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Abstract Reducing nitrous oxide (N2O) emissions from agriculture is critical to limiting future global
warming. In response, a growing number of food retailers and manufacturers have committed to
reducing N2O emissions from their vast networks of farmer suppliers by providing technical assistance and
financial incentives. A key challenge for such companies is demonstrating that their efforts are leading to
meaningful progress toward their climate mitigation commitments. We show that a simplified version of soil
surface nitrogen (N) balance—or partial N balance—the difference between N inputs to and outputs
from a farm field (fertilizer N minus crop N), is a robust indicator of direct N2O emissions from fields with
maize and other major rainfed temperate‐region crops. Furthermore, we present a generalized
environmental model that will allow food‐supply‐chain companies to translate aggregated and anonymized
changes in average N balance across their supplying farms into aggregated changes in N2O emissions.
This research is an important first step, based on currently available science, in helping companies
demonstrate the impact of their sustainability efforts.

Plain Language Summary As a powerful greenhouse gas, nitrous oxide that is emitted from
agriculture contributes to climate change. Reductions in these emissions are not only possible—they are
critical to addressing climate change. Food companies and others wanting to reduce nitrous oxide emissions
in their food supply chains are looking for a way to show evidence of progress. Our research shows that a
simple calculation of nitrogen (N) balance in crop fields (N in fertilizer minus N in the harvested crop) can be
used as an indicator of nitrous oxide emissions. At the large scale, reducing high N balances will reduce
overall emissions. We demonstrate the strong relationship between N balance and nitrous oxide emissions
and show how this simple model can be used at scale to bring about positive environmental change.

1. Introduction

Agriculture is the dominant anthropogenic global source of nitrous oxide (N2O) emissions (Tian et al., 2019),
a long‐lived greenhouse gas 265 times more powerful than carbon dioxide. Given the global imperative of
limiting warming to 1.5°C (Masson‐Delmotte et al., 2018) there is a desire for immediate action to reduce
N2O and other greenhouse gas (GHG) emissions across large scales. N2O emissions from N fertilizer use,
from both its manufacturing and field usage, dominate the GHG footprint of cereal‐based food products
(Goucher et al., 2017) and play an important role in the environmental impact of livestock production
(Herrero et al., 2016). Food‐supply‐chain companies, with their influence onmillions of hectares of crop pro-
duction, could play an important role in reducing these emissions. As companies seek to reduce their overall
GHG emissions (Krabbe et al., 2015), food suppliers using sustainability platforms such as Walmart's Project
Gigaton look to translate improvements in agricultural management on their sourcing farms to changes
(reductions) in N2O emissions.

Quantifying such changes is challenging. Nitrous oxide is most commonly produced in agricultural soils
through the microbial processes of nitrification and denitrification (Butterbach‐Bahl et al., 2013). Rapid
response of these microbial processes to variations in the environmental factors governing N2O emissions
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gives rise to so‐called “hot spots” and “hot moments” of N2O emissions (Groffman et al., 2009), whereby N2O
production varies dramatically over short distances (meters) and time scales (hours). The existence of “hot
spots” and “hot moments” creates high variability in measured emission values, complicating efforts to mea-
sure emissions and/or relate overall changes in N2O emissions to changes in agricultural management.

To date, relating agricultural management to N2O emissions has primarily relied on two broad approaches:
(1) empirical relationships at global, national or regional scales between N2O emissions and N fertilizer rate
(a partial measure of N availability; IPCC, 2006; Millar et al., 2010); and (2) complex biogeochemical models
that attempt to simulate the impact of agricultural management practices on processes governing N2O emis-
sions at field‐ or site‐specific scales (e.g., American Carbon Registry, 2013). The primary challenge of redu-
cing N2O emissions based onN fertilizer rate reductions is that it does not explicitly account for yield impacts
or the efficiency of N fertilizer use, both of which are closely related to the potential for N losses. Multiple
studies have shown that high‐yielding maize systems can increase N use efficiency and reduce N losses,
despite higher rates of N applied (Adviento‐Borbe et al., 2007; Grassini & Cassman, 2012). In contrast, focus-
ing exclusively on fertilizer rate reductions risks jeopardizing yield, which makes it unattractive to farmers
(Zhao et al., 2017). It also overlooks the potential role in reducing N2O emissions of specific fertilizer man-
agement practices (e.g., source, timing, placement; Snyder et al., 2009) and a broader set of farming practices
that can improve N cycling in cropping systems (e.g., recycling N through cover cropping; Han et al., 2017).
While practices that improve N use efficiency should allow for lower N application rates, there is no avail-
able evidence to suggest that farmers decrease N fertilizer rates when implementing practices that reduce
N losses. One important consideration is that these practices can have higher costs, which places additional
emphasis on avoiding yield losses to maintain economic profitability. Therefore, approaches to reduce N2O
emissions should account for impacts on crop productivity and N use efficiency to enable realistic changes in
farm management.

The challenge to the second approach is the need to parameterize, calibrate, and validate complexmodels for
specific crops and regions to be sure that models are correctly simulating N2O emissions. Several dozen site‐
specific input parameters potentially affect simulated emissions, but data on these parameters are not rou-
tinely collected on working farms. Likewise, the availability of field measurements to support model calibra-
tion and validation is quite limited across the range of crop‐soil‐climate‐practice combinations likely to be of
interest (Tonitto et al., 2018). Emissions responses to many practices have not yet been validated in these
models (Tonitto et al., 2018), and research shows that some of these practices could generate different
(and even opposite) emission responses within different regions or cropping systems (Venterea et al., 2012).

Here we present an approach to quantifying the impacts of management on direct soil N2O emissions that is
uniquely aligned with food‐supply‐chain company needs. These needs include the ability to (1) estimate
aggregated changes in N2O emissions across large (>10,000 km2) sourcing regions, based on readily avail-
able and anonymized field‐level data from participating farmers; (2) capture the impact of a broad array
of farmmanagement practices on N2O emissions, recognizing that farmers want flexibility to tailor manage-
ment to their specific conditions; and (3) easily quantify and aggregate emission reductions across a variety
of cropping systems, soils and climate regions, ideally through use of a single (generalized) model. The chal-
lenge is to develop anN2O quantification approach that is robust at large scales, requires minimal input data,
and aligns with farmers' interests in increased productivity and profitability. Direct soil emissions comprise
about 80% of all food supply chain N2O emissions (EPA, 2019), and the opportunities for improved N man-
agement provide companies with options for programs that can reduce these emissions.

Our quantification approach is based on a field‐level measure of the amount of N potentially available for
N2O losses: N balance. We previously published a preliminary model for the relationship between N balance
and N2O emissions for maize grown on silt loam soils and using inorganic N fertilizer (e.g., ammonia, urea,
urea ammonium nitrate [UAN]) in the U.S. Corn Belt (McLellan et al., 2018). In the present paper, we test
the validity of that preliminary model for explaining N balance‐N2O relationships in systems that are more
diverse in soil type, N source, crop and/or region.

Previous research suggests that N2O emissions are better predicted by the amount of N in excess of crop
needs than by total N fertilizer rate (Chantigny et al., 1998; Omonode et al., 2017; van Groenigen et al., 2010).
This excess or “surplus” N (van Eerdt & Fong, 1998) is a measure of the extent to which N inputs remain in
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the crop field and are therefore vulnerable to loss by microbial processes such as denitrification and volati-
lization, or by physical processes such as leaching and runoff. Using mass‐balance principles, this excess N
can be quantified as the difference between N inputs to the crop field and N removed in harvested crops
(including N removed in any harvested residue) at an annual or crop‐cycle scale (whichever is shorter).

We therefore define N balance as the difference between N inputs to a field and N outputs from a field, cal-
culated as follows:

NBalance
kg N
ha

� �
¼ TotalNApplied

kg N
ha

� �
− NRemoved

kg N
ha

� �
(1)

Where TotalNApplied is equal to N from mineral fertilizer plus other N inputs (e.g., manure and other
organic amendments, N‐fixing cash or cover crops, and irrigation water), and NRemoved is the N harvested
with the crop and any residue removed (for harvested grain, this is calculated from crop yield and measured
or estimated grain N concentration). For a major staple grain crop in a rainfed area, receiving only inorganic
N fertilizer, the data needed to estimate N balance for a given field are limited to fertilizer N rate and yield,
supplemented with estimates of grain N concentration. Measured grain N concentrations may not fre-
quently be available from farmers and crop yield explains much more variability in grain N removal than
does N concentration (Tenorio et al., 2019). Using literature‐derived estimates of grain N concentrations
would likely be sufficient for calculating N balance when aggregating over space and time. While sample
testing may prove worthwhile for fine‐tuning, the additional data collection could hamper participation
rates. Thus, the calculation of N balance at field scale requires minimal data that are routinely gathered
by farmers as part of their business operations.

