
0.01 ± 0.06
0.85 ± 0.39
0.34 ± 0.15
0.79 ± 0.37
0.43 ± 0.20
− 0.55
− 3.08
− 8.73
6.02
Manure application
0.40 ± 0.17
0.40 ± 0.23
0.1 ± 0.07
0.01 ± 0.03
0.46 ± 0.21
0.14 ± 0.06
0.19 ± 0.14
0.09 ± 0.12
0.49 ± 0.31
1.11 ± 0.67
0.54 ± 0.28
0.01 ± 0.02
0.58 ± 0.25
0.11 ± 0.08
2.84 ± 1.68
0.09 ± 0.11
Y2 corn planting
3.35 ± 2.24
1.97 ± 1.33
4.16 ± 0.89
2.89 ± 2.54
Y2 corn replanting
0.35 ± 0.22
0.35 ± 0.22
1.1 ± 0.62
0.52 ± 0.43
0.7 ± 0.35
0.79 ± 0.24
2.96 ± 1.31
0.62 ± 0.38
0.16 ± 0.12
0.12 ± 0.13
0.55 ± 0.3
0.54 ± 0.51
0.31 ± 0.13
0.36 ± 0.16
0.88 ± 0.39
0.15 ± 0.07
0.49 ± 0.15 ab
0.33 ± 0.10 ab 0.79 ± 0.25 a
0.25 ± 0.08 b

Mean

1.01 ± 0.09
0.61 ± 0.15
2.55 ± 1.18
0.68 ± 0.23
0.61 ± 0.20
0.99 ± 0.07
0.01 ± 0.03
0.54 ± 0.18
− 1.59

a

0.23 ± 0.08
0.22 ± 0.08
0.54 ± 0.21
0.91 ± 0.48
3.09 ± 0.86
0.58 ± 0.2
1.27 ± 0.41
0.34 ± 0.15
0.34 ± 0.11

a

z
Mean ± SE � estimated mean ± standard error obtained from least squared means table. Diﬀerent letters in overall mean among the treatments indicate
signiﬁcant diﬀerence at P < 0.05. The absence of letters indicates P > 0.05 between means.
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from the urea-treated plot, which was more than 2-fold as
compared to our study. This may be due to urea application
timing (spring versus fall), soil characteristics, and local
weather conditions.
The literature suggests N2O ﬂux normally varies strongly
with the degree of water-ﬁlled porosity [74, 75], but this
relationship was not apparent in this study. This may be, in
part, because the ﬂux correction method [71] reduces the
inﬂuence of soil moisture on estimated ﬂux rates in treatment comparisons. Nominally, the N2O ﬂuxes generally
decreased between preplant and the growing season which
may due to the active crop N uptake and N losses, similar to
Niraula et al. [43].
Our study suggested that application of solid beef manure with or without corn stover bedding can reduce the
potential N2O release from the soil, but other parameters
such as methane emission or capture, carbon dioxide
emission, and nitrate leaching also need consideration when
investigating nitrogen fertilizer sources.

4. Conclusion
In this study, manure and urea were applied to plots at equal
plant-available N rates using nutrient management planning
guide recommended rates. Fall application of beef manure
with and without bedding and no fertilizer produced signiﬁcantly lower soil nitrate levels compared to urea application during a two-year plot-scale study with the silty clay
loam soil type in the Northern Great Plains region. No
treatment diﬀerences in soil water nitrate concentration or
corn leaf-N were observed. However, there were diﬀerences
between years and growth stages for soil nitrate and leaf-N.
Numerically, soil N2O and NH3 ﬂuxes from applied N
sources were UO > SM > BM and BM > UO > SM, respectively. The form of N-applied did not signiﬁcantly aﬀect
ﬂuxes. The UO and BM treatments produced signiﬁcantly
higher N2O and NH3 ﬂuxes compared to NF, respectively.
Because gas ﬂux rates can vary by soil type, weather, and
management practices, these data add to the body of
knowledge for future modeling eﬀorts and manure management decisions. Further study is required to reﬁne
N-application recommendations appropriate for increasing
crop yield while minimizing soil N losses based on weather
and soil characteristics.

Data Availability
The data used to support the ﬁndings of this study are
available from the corresponding author upon request.

Additional Points
Highlights. (i) Fall application of manure (with and without
bedding) or urea did not result in diﬀerent ammonia or
nitrous oxide ﬂuxes for the silty clay loam soil. (ii) Fallapplied urea produced signiﬁcantly higher soil nitrate
concentrations; however, crop response variables were
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statistically similar for all N source. (iii) Nitrate concentration in soil water diﬀered between years, but not among N
sources.
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