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HIGHLIGHTS 
 The Integrated Farm System Model appropriately represented average emission rates measured in corn production. 
 Compared to the use of feedlot manure, application of bedded pack manure generally increased N and P losses. 
 Compared to inorganic fertilizer use, cattle manure increased soluble P loss while reducing GHG emission. 
 Production and environmental differences among production systems were similar under recent and future climates. 

ABSTRACT. Nitrogen (N), phosphorus (P), and carbon (C) emissions from livestock systems have become important re-
gional, national, and international concerns. Our objective was to use process-level simulation to explore differences among 
manure and inorganic fertilizer treatments in a corn production system used to feed finishing cattle in the Northern Great 
Plains region of the U.S. Our analysis included model assessment, simulation to compare treatments under recent climate, 
and comparisons using projected midcentury climate. The Integrated Farm System Model was evaluated in representing the 
performance and nutrient losses of corn production using cattle manure without bedding, manure with bedding, urea, and 
no fertilization treatments. Two-year field experiments conducted near Clay Center, Nebraska; Brookings, South Dakota; 
and Fargo, North Dakota provided observed emission data following these treatments. Means of simulated emission rates 
of methane, ammonia, and nitrous oxide were generally similar to those observed from field-applied manure or urea ferti-
lizer. Simulation of corn production systems over 25 years of recent climate showed greater soluble P runoff with use of 
feedlot and bedded manure compared to use of inorganic fertilizers, but life-cycle fossil energy use and greenhouse gas 
emission were decreased. Compared to feedlot manure, application of bedded pack manure generally increased N and 
P losses in corn production by retaining more N in manure removed from a bedded housing facility and through increased 
runoff because a large portion of the stover was removed from the cornfield for use as bedding material. Simulation of these 
treatments using projected midcentury climate indicated a trend toward a small increase in simulated grain production in 
the Dakotas and a small decrease for irrigated corn in Nebraska. Climate differences affected the three production systems 
similarly, so production and environmental impact differences among the fertilization systems under future climate were 
similar to those obtained under recent climate. 

Keywords. Climate change, Greenhouse gas, Integrated Farm System Model, Nutrient losses. 

eef cattle production is a major agricultural indus-
try in the Northern Great Plains region of the U.S. 
About 5.6 million cattle are finished each year in 
the three states of Nebraska, South Dakota, and 

North Dakota (USDA-NASS, 2019; Rotz et al., 2019). Most 
of the cattle are finished on open feedlots, but various types 
of enclosed housing or barns are also used on smaller oper-
ations, particularly in the Dakotas (Asem-Hiablie et al., 
2016). Although these enclosures increase the investment in 
facilities, they may provide better control over manure han-
dling and nutrient losses to the environment. 

Most manure is applied to cropland to recycle nutrients 
where nitrogen (N), phosphorus (P), and carbon (C) losses 
occur. The manure may come directly from the lot or other 
housing facility, or it may be stored or composted prior to 
field application. Following field application, varying 
amounts of nutrient losses can occur. The amount lost de-
pends on the application method, the characteristics of the 
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manure, and the time the manure remains on the surface 
prior to incorporation by tillage (Rotz, 2004). Losses in the 
form of ammonia (NH3) can be high when manure is surface-
applied without incorporation (Rotz et al., 2014). For ma-
nure removed from feedlots, most volatile compounds such 
as NH3 have been lost prior to application (Todd et al., 
2011), so field emissions are less. Following incorporation, 
the rate, depth, and timing of application further influence 
field losses and nutrient use (IPNI, 2012). 

To improve the environmental sustainability of feeding 
cattle, nutrient losses must be reduced to recycle more ma-
nure nutrients through feed production. This can improve 
profitability for the producer by reducing the need for inor-
ganic fertilizer while reducing potential damage to the envi-
ronment. A systems approach considering all important 
components is needed to assess and improve nutrient cycling 
in cattle feeding systems. The Integrated Farm System 
Model (IFSM) provides a tool for performing a comprehen-
sive assessment of the nutrient losses from production sys-
tems along with other environmental impacts (Rotz et al., 
2018). By simulating and comparing alternative systems, en-
vironmental improvements can be quantified along with per-
formance and economic measures. 

Experiments have been conducted in North Dakota (Me-
hata et al., 2019), South Dakota (Niraula et al., 2019), and 
Nebraska (Spiehs et al., 2020) to measure methane (CH4), 
NH3, and nitrous oxide (N2O) emissions following four fer-
tilization treatments in corn (Zea mays L.) production. Ferti-
lization treatments were cattle manure, cattle manure with 
bedding, urea fertilizer, and no fertilization. Emissions var-
ied across the three locations, but differences between the 
use of manure and urea fertilizer were small. 

Our objectives were to (1) compare observed and simu-
lated emissions following these fertilization treatments to 
show that the IFSM could represent these systems, and (2) 
simulate corn production systems in the Northern Great 
Plains region to compare the performance and environmen-
tal impacts of the alternative fertilization practices under re-
cent and projected midcentury climates. 

MATERIALS AND METHODS 
Our analysis involved a series of simulations of corn grain 

production. The first step was to compare emissions pre-
dicted by the model to data measured in the field experi-
ments conducted in North Dakota, South Dakota, and Ne-
braska. The model was then used to simulate corn production 
systems in these states using 25 years of recent weather. Fi-
nally, production systems were simulated using projected 
climate data to evaluate potential future climate effects on 
performance and environmental impacts. 

INTEGRATED FARM SYSTEM MODEL 
Corn production and manure management strategies were 

simulated using the IFSM, a software tool developed to as-
sess and compare the environmental and economic sustaina-
bility of crop, dairy, and beef cattle production systems 
(USDA-ARS, 2020). The model simulates crop production, 
feed use, and the return of manure nutrients back to the land 

for up to 25 years of daily weather. Daily growth and devel-
opment of crops are predicted based on soil water and N 
availability, ambient temperature, and solar radiation (Rotz 
et al., 2018). Simulated tillage, planting, and harvest opera-
tions predict resource use, timeliness of operations, crop 
losses, and nutritive quality of feeds produced. 