Research shows that where N2O production is N‐limited, N2O emissions are relatively small and constant at
negative or small N balances and increase more rapidly as N balance increases (Omonode et al., 2017; van
Groenigen et al., 2010; Venterea et al., 2016). Here we propose a simple but robust methodology, based on
the empirical relationship between N balance and N2O emissions, which can be used by food‐supply‐chain
companies and others to quantify regional‐scale aggregated changes in N2O emissions. We focus on the rela-
tionship between N balance and N2O emissions in typical rainfed cropping systems on the most widespread
agricultural soils in temperate‐climate crop‐producing regions of the world. Such systems are the dominant
source of grain, oilseed, and forage supply across regionally aggregated sourcing regions.

Our objective is to develop a generalized model that integrates variations in the highly site‐specific relation-
ship of N balance to N2O emissions across fields and years into a broader understanding. A widely applicable
and straightforward model, based on biophysical understanding of the drivers of N2O emissions and easy to
implement across tens of thousands of fields, will better enable food‐supply‐chain companies to track emis-
sions reductions and thereby motivate greater emphasis on reducing N losses within the food supply chain.
Our effort is therefore very different from, although intended to complement, prior work done to identify the
relative impacts of an array of environmental factors (e.g., climate, soil texture) on N2O emissions
(Butterbach‐Bahl et al., 2013; Eagle et al., 2017), to create detailed N2O inventories at a wide range
of spatial scales (Fitton et al., 2017), or to identify “hotspot” locations of very high N2O emissions (e.
g., organic soils, flood‐prone soil zones; Fisher et al., 2014; Pärn et al., 2018).

2. Materials and Methods
2.1. Literature Survey and Database Compilation

Data collection began with an expansion of the comprehensive literature search conducted for the prelimin-
ary model applied to maize on silt loam soils in the Corn Belt (McLellan et al., 2018). A Web of Science
search located additional field studies and meta‐analyses published since September 2016 and through
May 2019, all reporting N2O emissions frommaize and other crops. Potential studies referenced in these arti-
cles and in previous cropland N2O meta‐analyses (Abalos et al., 2016; Bouwman, 1996; DeCock, 2014; Eagle
et al., 2017; Kim et al., 2013; Kim & Giltrap, 2017; Omonode et al., 2017; Rochette et al., 2018; Shcherbak
et al., 2014; van Groenigen et al., 2010) were also retrieved and examined for relevant data. Selection criteria
narrowed the studies to those most representative of typical annual field‐crop systems in temperate regions.
Atypical cropping systems and minor soil types with small production area are excluded from our analysis
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because they have limited influence on N2O emissions at the scale of large grain‐ and oilseed‐sourcing
regions. Soils in tropical regions, such as Oxisols in Brazil which have a high anion exchange capacity,
may respond quite differently to N additions (Jankowski et al., 2018) and so are also excluded from our data-
base. Likewise, N cycling in irrigated systems is likely to be quite different from that in rainfed systems (Trost
et al., 2013); our survey was limited to rainfed crops.

The published data available for evaluating the N2O‐N balance relationship are dominated by studies on
maize in the North American Corn Belt (region shown in Figure 1 inset panel). This is not surprising given
the dominance of maize production in North American agriculture. Maize is grown on 26% of the total U.S.
cropland area (39% of cropland in Corn Belt states; United States Department of Agriculture, National
Agricultural Statistics Service, 2019) and received an average of 44% of all N fertilizer used in the United
States between 2006 and 2015 (United States Department of Agriculture, Economic Research Service,
2019). With maize production having such economic importance to agriculture, and associated fertilizer
use having a large impact on regional N use and N losses, programs or interventions that target maize have
significant potential to influence GHG emissions from crop production. However, recognizing that food
companies are interested in a much wider array of crops than maize, we made particular effort to locate
studies on other crops and in other regions.

With an emphasis on identifying studies of high experimental quality, we constrained data selection to those
experiments that reported fertilizer or manure N application rate, crop yield or harvested N removed, and
cumulative annual or growing season N2O emissions measured for a span of at least 70 days (detailed selec-
tion criteria in Table S1 in the supporting information). All studies reviewed that had shorter sampling time

Figure 1. Map illustrating the locations of study sites from which data were compiled to assess the relationship between N balance and N2O emissions in rainfed
cropping systems. The inset shows the location of studies in the North American Corn Belt.

10.1029/2020EF001504Earth's Future

EAGLE ET AL. 4 of 16



frames (55 days and less) were unlikely to capture peak emissions, began sampling midseason, or ceased
sampling before emissions returned to baseline. For synthetic fertilizer observations, any plots known to
receive manure or to be converted from a perennial in the previous two seasons were also excluded.
Laboratory and greenhouse studies were also excluded. In order to best estimate the N2O emission impact
of management changes on working farms where fertilizer N (or manure) is nearly always used for nonle-
gume crops, we excluded data from zero‐N plots. This conveys the N2O response to N balance shifts within
the range of typical N management practices and relevant to farmer experience. We further limited our data
to experiments that intentionally varied N balance bymonitoring at least two different nonzero N application
rates. By eliminating experiments that used only a single rate, we reduce potential bias caused by overweight-
ing the data within a limited range of N balance. This approach also ensured that the model data set repre-
sented a wide range of N balance values. For robustness tests, and for in‐depth evaluation of the impact of
factors other thanN balance, we used an expanded data set that included zero‐Nobservations and those from
studies that measured N2O emissions from only one nonzero N application rate (see Tables S2, S3, and S5).
As a result of the selection criteria, both the model and expanded data sets excluded a number of studies (or
portions thereof) that have been used by or mentioned in previous meta‐analyses or syntheses (see Table S4).

Data were compiled as reported in published articles or supporting information, with some gaps (mostly
crop yield and grain N) filled by data provided by study authors. For each site‐year‐treatment observation
(most often the average of three to four replicates), data collected included N2O losses, crop yield, N fertilizer
added, plus other management, soil, and environmental conditions. In order to maintain the simplest pos-
sible model, atmospheric N deposition was not considered. Deposition is rarely reported in these studies,
and with a variety of time periods comprising the data set, obtaining accurate N deposition data for each
site‐year fell outside the project scope. In addition, inclusion would have minimal impact on identifying
the most urgently needed on‐farm changes (e.g., reducing very high N balances of 125 or 150 kg N ha−1 to
a more reasonable 50 kg N ha−1). Crop yield values were converted to (or confirmed at) market‐standard
moisture content (e.g., 15.5% for maize grain). For maize studies, we used reported grain N values where
available; where not reported, we used the published International Plant Nutrition Institute (IPNI) values
(e.g., 12 kg N Mg−1 grain for maize at standard moisture content; IPNI, 2014; see Tenorio et al., 2019, for
rationale). For studies on other crops, we only used data that reported crop N uptake.

Nitrogen balance is calculated in the basic system as the total fertilizer N addedminus crop N removed.With
increasing complexity, the inputs also included manure and the outputs include other harvested material
such as straw or, in the case of forage, the full plant biomass. We categorized the data into five subsets, char-
acterized by N source, soil type, and cropping system, as described below. Gaps in soil and weather charac-
teristics were filled first with details from companion publications at the same site, and then from publicly
available databases (see Table S6).

2.2. Statistical Analyses

In our analysis we determined the most appropriate relationship between N2O emissions and N balance on
an area‐scaled basis. While our previous model (McLellan et al., 2018) followed the work of van Groenigen
et al. (2010) and others by using yield‐scaled emissions, area‐based emissions are more appropriate for the
food‐supply‐chain context because of the climatic imperative to reduce absolute GHG emissions.

Because each data subset comprises a collection of studies that fit particular criteria, each subset has a
unique statistical distribution of N balance, soil carbon (C), N2O monitoring period (e.g., summer vs.
annual), long‐term mean annual precipitation (MAP), and other factors affecting N cycling. This variability
creates challenges in comparing the data across subsets. To address this challenge, we developed a hierarch-
ical model using the STATAmixed command (StataCorp, 2019), grouping by both location and data subset.
Grouping by location (research site) and data subset in the hierarchical model accommodates the noninde-
pendent nature of these observations, going beyond a standard multivariate regression model by allowing
possible response differences between groups (Qian et al., 2010; Woltman et al., 2012). Unless observations
from the same research farm clearly came from the same experimental plots, we treated them as separate
“locations” in the statistical model. Since a location group may include data from more than one research
paper—especially with longer‐running experiments—this approach differs somewhat from previous hier-
archical‐model meta‐analyses that grouped by study or individual paper (e.g., Qian et al., 2010). The
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hierarchical models also address unbalanced data—in this case with between 2 and 40 observations per
location—by weighting the contribution of observations to the overall effect according to group size and
variance (i.e., the weighting factor decreases with more observations per group and with higher variance).

Data for cumulative N2O emissions were transformed (natural log) and regressed against N balance, after
being statistically adjusted to the mean soil C content, MAP, and N2O monitoring period. These three cov-
ariates consistently explained variability in N2O emissions within and between data subsets. The final multi-
level hierarchical model included 286 observations from the five restricted data subsets, testing for
differences between data subsets by allowing both the slope and intercept of the N balance–N2O relationship
to vary between them.

Model specifications were varied to test for the impact of other explanatory variables, including long‐term
mean annual temperature, crop species, previous crop species, tillage system (conventional, conservation,
or no‐till), and fertilizer management (i.e., placement, source, and timing). With a larger number of observa-
tions, the expanded data set served as a robustness check on these relationships. Additional details on the
testing and selection of confounding variables, between‐group testing, and alternate model estimations
are given in the supporting information.

3. Data

Figure 1 shows the locations of study sites in our final model, and Table 1 summarizes the characteristics of
the five restricted data subsets. The first three subsets are limited to maize grown for grain using only inor-
ganic N fertilizer. Subset A contains data used in our previous N Balance‐N2Omodel study of maize systems
on silt loam soils in the North American Corn Belt (McLellan et al., 2018). Subsets B and C of the data aug-
ment the Subset A database with more data from this silt‐loam‐soil system (Subset B) and data for maize on
other soil textures (Subset C). Subset D adds observations from studies where maize—for either grain or

Table 1
Selected Characteristics Defining Five Data Subsets Used to Test Relationship Between N2O Emissions and N Balance

Data subseta Crop(s) Locationsb,c Soil texture(s) N source(s) N2O monitoring
time frame, per

year
A (n = 69) maize—grain MN (72%), IN (22%), WI (6%) silt loam urea (67%), UAN (25%),

SuperU (6%), anhydrous
ammonia (AA; 3%)

<6 months
(72%),

≥6 months
(28%)

B (n = 24) maize—grain IN (67%), ON (25%), TN (8%) silt loam UAN (75%), urea (17%),
ammonium nitrate (AN;

8%)

<6 months
(67%),

≥6 months
(33%)

C (n = 64) maize—grain MI (47%), IA (19%), IN (19%),
ON (9%), QC (6%)

loam (67%), silty clay
loam (19%), fine sandy
loam (8%), clay loam

(6%)

urea (47%), UAN (34%),
AA (13%), AN (6%)

<6 months
(61%),

≥6 months(39%)

D (n = 64) maize—grain
(75%) or silage

(25%)

QC (52%), ON (48%) loam (50%), clay (42%),
silt loam (8%)

Manure – cattle (61%),
hog (39%)

<6 months
(45%),

≥6 months
(55%)

E (n = 65) wheat (42%),
canola (14%),

sugarbeet (14%),
silage maize (12%),
barley (11%), other

(8%)

Germany (37%), UK (29%), Netherlands (12%),
MB (9%), MN (9%), ON (3%)

silt loam (49%), clay
(15%), clay loam (8%),
loamy sand (8%), sandy
loam (8%), sand (6%),
silty clay loam (6%)

UAN (37%), unspecified
(29%), urea (18%),
calcium ammonium
nitrate (CAN; 12%),
polymer‐coated urea

(PCU; 3%)

<6 months
(48%),

≥6 months
(52%)

aData sources: A: Osterholz et al. (2014), Smith et al. (2011), Venterea and Coulter (2015), Venterea et al. (2016); B: Burzaco et al. (2013), Congreves et al. (2017),
Thornton and Valente (1996), Wagner‐Riddle et al. (2007); C: Hernandez‐Ramirez et al. (2009), Hoben et al. (2011), Iqbal et al. (2015), Omonode et al. (2015),
Pelster et al. (2011), Roy et al. (2014); D: Abalos et al. (2016), Cambareri et al. (2017), Chantigny et al. (2010), Hernandez‐Ramirez et al. (2009), Rochette
et al. (2008), Schwager et al. (2016); E: Asgedom et al. (2014), Kaiser et al. (1998), Thapa et al. (2015), van Groenigen et al. (2004), Wagner‐Riddle et
al. (2007), Webb et al. (2004). bTwo‐letter abbreviations correspond to postal system identifiers for U.S. states and Canadian provinces, with the exception of
UK (United Kingdom). cTotals may not sum to 100% due to rounding off.
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silage—received manure, rather than inorganic fertilizer, as an N source.
Grain N or N removed was reported (or otherwise made available from
study authors) for 53% of the 221 observations for Corn Belt maize
(CBM). Data for other rainfed crops and regions across the globe comprise
65 observations (Subset E). Across the different subsets, the data represent
variations in geography, as well as in environmental and management
factors known to affect N cycling and crop production. The expanded data
set that removed the requirement for multiple nonzero N fertilizer rates
within each experiment totaled 805 observations, including 178 from
other crops and regions (see Table S5 for details).

4. Results
4.1. N Balance‐N2O Relationships for an Individual Site‐Year

Figure 2 shows data on N balance and associated N2O emissions for one
site‐year (data from Venterea & Coulter, 2015). This is the only site‐year
in our database with more than three nonzero N fertilizer rates that also
reported actual grain N content. With multiple N fertilizer rates, treat-
ments at this site provided a large range in measured N balance and
allowed us to explore the impact of changes in N balance under otherwise
constant conditions. Despite the scatter, a general relationship can be seen
in which N2O emissions are relatively small at low N balance values but
increase markedly at higher N balance values.

We tested a variety of N balance–N2O relationships—linear, exponential
(log‐linear) and piecewise (broken‐stick or hockey‐stick) regressions—
and found that an exponential form most consistently fit the data for this
site‐year. Both the Akaike information criterion (AIC) and Bayesian infor-
mation criterion (BIC) for piecewise and linear models were approxi-
mately double those for exponential models, with R2 values also higher
for the exponential model (Figure 2).

4.2. N Balance‐N2ORelationships Across Soil Types, N Sources, and
Cropping Systems

An exponential form also fit best for the combined data set (Table S7).
Moreover—and despite differences in soil types, regions, and N
sources—the curvilinear shape of the relationship between N2O emis-
sions and N balance was similar across all Corn Belt maize data sets
(curves A–D in Figure 3). Likewise, the relationship between N2O emis-
sions and N balance for other crops and regions (curve E in Figure 3)
was consistent with the relationships for Corn Belt maize. Equally
important, none of the relationships from individual data subsets were
statistically different from one another or from the combined data set
(note in Figure 3 that the curves for each data subset lie within the con-
fidence interval for the combined data set). Therefore, we can identify a
generalized relationship between N balance and N2O losses for a wide
variety of cropping systems and regions, with the following equation:

N2O ¼ exp 0:339þ 0:0047 × NBalð Þ (2)

where N2O is annual cumulative N2O emissions and NBal is the annual
N Balance, both in units of kg N ha−1 (or lb N acre−1, if preferred).

The final model in Equation 2 includes adjustments for three different fac-
tors that consistently explained variability in the data—mean average

Figure 2. Example of N2O emissions related to N balance at a single site‐
year with a wide range in N balance due to multiple N fertilizer rates.
Drawn from data reported in Venterea and Coulter (2015), with full‐
factorial data received from authors.

Figure 3. Generalized relationship (gray curve) between N2O emissions
and N balance for all data. Line A is for the data subset of Corn Belt
maize (CBM) on silt loam soils reported in McLellan et al. (2018), B is for
CBM on other silt loam soils, C is for CBM on other soil textures, D is for
CBM receiving manure as fertilizer, and E is for other crops and regions.
Individual observations, adjusted to mean soil C, N2O measurement time
frame, and average yearly precipitation, are shown as open circles. To better
show the majority of data points, two N2O observations with extreme
measures are excluded from the graph (even though they are not excluded
from the empirical model).
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annual precipitation (mm), soil C concentration (g C/kg soil, surface horizon), and N2O measurement time
frame (days). Given the data available, none of the other management and environmental variables tested
had significant impacts on N2O emissions. On average, in the restricted model, N2O emissions increased
by 9% for every additional 50 mm of annual precipitation, by 16% for every 30 extra days of sampling time,
and by 3% for each 0.1% increment in soil C concentration (e.g., moving from 2.0 to 2.1% soil C). In compar-
ison, emissions increased by 5% for each 10 kg N ha−1 increase in N balance. The equation (and the N2O
emission value for each observation in Figure 3) was adjusted to show the response of N2O emissions to
changes in N balance with each of the three covariates set to their data set mean. This illustrates (as best
as possible) how these data would appear without the variability caused by precipitation, sampling time
frame and soil C concentration.