Nutrient flows are tracked to predict losses to the envi-
ronment and potential accumulation in the soil (Rotz et al., 
2018). For crop-producing farms, nutrient losses include 
those associated with the processes of volatilization, nitrifi-
cation, denitrification and leaching of N, erosion of sedi-
ment, and runoff of sediment-bound and dissolved P across 
the farm boundaries. Whole-system mass balances of N, P, 
and C are determined as the sum of nutrient imports in ma-
nure, fertilizer, deposition, and fixation, minus the nutrient 
exports in losses and feeds produced. 

Simulation of a production system provides the direct 
emissions and resources used each year. A farm-gate life cy-
cle assessment determines the annual intensities of C emis-
sions and energy use in producing the feed (Rotz et al., 
2018). Carbon dioxide (CO2), CH4, and N2O emissions from 
soil (as influenced by manure and fertilizer application), 
crop, and machinery sources and sinks, along with those 
from the production of resources used and indirect emissions 
resulting from N losses, are tracked to predict net greenhouse 
gas emission in CO2 equivalent (CO2e) units. The life cycle 
assessment includes upstream sources that occur in produc-
ing the resources used in the production system, including 
fuel, electricity, fertilizer, machinery, seed, and pesticides. 
Anthropogenic C emissions include those released through 
fossil fuel combustion and the decomposition of lime and 
urea fertilizer (IPCC, 2006). All fossil energy used on the 
farm, along with that used to produce the resources used, is 
accounted for to determine the total energy input. Intensities 
are determined as the total of direct, indirect, and upstream 
sources divided by the feed dry matter produced. 

Components of the IFSM have been evaluated in previous 
studies to ensure reasonable predictions of system perfor-
mance and environmental impacts. These evaluations have 
included grain crop production (Rotz et al. 2002), NH3 emis-
sion (Rotz et al., 2014), N2O emission (Chianese et al., 
2009b), CH4 emission (Chianese et al., 2009c), and P losses 
(Sederovich et al., 2007). Other studies have included farm-
scale evaluations of production and environmental impacts 
(Belflower et al., 2012; Rotz et al., 2011, 2013, 2016). For 
the current study, comparison to field observations was done 
to assess the model’s ability to represent fertilization treat-
ment effects on several environmental impacts of corn pro-
duction in the Northern Great Plains region. 

SIMULATION OF FIELD EXPERIMENTS 
The IFSM was set up to represent field experiments pre-

viously conducted near Clay Center, Nebraska; Brookings, 
South Dakota; and Fargo, North Dakota to measure NH3 and 
greenhouse gas (CH4, CO2, N2O) emissions following field 
application of manure or inorganic fertilizer (Niraula et al., 
2018; Mehata et al., 2019; Spiehs et al., 2020). Two-year 
field studies examined the influence of land application of 
solid beef manure and solid beef manure with bedding on the 
emissions of N2O, CH4, and NH3, along with corn whole-
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plant yield and plant tissue N content. Wheat straw bedding 
was used in the North Dakota trial, and corn stover bedding 
was used in the other trials. In the field trials, available ma-
nure N following incorporation was estimated assuming 
95% availability of ammonium N, 50% availability of or-
ganic N, and 25% availability of the previous year’s applied 
organic N (Niraula et al., 2018). In addition, treatments of 
urea fertilizer and no fertilizer were compared with the ma-
nure treatments. In North Dakota, treatments were applied to 
Fargo-Ryan silty clay soil. Based on initial soil nutrient tests 
prior to fertilization, N was applied in the field trials at rates 
of 220 and 109 kg ha-1 in years 1 and 2, respectively, using 
manure or urea fertilizer to meet the corn N demand and 
yield goal of 10,760 kg ha-1 (160 bu acre-1) (table 1). The 
same treatments were applied in South Dakota on a silty clay 
loam soil, classified as a Udic Haploborolls. At this location, 
N was applied at rates of 130 kg ha-1 for both manure and 
urea treatments in year 1 and 184 kg ha-1 in year 2 with a 
yield goal of 11,300 kg ha-1 (180 bu acre-1). In Nebraska, the 
soil was a loess silt loam. Nitrogen was applied at a rate 291 
kg ha-1 in both years with a 15,000 kg ha-1 (240 bu acre-1) 
yield goal. Dry land farming was used in the Dakotas, while 
irrigation was used in the Nebraska trials (table 1). 

Nitrous oxide and CH4 fluxes were measured from soil 
surfaces using static chambers constructed of polyvinyl 
chloride (PVC) as recommended in the GRACEnet project 
protocol (Parkin and Venterea, 2010). Three PVC anchor 
rings were inserted into each plot and spaced at approxi-
mately equal distances from the center (Niraula et al., 2018). 
Headspace air sampling was done during 09:00 to 12:00 lo-
cal time because the surface soil temperature was near its 
daily average during this time. At the North Dakota and Ne-
braska sites, headspace air samples were collected on about 
7 d intervals throughout the 2016 and 2017 growing seasons, 
with more frequent sampling for the few weeks following 
planting. The sampling frequency for South Dakota was two 
to three times in the two weeks before planting and two 
weeks after planting and monthly throughout the growing 
season. Headspace air samples were analyzed for N2O and 
CH4 within two days using a gas chromatograph. Daily flux 
from each of the three sampling points within a plot was 

determined from concentrations relative to elapsed time. 
Evaluated fluxes were then converted from volumetric basis 
to mass basis using the modified ideal gas law. 

Ammonia volatilization from each of four replicated plots 
was measured using semi-static open chambers with three 
chambers per plot (Niraula et al., 2018). Measurements were 
made over periods of normally two weeks. The chambers, 
consisting of a 2 L bottle and polyfoam strips dipped in 
H3PO4 solution, were secured in an upright position on the 
soil surface. At the end of each period, samples were col-
lected and analyzed using an automated ammonia analyzer. 
The volatilization loss from each plot was determined as the 
average of the three chambers. An average emission rate 
(g ha-1 h-1) was determined by dividing the measured emis-
sion by the measurement period. 