5. Discussion

The microbial processes that drive N2O production are highly sensitive to changes in environmental condi-
tions, and high N2O fluxes can be brought on by rewetting of dry soils, drying of wet soils, thawing of frozen
soils, temporary flooding and ponding, and increased availability of nitrogen substrates after fertilizer addi-
tion (Butterbach‐Bahl et al., 2013). As a result, field‐scale fluxes of N2O vary dramatically over hours, days
and seasons. This temporal variation, coupled with the high spatial heterogeneity of soil physical, chemical
and biological properties that influence microbial activity, leads to a large scatter in measured N2O emis-
sions at individual sites (Chadwick et al., 2014; Reeves & Wang, 2015; Wagner‐Riddle et al., 2017), as illu-
strated in Figure 2, where there is considerable scatter even for a single site‐year. Variability is also
introduced by year over year weather impacts on crop productivity and N balance (Omonode &
Vyn, 2019) and by differences in sampling intensities, timing, and equipment in field experiments (Thies
et al., 2019; Venterea et al., 2020).

5.1. Shape of the Generalized N Balance‐N2O Relationship

Despite considerable scatter, the relationship between N balance and N2O emissions for the data shown in
Figure 2 is still evident and of the exponential type to be expected based on N saturation theory (Gardner &
Drinkwater, 2009). When N inputs are small, “internal” sinks (i.e., crop uptake and short‐term soil sinks) are
larger than the N supply, and N losses are also small. Once crop uptake demand has been satisfied, the
remaining N in excess of this amount is susceptible to environmental losses via leaching, runoff or gaseous
loss pathways (the alternative fate of this nitrogen, incorporation into soil organic matter, appears to be
minimal, at least in the Corn‐Belt maize‐soybean production systems that dominate our database; Verma
et al., 2005). Hence, the rate of N loss accelerates as applied N exceeds crop N demand (i.e., once N balance
exceeds a threshold value). Thus, for most cropping systems the relationship between N inputs, crop growth,
and N losses is expected to be of an exponential or even a “hockey‐stick” shape: with low losses at low N
inputs (and low N balance), where much of the added N is taken up by the growing crop, and with N losses
increasing more rapidly at higher N input values (and higher N balance) once crop uptake is saturated.
While it is not possible to integrate economic optimum N rates into this analysis, this is an important area
for future research. Both the “hockey‐stick” and exponential shapes of Figure 2 are consistent with previous
site‐specific studies, such as the work of Broadbent and Carlton (1978), who measured both N uptake and
losses for a large number and range of N fertilizer rates, allowing an analysis of N balance.

Given the multitude of factors that influence N2O emissions, it would not be surprising if the breakpoint in
the “hockey‐stick” curve (or the point in an exponential curve at which N2O emissions begin to dramatically
increase) varied at a given site from year to year, and across sites in response to differences in soil type, crop-
ping system and climate. In the supply‐chain context, where the interest is in quantifying aggregated change
across a variety of soils, climates, cropping systems, and management practices, it would be unrealistic to
attempt to determine a site‐ and year‐specific relationship between N balance and N2O emissions. It is of
greater importance to determine an average relationship that integrates across multiple site‐years of differ-
ent exponential or “hockey‐stick” curves, each of which may have different intercepts and different slopes at
both high and low N balances. As shown in Figure 3, this average relationship takes on a shape best fit to an
exponential curve, agreeing with other global meta‐analyses that determined an exponential best fit of N2O
emissions to whole‐plant N surplus (van Groenigen et al., 2010) and to fertilizer rate (Shcherbak et al., 2014).
While an exponential relationship of N2O to inputs tends to be more common than a linear one, Kim
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et al. (2013) hypothesized (but were unable to confirm) that the form may depend somewhat on whether
these microbial‐mediated emissions were limited more by available N or C.

5.2. Applicability to Rainfed Cropping Systems

Of note in Figure 3 is the general congruence in shape and position of the curves for maize cropping sys-
tems (curves A–D) across a variety of soil types and N sources, suggesting that a single curve could repre-
sent all rainfed maize cropping systems in the North American Corn Belt. Perhaps even more intriguing is
that the generalized curve for other crops and other regions (curve E) is also congruent with the various
curves for Corn Belt maize. This similarity suggests that, rather than needing to develop separate relation-
ships for each crop and soil type, climatic region and management practice, a single combined curve (repre-
sented by Equation 2) could capture the generalized relationship for all rainfed temperate‐region crops on a
global basis.

The R2 value for the N balance–N2O losses model (Equation 2) is 0.64; this value reflects the variable envir-
onments across which measurements were made, recalling that several environmental factors influence
emissions even at small spatial and temporal scales. We believe that despite this modest R2 value, our model
is sufficiently robust when used to estimate N2O emissions (and changes in N2O emissions) at the scale of
hundreds or thousands of fields, where the influence of extreme high or low values from individual fields
will cancel each other out (Philibert et al., 2012). The model is not intended for precise quantification
at the scale of an individual field, but for predicting the impact of aggregated management change(s)
(i.e., changes in N balance values) across a large, regional, food supply chain. In this context, the most
important aspect of the model is its ability to predict average emissions and changes in emissions resulting
from a management change, for a group of fields from a given region or watershed, or in fields that provide
maize or other crops for a specific grain elevator, feedlot, mill, or another type of large grain buyer. In such
circumstances, it is most important that the model be unbiased (i.e., neither overestimating nor
underestimating average N2O values).

Exceptions to the general relationship between N balance and N2O emissions presented in Figure 3 certainly
exist, even within the United States. For example, researchers have measured extremely high N2O emissions
from crops and pasture on histosols (peat or high‐organic‐matter soils), ranging upward of an order of mag-
nitude greater than emissions from typical mineral soils (Duxbury et al., 1982; Velthof & Oenema, 1995).
Emissions much higher than the norm are also seen in heavily fertilized, irrigated vegetable crops
(Duxbury et al., 1982) and in poorly drained, heavy clay soils (Gagnon et al., 2011; Rochette et al., 2008).
While these situations represent a small proportion of total crop production area in the United States—his-
tosols and clay soils comprise 1.1% and 2.8%, respectively, of maize‐producing cropland in the United States,
and irrigated vegetables take up only 0.9% of total U.S. cropland—theymay be of greater importance in other
countries (Deng et al., 2012; He et al., 2007). From a global perspective, therefore, significant climate (GHG
reduction) benefits may be realized by reducing emissions from these anomalous (by U.S. standards) situa-
tions. Initial model specifications limited to the other crops and regions data subset suggested that N2O emis-
sions frommaize were higher than those from other crops. However, this appeared to be an artifact of higher
rainfall and wetter soils in maize‐producing regions, since the trend disappeared upon removing observa-
tions from Mediterranean locations in Spain (which have both lower rainfall and N2O emissions; e.g.,
Abalos et al., 2013; Guardia et al., 2018; Huerfano et al., 2016). Therefore, with sufficient aggregation across
a group of farms, the current general model provides accuracy sufficient to advise management change and
document evidence of environmental benefit from interventions along the supply chain.

Having a science‐based, generalized relationship like Equation 2 is of critical importance in the food‐supply‐
chain context, where a food processor or retailer is likely to be sourcing multiple ingredients and products,
each being supplied from tens of thousands of individual fields. The generalized N balance‐N2O model of
Figure 3 and Equation 2 allows a food company to calculate the aggregate N2O emissions associated with
the production of major annual food and forage crops over a large geographic area knowing only the mean
N balance across participating fields as reported by aggregators, such as participating agritech software com-
panies. For example, a company manufacturing breakfast cereal might need to be able to easily and robustly
quantify the annual N2O emissions associated with, variously, oats produced in Minnesota, wheat produced
in Washington, and maize produced in Iowa. They could use the generalized N balance‐N2O model to do so
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without needing to know which crops are sourced from which fields, and without needing location‐specific
information on each field. Similarly, a meat‐processing company could use our generalized model to quan-
tify changes in aggregate N2O emissions following the provision of agronomic services or farmer incentives
to a specific region, for various feed grains. While some differences in the N balance‐N2O relationship are
expected between crops, soil types, weather conditions, N sources and other management practices (e.g., til-
lage), only three factors (soil C, precipitation, and monitoring period) consistently explained variability in
the available data. Any precision gained in practice by applying different N balance‐N2O relationships for
each crop or management situation would need to be assessed in relation to the effort and cost required
to collect and interpret the additional data that would be required. For more complete N2O accounting,
indirect (off‐site) emissions—on average less than 15% of N2O derived from agricultural soils (EPA, 2019)
—could also be estimated by using IPCC Tier 1 emission factors applied to ammonia (NH3) volatilization
and nitrate (NO3) leaching estimates (Tian et al., 2019). On the other hand, this too may not be worth the
effort and cost.

Figure 4 shows the data flow pathway through the agri‐food value chain, from farmer to food company, so as
to maintain both data integrity and farmer privacy. We see crop consultants and farm software providers as
being critical to this information management system: crop consultants facilitate high‐quality data entry at
the scale of the individual field; while software providers deliver low‐effort solutions that balance traceability
and anonymity, automate and standardize the calculation of the field's N balance value, calculate average N

Figure 4. Example of N balance data flow from farm to food company that preserves farmer privacy while allowing
important information to pass to both the farm and the purchasing food company. At Step 1, farmers and their
advisors enter field‐level data on N inputs and N outputs into farm management software, where N balance is calculated
(Step 2). Peer‐to‐peer benchmarking of N balance values across farmer networks can stimulate individual farmers to plan
for improvement (Step 3).Crowd‐sourced insights on the relationship between N balance and various management
practices, supported by data analytics (Step 2) can inform the continuous improvement plan (Step 3), leading over time to
improvements in field‐ and farm‐level N balance. Improvements in N balance over time allow individual farmers to
demonstrate and quantify stewardship improvement. Aggregated changes in N balance across hundreds or thousands of
fields can be translated into aggregate changes in N2O emissions using the generalized model described in this paper
(Step 4), and food‐supply‐chain companies can report modeled reductions in N2O emissions to track progress toward
their GHG reduction goals (Step 5).
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balance across different levels of desired aggregation, and automate the translation of an average aggregated
N balance to aggregated N2O emissions. An individual food company working within a sourcing region can
ensure emissions‐accounting integrity and avoid the risk of artificially inflating the total amount of data col-
lected—commonly referred to as double‐counting—by (a) using a single information management system
that ensures any given field boundary is genuinely unique among all others for which N balance is calcu-
lated, or (b) integrating multiple information management systems and utilizing a web‐based service to
identify and remove duplicate field boundaries for which N balance is calculated, The farm‐ or field‐level
results can then be shared with growers and their trusted advisors to stimulate and inform continuous
improvement in N management, while aggregated, anonymized results can be provided further up the sup-
ply chain to help companies track the impact of their efforts.

From an implementation standpoint, important details will need to be considered and standardized across
different food supply chains to ensure consistency among public claims of reduced N2O emissions. For
example, a company would need to demonstrate an aggregated reduction in N balance across its supplying
farms over a period of time. A multiyear moving average would be needed to smooth out the data and iden-
tify the baseline plus any trending change over time (suggesting that several years of data would be needed
before making credible claims of emissions reductions). In addition to demonstrating N balance changes in
the supplying region or group, a company may need to show evidence of their intervention in the system
(e.g., incentives, changes in purchasing, service provision), to claim responsibility for said change.

6. Conclusions

In conclusion, we present a methodology for quantifying regional N2O emissions from cropping systems
based on N balance, centered on a generalized relationship between N balance and N2O emissions across
a wide variety of soils, climates, and cropping systems (Equation 2). We emphasize N balance over N ferti-
lizer rate because it (i) better conforms to theoretical relationships between N application, crop growth, and
N losses, (ii) has been shown by others to outperform N fertilizer rate as a predictor of N2O emissions, and
(iii) is more acceptable to farmers, whose business and stewardship interests tend to be aligned with
improving N balance. As an environmental risk metric, N balance also serves as an indicator of farm pro-
ductivity, resource‐use efficiency, and profitability, providing a useful measure of overall sustainability. In
addition, focusing on the N balance outcome allows farmers to experiment with an array of conservation
and nutrient‐management practices to determine what works best for their particular location and crop-
ping system.

We outline how the relationship between N balance and N2O emissions can serve as the foundation for a
practical, data‐driven approach to achieve meaningful N2O mitigation in agriculture. Food‐supply‐chain
companies, farmers, and advisors can work with agricultural software providers to aggregate and analyze
field‐level N‐balance data, giving farmers insights into opportunities to reduce N losses from their cropping
systems, while enabling companies to quantify the environmental outcomes of their efforts to reduce N2O
emissions. Ongoing support for field research will still be necessary to measure N2O emissions and develop
a better, more site‐specific understanding of changes in N balance associated with improved genetics, 4R
nutrient stewardship, and other management practices, and to confirm the generalizability of the model
to other crops and regions. There is a key need for additional field data on N2O emissions associated with
other cropping systems—in experiments that intentionally vary N balance and report complete N uptake
and removal as well as management details—as these data are very poorly represented in the current litera-
ture. Nevertheless, our results will enable companies to quantify supply‐chain emissions in the near term,
which is a critical step in helping companies move forward with setting GHG reduction targets across large
production regions. Such efforts will help corporate leaders demonstrate the role that the private sector can
play in stabilizing global warming (Doda et al., 2016).

Conflict of Interest

We are not aware of any real or perceived financial conflicts of interests for any of the authors, nor any other
affiliations for authors that may be perceived as having a conflict of interest with respect to the results of this
paper.

10.1029/2020EF001504Earth's Future

EAGLE ET AL. 11 of 16



Data Availability Statement

Data used in the meta‐analysis modeling are available in the Purdue University Research Repository
(https://doi.org/10.4231/DFB0‐F030).

References
Abalos, D., Brown, S. E., Vanderzaag, A. C., Gordon, R. J., Dunfield, K. E., &Wagner‐Riddle, C. (2016). Micrometeorological measurements

over 3 years reveal differences in N2O emissions between annual and perennial crops. Global Change Biology, 22(3), 1244–1255. https://
doi.org/10.1111/gcb.13137

Abalos, D., Jeffery, S., Drury, C. F., & Wagner‐Riddle, C. (2016). Improving fertilizer management in the US and Canada for N2O mitiga-
tion: Understanding potential positive and negative side‐effects on corn yields. Agriculture, Ecosystems & Environment, 221, 214–221.
https://doi.org/10.1016/j.agee.2016.01.044

Abalos, D., Sanz‐Cobena, A., Garcia‐Torres, L., van Groenigen, J. W., & Vallejo, A. (2013). Role of maize stover incorporation on nitrogen
oxide emissions in a non‐irrigated Mediterranean barley field. Plant and Soil, 364(1–2), 357–371. https://doi.org/10.1007/s11104-012-
1,367-4

Adviento‐Borbe, M. A. A., Haddix, M. L., Binder, D. L., Walters, D. T., & Dobermann, A. (2007). Soil greenhouse gas fluxes and global
warming potential in four high‐yielding maize systems. Global Change Biology, 13(9), 1972–1988. https://doi.org/10.1111/j.1365-
2486.2007.01421.x

American Carbon Registry (2013). American Carbon Registry methodology for N2O emission reductions through changes in fertilizer man-
agement, Version 2.0. Little Rock, AR: Winrock International.

Asgedom, H., Tenuta, M., Flaten, D. N., Gao, X., & Kebreab, E. (2014). Nitrous oxide emissions from a clay soil receiving granular urea
formulations and dairy manure. Agronomy Journal, 106(2), 732–744. https://doi.org/10.2134/agronj2013.0096

Bouwman, A. F. (1996). Direct emission of nitrous oxide from agricultural soils. Nutrient Cycling in Agroecosystems, 46(1), 53–70. https://
doi.org/10.1007/bf00210224

Broadbent, F. E., & Carlton, A. B. (1978). Field trials with isotopically labeled nitrogen fertilizer. In D. R. Nielsen & J. G. MacDonald (Eds.),
Nitrogen in the environment (pp. 1–41). New York, NY: Academic Press.