Chamber-based flux measurements are known to influ-
ence the flux conditions at the soil surface by reducing air 
movement, which leads to underestimation of flux (Vent-
erea, 2010; Niraula et al. 2019). A theoretical flux underes-
timation method (Venterea, 2010) was applied to the N2O 
flux estimates to adjust for soil and weather conditions, but 
CH4 flux was reported without further adjustment (Niraula 
et al., 2019; Mehata et al., 2019). Flux calculation perfor-
mance is sensitive to multiple variables that can vary widely 
in field conditions and interact to affect measurement error 
(Venterea et al., 2020). Considering these variables, a maxi-
mum error of 20% was considered for any one concentration 
measurement in time. 

Each treatment was simulated as a small field (10 ha) us-
ing the IFSM where manure or urea fertilizer was incorpo-
rated into the soil immediately or within a few hours of ap-
plication to represent the actual conditions (fig. 1). Model 
parameters were set to generally represent the management 
of the treatments, including manure or fertilizer application 
amounts, corn variety, and planting and harvest dates. Soil 
characteristics were set to represent those of the location, and 
simulations were done using 2016 and 2017 daily weather 
data recorded at each location. 

Our goal was to represent these production strategies with 
minimal changes or calibration of the model. This was not 
intended to be an evaluation of the model but rather 

Table 1. Summary characteristics of field experiments conducted in three states of the U.S. Northern Great Plains. 

State, Soil Type, 
and Year 

Measurement 
Period[a] 

Data 
Points 

Mean Ambient 
Temperature 

(°C) 
Precipitation 

(mm) 

Annual 
Irrigation 

(mm) 

Fertilized 
Corn Yield 

(kg DM ha-1) 

N 
Applied[b] 
(kg ha-1) 

Initial 
Soil N 

(kg ha-1) 
North Dakota: Fargo Ryan silty clay (Mehata et al., 2019)      
 Year 1 14 to 29 Oct. 2015 

2 May to 2 Aug. 2016 
4 
13 

8.8 
19.5 

29.1 
259 

0 8.0 220 23 

 Year 2 16 Oct. to 11 Nov. 2016 
5 May to 22 Aug. 2017 

4 
13 

8.8 
19.0 

45.0 
174 

0 6.5 220 57 

South Dakota: Silty clay loam (Niraula et al., 2019)      
 Year 1 6 to 16 Nov. 2015 

24 Apr. to 2 Aug. 2016 
3 
5 

5.5 
18.7 

17.1 
344 

0 10.0 130 113 

 Year 2 17 Nov. to 1 Dec. 2016 
25 Apr. to 10 Aug. 2017 

3 
4 

0.5 
18.1 

27.7 
259 

0 - 183 58 

Nebraska: Loess silt loam (Spiehs et al., 2020)       
 Year 1 4 to 24 Nov. 2015 

13 Apr. to 10 Oct. 2016 
5 
13 

6.5 
20.0 

43.2 
540 

238 12.4 291 14 

 Year 2 1 to 29 Nov. 2016 
25 Apr. to 24 Oct. 2017 

5 
15 

6.6 
19.2 

25.8 
644 

61 12.7 291 9 

[a] Treatments were applied just before the first day of the fall measurement period for all treatments, except urea fertilizer was applied just before the 
spring measurement period in the North Dakota trial. 

[b] “N applied” represents the available N in applied manure and the N applied in urea fertilizer. 
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a demonstration that the model could represent these produc-
tion strategies and the associated emissions. Model adjust-
ments included setting the initial soil N level before treat-
ment application to represent that observed (table 2), and in-
itial soil moisture was set at 50% of available water-holding 
capacity to represent fall levels expected in this region. Sim-
ulated daily emission rates of NH3, CH4, and N2O (g ha-1 h-1) 
on each observation date were compared to those observed. 
A two-sample t-test assuming equal variances was used for 
statistical comparison, where a low probability (p < 0.01) in-
dicated that observed and simulated data were different. For 
both observed and simulated data, standard deviations were 
similar to the mean in magnitude. 

SIMULATED PRODUCTION SYSTEMS 
Following model assessment, full corn production sys-

tems were simulated with the IFSM to compare longer-term 
performance and environmental impacts of alternative ferti-
lization strategies. These simulations included all processes 
related to manure application, crop establishment, and har-
vest along with crop growth and soil processes (fig. 2). Two 
of the systems represented corn production using manure ob-
tained from cattle finishing operations, and a third produced 
corn using urea fertilizer. The manure systems used (1) ma-
nure from a traditional open lot with relatively dry solid ma-
nure removed after each cycle of cattle and (2) manure from 

a bedded pack barn with bedded manure removed after each 
cycle of cattle. 

For this series of simulations, the model parameters were 
set to represent farm practices in the region. The model was 
used without setting the conditions of the experiments (ini-
tial soil N and application rates and dates) because that was 
no longer relevant. Farm practices were similar to the strat-
egies used in the field experiments, but some adjustments 
were made. The simulation was set to incorporate the ma-
nure the same day of application, but several hours between 
manure spreading and incorporation were allowed to better 
represent farm practices. In contrast to the field experiments, 
this allowed some time for NH3 volatilization and minor 
amounts of CH4 volatilization to occur prior to incorpora-
tion, as influenced by temperature, wind speed, and other 
factors. In these simulations, manure application and tillage 
operations occurred over a period of days, as influenced by 
weather and soil conditions. Because of these differences, 
the field-measured data do not apply directly to the multiyear 
simulations of the corn production systems. The process-
based simulation represents these changes to predict their in-
fluence on emissions. 

Corn production systems were sized to produce the grain 
needed to finish 2,000 cattle per year in two 5-month cycles. 
Crop area was set to provide enough grain to meet the aver-
age annual feed needs of the operation. Because yields 

 

Figure 1. Processes and nutrient flows simulated in IFSM to assess the prediction of volatile losses measured in field plot experiments. 