Burzaco, J. P., Smith, D. R., & Vyn, T. J. (2013). Nitrous oxide emissions in Midwest US maize production vary widely with band‐injected N
fertilizer rates, timing and nitrapyrin presence. Environmental Research Letters, 8(3), 035031. https://doi.org/10.1088/1748-9,326/8/3/
035031

Butterbach‐Bahl, K., Baggs, E. M., Dannenmann, M., Kiese, R. & Zechmeister‐Boltenstern, S. (2013). Nitrous oxide emissions from soils:
How well do we understand the processes and their controls? Philosophical Transactions of the Royal Society B: Biological Sciences,
368(1621), 20130122. https://doi.org/10.1098/rstb.2013.0122

Cambareri, G., Drury, C. F., Lauzon, J., Salas, W., & Wagner‐Riddle, C. (2017). Year‐round nitrous oxide emissions as affected by timing
and method of dairy manure application to corn. Soil Science Society of America Journal, 81(1), 166–178. https://doi.org/10.2136/
sssaj2016.05.0160

Chadwick, D. R., Cardenas, L., Misselbrook, T. H., Smith, K. A., Rees, R. M., Watson, C. J., et al. (2014). Optimizing chamber methods for
measuring nitrous oxide emissions from plot‐based agricultural experiments. European Journal of Soil Science, 65(2), 295–307. https://
doi.org/10.1111/ejss.12117

Chantigny, M. H., Prévost, D., Angers, D. A., Simard, R. R., & Chalifour, F. P. (1998). Nitrous oxide production in soils cropped to corn with
varying N fertilization. Canadian Journal of Soil Science, 78(4), 589–596. https://doi.org/10.4141/S98-009

Chantigny, M. H., Rochette, P., Angers, D. A., Bittman, S., Buckley, K., Masse, D., et al. (2010). Soil nitrous oxide emissions following band‐
incorporation of fertilizer nitrogen and swine manure. Journal of Environmental Quality, 39(5), 1545–1553. https://doi.org/10.2134/
jeq2009.0482

Congreves, K. A., Brown, S. E., Nemeth, D. D., Dunfield, K. E., & Wagner‐Riddle, C. (2017). Differences in field‐scale N2O flux linked to
crop residue removal under two tillage systems in cold climates.Global Change Biology Bioenergy, 9(4), 666–680. https://doi.org/10.1111/
gcbb.12354

Decock, C. (2014). Mitigating nitrous oxide emissions from corn cropping systems in the midwestern US: Potential and data gaps.
Environmental Science & Technology, 48(8), 4247–4256. https://doi.org/10.1021/es4055324

Deng, J., Zhou, Z., Zheng, X., Liu, C., Yao, Z., Xie, B., et al. (2012). Annual emissions of nitrous oxide and nitric oxide from rice‐wheat
rotation and vegetable fields: A case study in the Tai‐Lake region, China. Plant and Soil, 360(1–2), 37–53. https://doi.org/10.1007/
s11104-012-1,223-6

Doda, B., Gennaioli, C., Gouldson, A., Grover, D., & Sullivan, R. (2016). Are corporate carbon management practices reducing
corporate carbon emissions? Corporate Social Responsibility and Environmental Management, 23(5), 257–270. https://doi.org/10.1002/
csr.1369

Duxbury, J. M., Bouldin, D. R., Terry, R. E., & Tate, R. L. (1982). Emissions of nitrous oxide from soils. Nature, 298(5873), 462–464. https://
doi.org/10.1038/298462a0

Eagle, A. J., Olander, L. P., Locklier, K. L., Heffernan, J. B., & Bernhardt, E. S. (2017). Fertilizer management and environmental factors
drive N2O and NO3 losses in corn: A meta‐analysis. Soil Science Society of America Journal, 81(5), 1191–1202. https://doi.org/10.2136/
sssaj2016.09.0281

EPA (2019). Inventory of U.S. greenhouse gas emissions and sinks, 1990–2017. Washington, DC: United States Environmental Protection
Agency.

Fisher, K., Jacinthe, P. A., Vidon, P., Liu, X., & Baker, M. E. (2014). Nitrous oxide emission from cropland and adjacent riparian buffers in
contrasting hydrogeomorphic settings. Journal of Environmental Quality, 43(1), 338–348. https://doi.org/10.2134/jeq2013.06.0223

Fitton, N., Datta, A., Cloy, J. M., Rees, R. M., Topp, C. F. E., Bell, M. J., et al. (2017). Modeling spatial and inter‐annual variations of nitrous
oxide emissions from UK cropland and grasslands using DailyDayCent. Agriculture, Ecosystems & Environment, 250, 1–11. https://doi.
org/10.1016/j.agee.2017.08.032

Gagnon, B., Ziadi, N., Rochette, P., Chantigny, M. H., & Angers, D. A. (2011). Fertilizer source influenced nitrous oxide emissions from a
clay soil under corn. Soil Science Society of America Journal, 75(2), 595–604. https://doi.org/10.2136/sssaj2010.0212

Gardner, J. B., & Drinkwater, L. E. (2009). The fate of nitrogen in grain cropping systems: a meta‐analysis of 15N field experiments.
Ecological Applications, 19(8), 2167–2184. https://doi.org/10.1890/08-1122.1

10.1029/2020EF001504Earth's Future

EAGLE ET AL. 12 of 16

Acknowledgments
We would like to express appreciation
for the thorough and helpful reviews
and feedback provided by the Editor
and two anonymous reviewers.

https://doi.org/10.4231/DFB0-F030
https://doi.org/10.1111/gcb.13137
https://doi.org/10.1111/gcb.13137
https://doi.org/10.1016/j.agee.2016.01.044
https://doi.org/10.1007/s11104-012-1,367-4
https://doi.org/10.1007/s11104-012-1,367-4
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.1111/j.1365-2486.2007.01421.x
https://doi.org/10.2134/agronj2013.0096
https://doi.org/10.1007/bf00210224
https://doi.org/10.1007/bf00210224
https://doi.org/10.1088/1748-9,326/8/3/035031
https://doi.org/10.1088/1748-9,326/8/3/035031
https://doi.org/10.1098/rstb.2013.0122
https://doi.org/10.2136/sssaj2016.05.0160
https://doi.org/10.2136/sssaj2016.05.0160
https://doi.org/10.1111/ejss.12117
https://doi.org/10.1111/ejss.12117
https://doi.org/10.4141/S98-009
https://doi.org/10.2134/jeq2009.0482
https://doi.org/10.2134/jeq2009.0482
https://doi.org/10.1111/gcbb.12354
https://doi.org/10.1111/gcbb.12354
https://doi.org/10.1021/es4055324
https://doi.org/10.1007/s11104-012-1,223-6
https://doi.org/10.1007/s11104-012-1,223-6
https://doi.org/10.1002/csr.1369
https://doi.org/10.1002/csr.1369
https://doi.org/10.1038/298462a0
https://doi.org/10.1038/298462a0
https://doi.org/10.2136/sssaj2016.09.0281
https://doi.org/10.2136/sssaj2016.09.0281
https://doi.org/10.2134/jeq2013.06.0223
https://doi.org/10.1016/j.agee.2017.08.032
https://doi.org/10.1016/j.agee.2017.08.032
https://doi.org/10.2136/sssaj2010.0212
https://doi.org/10.1890/08-1122.1


Goucher, L., Bruce, R., Cameron, D. D., Koh, S. L., & Horton, P. (2017). The environmental impact of fertilizer embodied in a wheat‐to‐
bread supply chain. Nature Plants, 3(3), 17012. https://doi.org/10.1038/nplants.2017.12

Grassini, P., & Cassman, K. G. (2012). High‐yield maize with large net energy yield and small global warming intensity. Proceedings of the
National Academy of Sciences, 109(4), 1074–1079. https://doi.org/10.1073/pnas.1116364109

Groffman, P. M., Butterbach‐Bahl, K., Fulweiler, R. W., Gold, A. J., Morse, J. L., Stander, E. K., et al. (2009). Challenges to incorporating
spatially and temporally explicit phenomena (hotspots and hot moments) in denitrification models. Biogeochemistry, 93(1–2), 49–77.
https://doi.org/10.1007/s10533-008-9,277-5

Guardia, G., Sanz‐Cobena, A., Sanchez‐Martín, L., Fuertes‐Mendizábal, T., González‐Murua, C., Álvarez, J. M., et al. (2018). Urea‐based
fertilization strategies to reduce yield‐scaled N oxides and enhance bread‐making quality in a rainfed Mediterranean wheat crop.
Agriculture, Ecosystems & Environment, 265, 421–431. https://doi.org/10.1016/j.agee.2018.06.033

Han, Z., Walter, M. T., & Drinkwater, L. E. (2017). N2O emissions from grain cropping systems: A meta‐analysis of the impacts of fertilizer‐
based and ecologically‐based nutrient management strategies. Nutrient Cycling in Agroecosystems, 107(3), 335–355. https://doi.org/
10.1007/s10705-017-9,836-z

He, F., Chen, Q., Jiang, R., Chen, X., & Zhang, F. (2007). Yield and nitrogen balance of greenhouse tomato (Lycopersicum esculentumMill.)
with conventional and site‐specific nitrogen management in northern China. Nutrient Cycling in Agroecosystems, 77(1), 1–14. https://
doi.org/10.1007/s10705-006-6,275-7

Hernandez‐Ramirez, G., Brouder, S. M., Smith, D. R., & Van Scoyoc, G. E. (2009). Greenhouse gas fluxes in an eastern corn belt soil:
Weather, nitrogen source, and rotation. Journal of Environmental Quality, 38(3), 841–854. https://doi.org/10.2134/jeq2007.0565

Herrero, M., Henderson, B., Halvik, P., Thornton, P. K., Smith, P. S., Wirsenius, S., et al. (2016). Greenhouse gas mitigation potentials in the
livestock sector. Nature Climate Change, 6(5), 452–461. https://doi.org/10.1038/nclimate2925

Hoben, J. P., Gehl, R. J., Millar, N., Grace, P. R., & Robertson, G. P. (2011). Non‐linear nitrous oxide (N2O) response to nitrogen fertilizer in
on‐farm corn crops of the U.S. Midwest. Global Change Biology, 17(2), 1140–1152. https://doi.org/10.1111/j.1365-2486.2010.02349.x

Huerfano, X., Fuertes‐Mendizabal, T., Fernandez‐Diez, K., Estavillo, J. M., Gonzalez‐Murua, C., & Menendez, S. (2016). The new nitrifi-
cation inhibitor 3,4‐dimethylpyrazole succinic (DMPSA) as an alternative to DMPP for reducing N2O emissions from wheat crops under
humid Mediterranean conditions. European Journal of Agronomy, 80, 78–87. https://doi.org/10.1016/j.eja.2016.07.001

IPCC. (2006). N2O emissions from managed soils, and CO2 emissions from lime and urea application. In H. S. Eggleston, L. Buendia, K.
Miwa, T. Ngara, & K. Tanabe (Eds.), 2006 IPCC Guidelines for National Greenhouse Gas Inventories (Vol. 4, Ch. 11) Japan: IGES. https://
www.ipcc.ch/report/2006‐ipcc‐guidelines‐for‐national‐greenhouse‐gas‐inventories/

IPNI. (2014). IPNI estimates of nutrient uptake and removal. Norcross, GA: International Plant Nutrition Institute. http://www.ipni.net/
article/IPNI-3296

Iqbal, J., Mitchell, D. C., Barker, D. W., Miguez, F., Sawyer, J. E., Pantoja, J., & Castellano, M. J. (2015). Does nitrogen fertilizer application
rate to corn affect nitrous oxide emissions from the rotated soybean crop? Journal of Environmental Quality, 44(3), 711–719. https://doi.
org/10.2134/jeq2014.09.0378

Jankowski, K., Neill, C., Davidson, E. A., Macedo, M. N., Costa, C., Galford, G. L., et al. (2018). Deep soils modify environmental conse-
quences of increased nitrogen fertilizer use in intensifying Amazon agriculture. Scientific Reports, 8, 13478. https://doi.org/10.1038/
s41598-018-31,175-1

Kaiser, E. A., Kohrs, K., Kucke, M., Schnug, E., Heinemeyer, O., & Munch, J. C. (1998). Nitrous oxide release from arable soil: Importance
of N‐fertilization, crops and temporal variation. Soil Biology & Biochemistry, 30(12), 1553–1563. https://doi.org/10.1016/s0038-
0717(98)00036-4

Kim, D.‐G., & Giltrap, D. (2017). Determining optimum nitrogen input rate and optimum yield‐scaled nitrous oxide emissions: Theory,
field observations, usage, and limitations. Agriculture, Ecosystems & Environment, 247, 371–378. https://doi.org/10.1016/j.
agee.2017.07.003

Kim, D.‐G., Hernandez‐Ramirez, G., & Giltrap, D. (2013). Linear and nonlinear dependency of direct nitrous oxide emissions on fertilizer
nitrogen input: A meta‐analysis. Agriculture, Ecosystems & Environment, 168, 53–65. https://doi.org/10.1016/j.agee.2012.02.021

Krabbe, O., Linthorst, G., Blok, K., Crijns‐Graus, W., Van Vuuren, D. P., Höhne, N., et al. (2015). Aligning corporate greenhouse‐gas
emissions targets with climate goals. Nature Climate Change, 5(12), 1057–1060. https://doi.org/10.1038/nclimate2770

Masson‐Delmotte, V., Zhai, P., Pörtner, H. O., Roberts, D., Skea, J., Shukla, P. R., et al. (Eds.). (2018). Global warming of 1.5°C. An IPCC
special report on the impacts of global warming of 1.5°C above pre‐industrial levels and related global greenhouse gas emission pathways, in
the context of strengthening the global response to the threat of climate change, sustainable development, and efforts to eradicate poverty.
Retrieved from https://www.ipcc.ch/sr15/

McLellan, E. L., Cassman, K. G., Eagle, A. J., Woodbury, P. B., Sela, S., Tonitto, C., et al. (2018). The nitrogen balancing act: Tracking the
environmental performance of food production. BioScience, 68(3), 194–203. https://doi.org/10.1093/biosci/bix164

Millar, N., Robertson, G. P., Grace, P. R., Gehl, R. J., & Hoben, J. P. (2010). Nitrogen fertilizer management for nitrous oxide (N2O) miti-
gation in intensive corn (maize) production: An emissions reduction protocol for US Midwest agriculture. Mitigation and Adaptation
Strategies for Global Change, 15(2), 185–204. https://doi.org/10.1007/s11027-010-9,212-7

Omonode, R. A., Halvorson, A. D., Gagnon, B., & Vyn, T. J. (2017). Achieving lower nitrogen balance and higher nitrogen recovery effi-
ciency reduces nitrous oxide emissions in North America's maize cropping systems. Frontiers in Plant Science, 8, 1080. https://doi.org/
10.3389/fpls.2017.01080

Omonode, R. A., Kovacs, P., & Vyn, T. J. (2015). Tillage and nitrogen rate effects on area‐ and yield‐scaled nitrous oxide emissions from pre‐
plant anhydrous ammonia. Agronomy Journal, 107(2), 605–614. https://doi.org/10.2134/agronj14.0440

Omonode, R. A., & Vyn, T. J. (2019). Tillage and nitrogen source impacts on relationships between nitrous oxide emission and nitrogen
recovery efficiency in corn. Journal of Environmental Quality, 48(2), 421–429. https://doi.org/10.2134/jeq2018.05.0188

Osterholz, W. R., Kucharik, C. J., Hedtcke, J. L., & Posner, J. L. (2014). Seasonal nitrous oxide and methane fluxes from grain‐ and forage‐
based production systems in Wisconsin, USA. Journal of Environmental Quality, 43(6), 1833–1843. https://doi.org/10.2134/
jeq2014.02.0077

Pärn, J., Verhoeven, J. T., Butterbach‐Bahl, K., Dise, N. B., Ullah, S., Aasa, A., et al. (2018). Nitrogen‐rich organic soils under warm well‐
drained conditions are global nitrous oxide emission hotspots. Nature Communications, 9(1), 1135. https://doi.org/10.1038/s41467-018-
03540-1

Pelster, D. E., Larouche, F., Rochette, P., Chantigny, M. H., Allaire, S., & Angers, D. A. (2011). Nitrogen fertilization but not soil tillage
affects nitrous oxide emissions from a clay loam soil under a maize‐soybean rotation. Soil & Tillage Research, 115, 16–26. https://doi.org/
10.1016/j.still.2011.06.001

10.1029/2020EF001504Earth's Future

EAGLE ET AL. 13 of 16

https://doi.org/10.1038/nplants.2017.12
https://doi.org/10.1073/pnas.1116364109
https://doi.org/10.1007/s10533-008-9,277-5
https://doi.org/10.1016/j.agee.2018.06.033
https://doi.org/10.1007/s10705-017-9,836-z
https://doi.org/10.1007/s10705-017-9,836-z
https://doi.org/10.1007/s10705-006-6,275-7
https://doi.org/10.1007/s10705-006-6,275-7
https://doi.org/10.2134/jeq2007.0565
https://doi.org/10.1038/nclimate2925
https://doi.org/10.1111/j.1365-2486.2010.02349.x
https://doi.org/10.1016/j.eja.2016.07.001
https://www.ipcc.ch/report/2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
http://www.ipni.net/article/IPNI-3296
http://www.ipni.net/article/IPNI-3296
https://doi.org/10.2134/jeq2014.09.0378
https://doi.org/10.2134/jeq2014.09.0378
https://doi.org/10.1038/s41598-018-31,175-1
https://doi.org/10.1038/s41598-018-31,175-1
https://doi.org/10.1016/s0038-0717(98)00036-4
https://doi.org/10.1016/s0038-0717(98)00036-4
https://doi.org/10.1016/j.agee.2017.07.003
https://doi.org/10.1016/j.agee.2017.07.003
https://doi.org/10.1016/j.agee.2012.02.021
https://doi.org/10.1038/nclimate2770
https://www.ipcc.ch/sr15/
https://doi.org/10.1093/biosci/bix164
https://doi.org/10.1007/s11027-010-9,212-7
https://doi.org/10.3389/fpls.2017.01080
https://doi.org/10.3389/fpls.2017.01080
https://doi.org/10.2134/agronj14.0440
https://doi.org/10.2134/jeq2018.05.0188
https://doi.org/10.2134/jeq2014.02.0077
https://doi.org/10.2134/jeq2014.02.0077
https://doi.org/10.1038/s41467-018-03540-1
https://doi.org/10.1038/s41467-018-03540-1
https://doi.org/10.1016/j.still.2011.06.001
https://doi.org/10.1016/j.still.2011.06.001