 

Figure 2. Processes and nutrient flows simulated in IFSM to evaluate and compare fertilization options on corn-producing farms. 
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varied across locations, land area varied, with 342 ha in 
North Dakota, 275 ha in South Dakota, and 163 ha in Ne-
braska. The manure produced by these cattle was applied to 
the cropland to produce the feed. The soil characteristics for 
each location were those used in the field experiment simu-
lations. Dry land production was used in the Dakotas, and 
irrigation was used as needed in Nebraska to prevent water 
stress effects on crop growth. 

To obtain the quantity and nutrient content of the applied 
manure, separate simulations were performed for finishing 
2,000 cattle at each location using the feed produced. Simu-
lations were done using an open lot and a covered bedded 
pack structure. Because the manure characteristics varied 
among simulated years, 25-year average values were used as 
input to the corn crop simulation. There were minor varia-
tions across locations, but feedlot manure production was 
about 910 t DM per year, containing 2.7% N (90% organic) 
and 0.75% P. For the bedded pack system, about 1700 t DM 
was produced, containing 1.8% N (80% organic) and 0.4% P. 

For these farm-scale simulations, manure from the cattle 
fed did not meet the N needs of the crop. In addition, apply-
ing greater amounts of manure would greatly exceed the 
crops need for P. Therefore, inorganic fertilizer was used, 
with the average annual application rate set to meet crop nu-
trient needs beyond that obtained from manure. Nitrogen 
needs were determined by maintaining a balance over all 
simulated years, with that applied equal to that removed in 
the crop plus that lost to the environment while maintaining 
crop yield. Supplemental N needs were met using urea ap-
plied at rates of 35 kg N ha-1 with feedlot manure and 
20 kg N ha-1 with bedded manure in the Dakotas, and 88 and 
80 kg N ha-1 for feedlot and bedded manure, respectively, for 
the irrigated corn in Nebraska. This provided total N appli-
cation rates of 130 and 140 kg N ha-1 for feedlot and bedded 
manure in the Dakotas and 235 and 275 kg N ha-1 in Ne-
braska. With the recycling of manure nutrients back to the 
corn land, no P2O5 and K2O fertilizers were needed for the 
manure treatments. For the inorganic fertilizer treatment, N, 
phosphate (P2O5), and potash (K2O) needs were about 140, 
45, and 30 kg ha-1, respectively, in the Dakotas and 260, 76, 
and 53 kg ha-1, respectively, in Nebraska. All inorganic 
N fertilizer was in the form of urea. 

Appropriate machinery was used to simulate timely 
planting and harvest of crops. Tillage used to establish the 
corn included a disk operation followed by two field cultiva-
tor operations prior to planting. The earliest planting date 
varied with location from on or after April 18 in Nebraska to 
May 10 in North Dakota. The earliest corn harvest dates 
were the same for all locations, with grain harvest beginning 
on or after October 20. A corn variety from a greater ma-
turity group was used in Nebraska. 

Manure handling methods were similar between the ma-
nure treatments. When representing open lot systems, rela-
tively dry manure (70% DM) was handled and applied. With 
the use of bedded pack housing, manure was handled as a 
solid with a dry matter content of 32%. Corn stover, har-
vested on the farm following grain harvest, was used for bed-
ding at a rate of 4.0 kg d-1 per animal. The stover was har-
vested and handled using a large round bale system. All ma-
nure was surface-applied and incorporated by tillage on the 

day of application. Manure application occurred prior to 
planting in the spring and following harvest in the fall, where 
simulated dates varied with soil and weather conditions. 

PROJECTED CLIMATE SIMULATIONS 
All production systems were simulated using weather 

data for Carrington, North Dakota; Watertown, South Da-
kota; and Grand Island, Nebraska. Weather data were ob-
tained by downscaling climate projections from nine global 
climate models (GCMs), including: Community Climate 
System Model 4, Centre National de Recherches Meteor-
ologiques Circulation Model 5, Commonwealth Scientific 
and Industrial Research Organization Mark 3, Hadley Centre 
Global Environment Model 2 CC, Institute for Numerical 
Mathematics Climate Model 4, Institut Pierre Simon La-
place Coupled Model 5A LR, Model for Interdisciplinary 
Research on Climate 5, Max-Planck Institute Earth System 
Model LR, and Meteorological Research Institute Coupled 
Global Climate Model 3. The GCM projections of tempera-
ture, precipitation, and solar radiation were translated into 
high-resolution projections using the statistical Asynchro-
nous Regional Regression Model (ARRM; Stoner et al., 
2013). Weather data used were recent (1990-2015) and pro-
jected climate for midcentury (2040-2065). Future climate 
projections used a representative concentration pathway 
(RCP) of 8.5, which represents a “business as usual” use of 
fossil fuels and C emissions through midcentury. This repre-
sents a worst-case scenario for future weather patterns but is 
not unrealistic considering current trends. 

For the midcentury simulations, a few management 
changes were made to adapt the production systems to the 
projected warmer climate. The maturity group for the corn 
variety was increased at each location to allow more growing 
degree-days to reach maturity. Planting and harvest dates 
were moved up by about one week to provide an earlier 
growing season of similar length with warmer growing con-
ditions. Crop areas remained the same, so any change in 
yield was reflected in total grain production. All other char-
acteristics of the operations were the same as those used in 
the base simulations. 

Ambient temperature, precipitation, and measures of en-
vironmental impact were compared using the GLIMMIX 
procedure for generalized linear mixed models in SAS (SAS 
Institute, Cary, N.C.). A three-way analysis of variance was 
used to determine the effects and interactions across the 
three fertilization treatments (open lot manure, bedded pack 
manure, and urea fertilizer), three locations, and two cli-
mates (recent and midcentury). Predictions using the nine 
GCMs provided nine replicate measures of each environ-
mental impact for each treatment. Differences among means 
and their interactions across fertilization treatments, loca-
tions, and climates were determined using a Tukey test 
(p < 0.05). 

RESULTS AND DISCUSSION 
SIMULATION OF FIELD EXPERIMENTS 

Methane emissions from cropland are normally negligi-
ble, with a potential for a small absorption (Chianese et al., 
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2009a). A minor release of any CH4 remaining in the manure 
may occur when manure is broadcast on the soil surface. The 
emission data measured in the Dakotas were consistent with 
this general trend, but measurable amounts were observed in 
Nebraska, even when no manure was applied (table 2). This 
emission cannot be explained, but this was a small and un-
important source of methane emission compared to that 
found for cattle production systems (Rotz et al., 2013). 

Observed NH3 emissions were greater in North Dakota 
than the other two locations (table 2). Factors that influence 
this difference could include the depth and completeness of 
incorporation, soil temperature, soil pH and the form of N 
applied (Rotz et al., 2014). The model was able to represent 
the NH3 emissions from manure treatments well in the Da-
kotas with an overestimate in Nebraska (table 2). Although 
the prediction in Nebraska was around twice that observed, 
these emission levels are small compared to other farm 
sources and thus relatively similar from a whole-farm per-
spective (Rotz et al., 2014). Averaged over all locations, 
simulated and observed NH3 emissions from manure treat-
ments were similar (table 2). 

For the urea fertilizer treatment, the model represented 
observed data well in North Dakota, but was greater than ob-
served in South Dakota and Nebraska. Urea was applied in 
the spring in North Dakota and in the fall for the other loca-
tions. This implies that the model may overestimate NH3 
emission during winter conditions. The relationship used in 
IFSM to predict soil emission of NH3 is a function of soil 
temperature, but it may provide a conservative estimate over 
winter conditions. In our further multiyear simulations, we 
assumed all urea fertilizer was applied in the spring, so this 
potential problem with NH3 emission would not apply. Am-
monia loss from urea fertilized fields is normally considered 
to be about 15% of the applied N (Battye et al., 1994), and 
model predictions were consistent with this normal. 

The model underpredicted NH3 emission for the unferti-
lized treatment in North Dakota. The average emission of 
5.7 g NH3 ha-1 h-1 seems high compared to the initial soil N 
content (table 1). This implies that most of the observed 

initial soil N would be lost in the form of NH3 over the grow-
ing season or that the model is not properly representing 
transformation processes of the soil organic N pool under 
this condition of very low available soil N. Because the 
model represented this emission well at the other locations, 
measurement error was also a possibility. Use of no N ferti-
lization was an infeasible option in our simulation of full 
corn production systems, so this potential problem in repre-
senting very low N availability under certain conditions was 
not considered a concern in our further analysis. 

Observed N2O emission rates were similar across loca-
tions (table 2). Although not significant, the model tended to 
overestimate emission rates in North Dakota and underesti-
mate those observed in Nebraska. The model is sensitive to 
the clay content of soils, which led to the greater values in 
North Dakota and lower values in Nebraska. Although deni-
trification losses are known to be influenced by soil clay con-
tent (Malique et al., 2019), this was not reflected in these 
observed data. Averaged over all locations, the model repre-
sented the observed emission rates of N2O well (table 2). 

PRODUCTION SYSTEMS WITH RECENT CLIMATE 
The simulated corn-producing farms using each fertiliza-

tion treatment and the resulting environmental impacts were 
first evaluated using recent climate. Similar comparisons 
among fertilization treatments were found across the three 
locations. Because land areas were varied to provide similar 
amounts of feed produced, total grain production did not 
vary across locations (table 3). 

The simulations produced N and P balances for all inputs 
and outputs of the production system. These values varied 
across locations and fertilization treatments, but average val-
ues can be provided. Over the 25-year simulations, 70% to 
75% of the applied N was removed in the crop, with the re-
mainder lost to the environment. Of the total loss, 15% to 
17% was volatilized as NH3, 3% to 7% was leached to 
groundwater, 1% to 2% was lost as N2O, 4% to 6% was lost 
as NOx and N2, and less than 1% was lost in surface runoff. 
When manure was applied, 70% to 80% of the applied P was 

Table 2. Comparison of average observed and simulated emissions for four fertilization treatments of corn in three locations across the Northern
Great Plains region. Asterisks (*) indicate a significant difference between observed and simulated data using paired t-test (p < 0.01). 

Location and 
Fertilization Treatment 

Methane 
(g CH4 ha-1 h-1) 

 

Ammonia 
(g NH3 ha-1 h-1) 

 

Nitrous Oxide 
(g N2O ha-1 h-1) 

Observed Simulated Observed Simulated Observed Simulated 
North Dakota         
 No fertilization -0.02 0.00  5.7 1.9*  0.20 0.32 
 Urea fertilizer -0.01 0.00  11.5 10.6  0.64 1.54 
 Manure 0.08 0.11  12.5 15.0  0.57 0.90 
 Manure with bedding 0.10 0.11  11.2 14.0  0.54 0.89 
South Dakota         
 No fertilization -0.17 0.00  1.7 1.8  0.60 0.38 
 Urea fertilizer -0.01 0.00  2.7 7.0*  1.28 0.92 
 Manure 0.00 0.01  2.0 4.2  0.56 0.72 
 Manure with bedding 0.05 0.01  4.1 4.2  1.19 0.72 
Nebraska         
 No fertilization 0.38 0.00*  0.59 0.58  0.47 0.10 
 Urea fertilizer 0.34 0.00*  0.84 5.73*  0.55 0.61 
 Manure 0.38 0.00*  0.59 1.27*  0.79 0.52 
 Manure with bedding 0.31 0.00*  0.63 1.27*  0.75 0.52 
All locations         
 No fertilization 0.10 0.00*  2.98 1.39*  0.39 0.26 
 Urea fertilizer 0.13 0.00*  5.72 8.39*  0.73 1.28 
 Manure 0.14 0.05*  6.33 7.64  0.73 0.86 
 Manure with bedding 0.18 0.05*  5.34 7.21  0.83 0.87 
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removed in the crop, with most of the remainder left to ac-
cumulate in the soil. With the use of inorganic fertilizer, 
a 25-year balance was maintained in the soil. Annual loss 
of P was about 2%, with most in the sediment-bound form. 

The most consistent and perhaps most important differ-
ence among the fertilization treatments was in the NH3 
emission (table 3, fig. 3). Due to the warmer climate, NH3 
emission was greater in Nebraska than in the Dakotas. At 
all locations, NH3 emission was greater following applica-
tion of bedded pack manure compared to open lot manure 
(p < 0.05). This occurred because more N was retained in 
the manure pack. More of the N was also in an ammonium 
form, as found in the observed data (Niraula et al., 2018; 
Mehata et al., 2019). On an open lot, up to half of the ex-
creted manure N transforms to ammonium and is volatilized 
as NH3 (Todd et al., 2011). Thus, less is available in an am-
monium form when applied, with less potential for loss 
from the field surface. For the urea treatment, NH3 emission 
was greater than that following feedlot manure application 
and similar to that of bedded pack manure at each location 
(p < 0.05). 

The amount of N lost by leaching varied across locations, 
with the least in North Dakota and the greatest in Nebraska 
(p < 0.05, table 3). The amount leached is predicted in the 
IFSM as that moving through the soil profile to a depth be-
low the root zone (1 m for a corn crop; Rotz et al., 2018). 
Differences in the amount leached were driven by differ-
ences in precipitation and soil texture. The lowest precipita-
tion occurred in North Dakota, and the greatest occurred in 
Nebraska. Soil clay content varied, with the greatest in North 
Dakota and the least in Nebraska. The use of irrigation in 
Nebraska also contributed to greater leaching of soil mois-
ture and nutrients. Leached N in the form of nitrate was sim-
ilar among fertilization treatments at each location (p > 0.05, 
table 3). 

Nitrification and denitrification losses include N2O and 
NOx emissions from the soil following fertilization treat-
ments (Waldrip et al., 2014). For simplicity in this article, 
we include emissions from nitrification in the term denitrifi-
cation. This total loss was sensitive to the soil clay content 
and moisture content. There were no large differences in de-
nitrification losses across locations, but the greater clay 

Table 3. Fertilization treatment effects on simulated annual production and environmental impacts of corn produced to feed 2,000 finishing cattle 
at three locations in the U.S. Northern Great Plains region under recent and projected future climate.[a] 

Location and 
Production or Loss Parameter Unit 

Recent Climate (1990-2015) 

 

Projected Climate (2040-2065) 
Open Lot 
Manure 

Bedded 
Manure 

Inorganic 
Fertilizer 

Open Lot 
Manure 

Bedded 
Manure 

Inorganic 
Fertilizer 

Carrington, North Dakota         
 Average annual temperature °C 4.7 f 4.7 f 4.7 f  7.6 d 7.6 d 7.6 d 
 Average annual precipitation mm 481 d 481 d 481 d  514 dc 514 dc 514 dc 
 Grain production t DM 1740 a 1712 a 1766 a  1778 a 1766 a 1811 a 
 Ammonia emission kg N ha-1 14.0 i 21.3 gh 22.3 gh  15.3 i 24.6 ef 30.2 d 
 Nitrate leaching kg N ha-1 1.91 e 1.71 e 1.83 e  5.38 de 4.74 de 5.24 de 
 Denitrification[b] kg N ha-1 10.9 ef 11.9 d 11.5 de  10.2 gh 10.8 efg 10.8 fg 
 Runoff N kg N ha-1 1.31 defgh 1.53 cde 1.42 cdefg  1.20 efgh 1.45 cdef 1.32 cdefgh 
 Soluble runoff P g P ha-1 156 efg 194 ef 42 h  314 d 246 de 55 h 
 Sediment runoff P g P ha-1 526 de 975 bc 503 de  586 ed 1195 ab 666 d 
 Sediment erosion kg ha-1 1009 ef 2111 cd 978 f  1030 ef 2604 c 1322 def 
 Energy use MJ kg-1 DM 2.43 fgh 2.52 efgh 3.85 abcd  2.73 efgh 2.81 efg 4.14 ab 
 Greenhouse gas emission kg CO2e kg-1 DM 0.28 ef 0.31 cdef 0.38 abc  0.29 edf 0.31 cdef 0.40 abc 

Watertown, South Dakota         
 Average annual temperature °C 6.5 e 6.5 e 6.5 e  9.4 c 9.4 c 9.4 c 
 Average annual precipitation mm 555 bc 555 bc 555 bc  583 bc 583 bc 583 bc 
 Grain production t DM 1740 a 1701 a 1744 a  1853 a 1837 a 1872 a 
 Ammonia emission kg N ha-1 14.0 i 23.8 fe 23.2 fgh  15.1 i 25.9 e 30.0 d 
 Nitrate leaching kg N ha-1 8.0 cde 7.8 cde 8.8 bcde  12.8 abdc 12.7 abdc 13.0 abcd 
 Denitrification kg N ha-1 8.8 i 9.7 h 8.4 ij  8.0 j 8.9 i 7.8 j 
 Runoff N kg N ha-1 0.99 h 1.17 efgh 1.07 fgh  0.95 h 1.17 efgh 1.01 gh 
 Soluble runoff P g P ha-1 111 fgh 129 fgh 42 h  179 ef 202 ef 64 gh 
 Sediment runoff P g P ha-1 342 e 631 d 325 e  538 de 1023 b 518 de 
 Sediment erosion kg ha-1 925 f 1950 cde 894 f  1670 cdef 3668 b 1650 cdef 
 Energy use MJ kg-1 DM 2.58 efgh 2.73 efgh 4.01 abc  2.83 efg 3.09 edf 4.22 a 
 Greenhouse gas emission kg CO2e kg-1 DM 0.33 bcdef 0.37 abcd 0.43 a  0.34 abcde 0.40 ab 0.43 a 

Grand Island, Nebraska         
 Average annual temperature °C 10.7 b 10.7 b 10.7 b  13.5 a 13.5 a 13.5 a 
 Average annual precipitation mm 626 ab 626 ab 626 ab  655 a 655 a 655 a 
 Grain production t DM 1737 a 1758 a 1738 a  1645 a 1673 a 1656 a 
 Ammonia emission kg N ha-1 23.2 fgh 46.6 c 46.0 c  24.7 ef 49.3 b 55.8 a 
 Nitrate leaching kg N ha-1 17.1 ba 19.6 a 20.0 a  16.3 bac 18.5 a 18.0 a 
 Denitrification kg N ha-1 13.4 c 16.0 a 13.4 c  11.9 d 14.3 b 12.1 d 
 Runoff N kg N ha-1 1.55 cde 2.02 ab 1.70 bcd  1.66 bcd 2.17 a 1.73 bc 
 Soluble runoff P g P ha-1 433 c 481 bc 79 gh  577 ab 629 a 104 fgh 
 Sediment runoff P g P ha-1 564 de 1142 ab 508 de  707 cd 1318 a 636 d 
 Sediment erosion kg ha-1 1743 cdef 4142 ab 1680 cdef  2299 c 4987 a 2223 cd 
 Energy use MJ kg-1 DM 2.10 gh 2.22 gh 3.32 bcde  1.93 h 2.02 gh 3.23 cdef 
 Greenhouse gas emission kg CO2e kg-1 DM 0.27 ef 0.31 cdef 0.35 abcde  0.25 f 0.29 edf 0.34 bdcef 

[a] Means followed by different letters are significantly different across fertilization treatments, climates, and locations (p = 0.05). 
[b] Denitrification includes N2O, NOx, and N2 emissions from both nitrification and denitrification processes. 
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content in the North Dakota soil and the irrigated loam soil 
in Nebraska caused slightly greater emissions compared to 
South Dakota (table 3, fig. 4). Denitrification loss was a little 
greater with bedded pack manure compared to open lot ma-
nure (p < 0.05). Like NH3 emissions, this primarily occurred 
due to greater N retention and application with bedded pack 
manure. Use of urea fertilizer produced similar denitrifica-
tion loss as the open lot manure treatment in all three loca-
tions (p < 0.05). 

Simulated runoff losses of N were small and just a little 
less in South Dakota compared to the other locations (ta-
ble 3). There was a trend toward greater losses with the use 
of bedded pack manure, but the difference was significant 
only in Nebraska. Due to the removal of a portion of the 
stover for use as bedding material, there was less ground 
cover and greater potential for runoff. This same effect was 
found for predicted sediment erosion and sediment-bound P 
runoff (p < 0.05; table 3). Runoff of soluble P was similar 
between the two manure treatments at each location (table 3, 
fig. 5). With the use of incorporated inorganic fertilizers, sol-
uble P loss was much less than that following manure appli-
cation (p < 0.05), and predicted sediment erosion and 

sediment-bound P losses were similar to those from the ma-
nure without bedding (fig. 6). 

The farm-gate life cycle assessment showed similar en-
ergy consumption trends across locations. The bedded pack 
manure system showed a trend toward greater energy use 
compared to the open lot system (table 3). The harvest and 
handling of the stover for bedding and the handling of a 
greater volume of manure required greater energy input. 
This was offset by a small reduction in the amount of N fer-
tilizer required and the energy required to produce that ferti-
lizer. The greatest overall energy input was with the use of 
inorganic fertilizer. The energy required to produce the N, P, 
and K fertilizers was greater than the energy required to han-
dle the manure. 

Farm-gate life cycle assessments of these corn production 
systems produced similar intensities of greenhouse gas emis-
sions across the three locations (table 3). Effects of the ferti-
lization treatments followed the same trends as energy use. 
With greater energy input and decomposition of the C in 
urea, greater CO2 emissions occurred with the inorganic fer-
tilizer treatment. In addition, as discussed above, denitrifica-
tion emissions were normally greater with the bedded 

 

Figure 3. Simulated ammonia emission (kg N ha-1) following three fertilization options on corn farms in each state for recent and midcentury
climate (# indicates significant difference from open lot manure, and * indicates significant difference due to climate change, p < 0.05). 

 

Figure 4. Simulated nitrous oxide emission (kg N ha-1) following three fertilization options on corn farms in each state for recent and midcentury
climate (# indicates significant difference from open lot manure, and * indicates significant difference due to climate change, p < 0.05). 
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manure system. At each location, the greenhouse gas emis-
sion per unit of feed produced was greater with inorganic 
fertilizer than with open lot manure, with the use of bedded 
pack manure falling between those two treatments (p < 0.05, 
table 3). 

PRODUCTION SYSTEMS WITH MIDCENTURY CLIMATE 
The simulations of the alternative strategies using pro-

jected climate data illustrated the effects of projected in-
creases in ambient temperature, precipitation, and atmos-
pheric CO2 level on feed production and environmental im-
pacts. For each location and averaged over the nine GCMs 
and 25-year future period, annual ambient temperature was 
projected to increase by about 2.9°C relative to the recent 
climate period (table 3). Projected changes in annual precip-
itation were inconsistent among the climate models. Of the 
nine GCMs, five or six predicted increases in precipitation, 
two or three predicted decreases, and one showed little 
change between recent and midcentury climates at each lo-
cation. Although there was a small increase in precipitation 

averaged over all models, this increase was not significant at 
any of the locations. Atmospheric CO2 levels averaged 
372 ppm for 1990-2015, and this increased to 550 ppm for 
2040-2065. Increased atmospheric CO2 concentration stim-
ulates C fixation and plant growth; however, increased yield 
due to CO2 enrichment in a C4 plant such as corn may only 
occur under water-stressed conditions (Hatfield and Dold, 
2019). In our simulations, moisture stress often occurred in 
the Dakotas but not in the irrigated conditions of Nebraska, 
where we assumed adequate water would be available in the 
future for irrigation. 

For our series of simulations, projected climate change 
did not significantly affect corn grain yield and total produc-
tion, but there was a trend toward a small increase in produc-
tion in the Dakotas and a small decrease in Nebraska (ta-
ble 3). Grain production was also not affected by fertilization 
treatment under the future climate. The climate effect on 
grain yield was likely due to offsetting effects. With in-
creased ambient temperature, evapotranspiration increased, 
which reduced water use efficiency and created greater stress 

 

Figure 5. Simulated soluble phosphorus loss (g P ha-1) following three fertilization options on corn farms in each state for recent and midcentury 
climate (# indicates significant difference from open lot manure, and * indicates significant difference due to climate change, p < 0.05). 

 

 

Figure 6. Simulated sediment-bound phosphorus loss (g P ha-1) following three fertilization options on corn farms in each state for recent and 
midcentury climate (# indicates significant difference from open lot manure, and * indicates significant difference due to climate change, p < 0.05).
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on growth. For future simulations in Nebraska, maximum 
annual irrigation use was set high enough to offset increases 
in evapotranspiration. Increased summer temperatures may 
also reduce pollination and grain development (Prasad et al., 
2019). These climate effects interact with any stimulation of 
growth due to greater CO2 concentration in the atmosphere 
(Hatfield and Dold, 2019). 

Projected changes in climate had variable effects on nu-
trient losses. Ammonia emissions following bedded manure 
and urea fertilizer treatments increased, with little change in 
the emissions from open lot manure (p < 0.05, fig. 3). Be-
cause most of the ammonium N is lost on the open lot, field 
losses were not affected by the warmer temperatures. As 
with recent climate, the greatest emission occurred in the 
warmer climate of Nebraska, with similar emissions in the 
Dakotas. By midcentury, NH3 emission following urea ferti-
lizer application increased by 20% to 35% at the three loca-
tions (table 3, fig. 3). These influences of climate were due 
to the form of N applied. Most of the ammonium N in ma-
nure was volatilized prior to field application, while essen-
tially all the urea N in fertilizer hydrolyzes to an ammonium 
form in the soil. Ammonium N readily transforms to ammo-
nia, and increasing temperature drives increases in emission 
(Rotz et al., 2014). 

Nitrate leaching losses by midcentury were similar to 
those from recent climate, with the greatest loss in Nebraska 
and the least loss in North Dakota (table 3). There was a 
trend toward greater leaching losses by midcentury in the 
Dakotas, but the difference was not significant due to the 
large variation in predictions among climate models. Leach-
ing losses were similar among the fertilization treatments at 
each location. 

Compared to recent climate, denitrification losses of N 
decreased by about 9% across treatments and locations, but 
this decrease was not always significant (table 3, fig. 4). As 
with recent climate, denitrification losses were greatest in 
Nebraska and least in South Dakota. The greatest emission 
was for bedded pack manure in Nebraska, and the lowest 
was for urea fertilizer in South Dakota. This decrease was 
primarily driven by increased NH3 emission. With greater 
loss prior to incorporation, less N was available for nitrifica-
tion and denitrification processes in the soil. 

At each location, runoff losses of N were not affected by 
climate in this series of simulations, with midcentury values 
similar to those using recent climate (table 3). As with recent 
climate, N runoff under future climate tended to be greater 
with the bedded pack manure system, but this was only sig-
nificant in Nebraska (p < 0.05). These changes in N losses 
were driven by changes in evapotranspiration, precipitation 
patterns, and irrigation use across locations. Because these 
simulations pursued an N balance, there were interactions 
among the various losses for a given amount of N applied. 
For example, if less denitrification occurred, then more N 
was available for leaching to groundwater, or with greater 
NH3 emission, less was potentially lost through other path-
ways. 

Projected changes in P losses were influenced by changes 
in precipitation amounts and patterns, which were incon-
sistent among climate models. Soluble P losses tended to be  
 

greater by midcentury at all locations, but the increase was 
only significant in Nebraska, where midcentury losses were 
about 30% greater than those predicted for recent climate 
(table 3, fig. 5, p < 0.05). As would be expected, the effects 
of climate were similar for erosion of sediment and runoff of 
sediment-bound P (fig. 6). Losses were greater following use 
of bedded pack manure at all locations, with significant in-
creases by midcentury in South Dakota and Nebraska 
(p < 0.05). As found in the recent climate simulations, this 
increase occurred due to the removal of a major portion of 
the ground cover through harvest of the stover for bedding 
material. 

As found with recent climate, life cycle intensities of en-
ergy use and greenhouse gas emission varied across fertili-
zation treatments and locations, but the large variation cre-
ated by the GCM predictions hid significance for most dif-
ferences. As with recent climate, the lowest intensities were 
for open lot manure, and the highest were for inorganic fer-
tilizer. Values were also greater in the Dakotas and least in 
Nebraska (p < 0.05), primarily due to the greater corn yields 
obtained with the irrigated crop in Nebraska. An interaction 
occurred with energy use expressed per unit of feed increas-
ing under future climate in the Dakotas but decreasing in Ne-
braska (p < 0.05). Greenhouse gas emission intensity 
showed the same trend, but the changes were normally too 
small to show significance. 

Overall, the effects of projected climate change varied 
among the three locations. Projected climate affected each 
production system similarly to the simulation results ob-
tained with recent climate, so differences among the three 
production systems using different fertilization strategies 
were similar under recent and midcentury climates. These 
simulation results are specific to the soil and climate condi-
tions considered; therefore, these results should not be ex-
trapolated to state and regional levels. They provide guid-
ance for what can be expected as the climate in the Northern 
Great Plains region changes over the next 40 years, but con-
ditions among farms and locations will vary. 

CONCLUSIONS 
The Integrated Farm System Model was able to appropri-

ately represent average emission rates of CH4, NH3, and N2O 
measured over two years following manure and urea ferti-
lizer applications in corn production at three locations across 
the Northern Great Plains region, supporting the use of the 
model for simulations of these three pollutants over many 
years of weather. 

Compared to the use of feedlot manure, the use of bedded 
pack manure generally increased N loss in corn production 
because more N was retained in the manure removed from 
bedded housing, providing more opportunity for field losses, 
and sediment erosion and P runoff were increased by remov-
ing a portion of the stover from the field for use as bedding 
material. 

Compared to sole use of inorganic fertilizers, use of cattle 
manure increased soluble P loss but reduced farm-gate life-
cycle energy use and greenhouse gas emission in corn pro-
duction. 
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Projected climate change by midcentury affected the 
three production systems using feedlot manure, bedded pack 
manure, and inorganic fertilizers similarly, so production 
and environmental differences among the fertilization op-
tions were similar under recent and future climates. 
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