Philibert, A., Loyce, C., & Makowski, D. (2012). Quantifying uncertainties in N2O emission due to N fertilizer application in cultivated
areas. Plos One, 7(11), e50950. https://doi.org/10.1371/journal.pone.0050950

Qian, S. S., Cuffney, T. F., Alameddine, I., McMahon, G., & Reckhow, K. H. (2010). On the application of multilevel modeling in envir-
onmental and ecological studies. Ecology, 91(2), 355–361. https://doi.org/10.1890/09-1043.1

Reeves, S., & Wang, W. (2015). Optimum sampling time and frequency for measuring N2O emissions from a rain‐fed cereal cropping
system. Science of the Total Environment, 530–531, 219–226. https://doi.org/10.1016/j.scitotenv.2015.05.117

Rochette, P., Angers, D. A., Chantigny, M. H., & Bertrand, N. (2008). Nitrous oxide emissions respond differently to no‐till in a loam and a
heavy clay soil. Soil Science Society of America Journal, 72(5), 1363–1369. https://doi.org/10.2136/sssaj2007.0371

Rochette, P., Angers, D. A., Chantigny, M. H., Gagnon, B., & Bertrand, N. (2008). N2O fluxes in soils of contrasting textures fertilized with
liquid and solid dairy cattle manures. Canadian Journal of Soil Science, 88(2), 175–187. https://doi.org/10.4141/CJSS06016

Rochette, P., Liang, C., Pelster, D., Bergeron, O., Lemke, R., Kroebel, R., et al. (2018). Soil nitrous oxide emissions from agricultural soils in
Canada: Exploring relationships with soil, crop and climatic variables. Agriculture, Ecosystems & Environment, 254, 69–81. https://doi.
org/10.1016/j.agee.2017.10.021

Roy, A. K., Wagner‐Riddle, C., Deen, B., Lauzon, J., & Bruulsema, T. (2014). Nitrogen application rate, timing and history effects on nitrous
oxide emissions from corn (Zea mays L.). Canadian Journal of Soil Science, 94(4), 563–573. https://doi.org/10.4141/cjss2013-118

Schwager, E. A., VanderZaag, A. C., Wagner‐Riddle, C., Crolla, A., Kinsley, C., & Gregorich, E. (2016). Field nitrogen losses induced by
application timing of digestate from dairy manure biogas production. Journal of Environmental Quality, 45(6), 1829–1837. https://doi.
org/10.2134/jeq2016.04.0148

Shcherbak, I., Millar, N., & Robertson, G. P. (2014). Global meta‐analysis of the nonlinear response of soil nitrous oxide (N2O) emissions to
fertilizer nitrogen. Proceedings of the National Academy of Sciences of the United States of America, 111(25), 9199–9204. https://doi.org/
10.1073/pnas.1322434111

Smith, D. R., Hernandez‐Ramirez, G., Armstrong, S. D., Bucholtz, D. L., & Stott, D. E. (2011). Fertilizer and tillage management impacts on
non‐carbon‐dioxide greenhouse gas emissions. Soil Science Society of America Journal, 75(3), 1070–1082. https://doi.org/10.2136/
sssaj2009.0354

Snyder, C. S., Bruulsema, T. W., Jensen, T. L., & Fixen, P. E. (2009). Review of greenhouse gas emissions from crop production systems and
fertilizer management effects. Agriculture, Ecosystems & Environment, 133(3–4), 247–266. https://doi.org/10.1016/j.agee.2009.04.021

StataCorp (2019). Stata Statistical Software: Release 16. College Station, TX: StataCorp LLC.
Tenorio, F. A., Eagle, A. J., McLellan, E. L., Cassman, K. G., Howard, R., Below, F. E., et al. (2019). Assessing variation in maize grain

nitrogen concentration and its implications for estimating nitrogen balance in the US North Central region. Field Crops Research, 240,
185–193. https://doi.org/10.1016/j.fcr.2018.10.017

Thies, S., Bruggeman, S., Clay, S. A., Mishra, U., Hatfield, G., Kumar, S., & Clay, D. E. (2019). Midmorning point sampling may not
accurately represent nitrous oxide emissions following fertilizer applications. Soil Science Society of America Journal, 83(2), 339–347.
https://doi.org/10.2136/sssaj2018.08.0313

Thapa, R., Chatterjee, A., Johnson, J. M. F., & Awale, R. (2015). Stabilized nitrogen fertilizers and application rate influence nitrogen losses
under rainfed spring wheat. Agronomy Journal, 107(5), 1885–1894. https://doi.org/10.2134/agronj15.0081

Thornton, F. C., & Valente, R. J. (1996). Soil emissions of nitric oxide and nitrous oxide from no‐till corn. Soil Science Society of America
Journal, 60(4), 1127–1133. https://doi.org/10.2136/sssaj1996.03615995006000040024x

Tian, H., Yang, J., Xu, R., Lu, C., Canadell, J. G., Davidson, E. A., et al. (2019). Global soil nitrous oxide emissions since the preindustrial era
estimated by an ensemble of terrestrial biosphere models: Magnitude, attribution, and uncertainty. Global Change Biology, 25(2),
640–659. https://doi.org/10.1111/gcb.14514

Tonitto, C., Woodbury, P. B., & McLellan, E. L. (2018). Defining a best practice methodology for modeling the environmental performance
of agriculture. Environmental Science & Policy, 87, 64–73. https://doi.org/10.1016/j.envsci.2018.04.009

Trost, B., Prochnow, A., Drastig, K., Meyer‐Aurich, A., Ellmer, F., & Baumecker, M. (2013). Irrigation, soil organic carbon and N2O
emissions. A review. Agronomy for Sustainable Development, 33(4), 733–749. https://doi.org/10.1007/s13593-013-0134-0

USDA ERS. (2019). Fertilizer use and price dataset. United States Department of Agriculture, Economic Research Service. Retrieved from
https://www.ers.usda.gov/data-products/fertilizer-use-and-price/

USDA NASS. (2019). 2017 Census of Agriculture. United States Department of Agriculture, National Agricultural Statistics Service,
Washington, DC. Retrieved from: www.nass.usda.gov/AgCensus

van Eerdt, M. M., & Fong, P. K. N. (1998). Themonitoring of nitrogen surpluses from agriculture. Environmental Pollution, 102(1), 227–233.
https://doi.org/10.1016/s0269‐7491(98)80037‐7

van Groenigen, J. W., Kasper, G. J., Velthof, G. L., van den Pol‐van Dasselaar, A., & Kuikman, P. J. (2004). Nitrous oxide emissions from
silage maize fields under different mineral nitrogen fertilizer and slurry applications. Plant and Soil, 263(1–2), 101–111. https://doi.org/
10.1023/b:plso.0000047729.43185.46

van Groenigen, J. W., Velthof, G. L., Oenema, O., van Groenigen, K. J., & van Kessel, C. (2010). Towards an agronomic assessment of N2O
emissions: A case study for arable crops. European Journal of Soil Science, 61(6), 903–913. https://doi.org/10.1111/j.1365-
2389.2009.01217.x

Velthof, G. L., & Oenema, O. (1995). Nitrous oxide fluxes from grassland in the Netherlands: II. Effects of soil type, nitrogen fertilizer
application and grazing. European Journal of Soil Science, 46(4), 541–549. https://doi.org/10.1111/j.1365-2389.1995.tb01350.x

Venterea, R. T., & Coulter, J. A. (2015). Split application of urea does not decrease andmay increase nitrous oxide emissions in rainfed corn.
Agronomy Journal, 107(1), 337–348. https://doi.org/10.2134/agronj14.0411

Venterea, R. T., Coulter, J. A., & Dolan, M. S. (2016). Evaluation of intensive “4R” strategies for decreasing nitrous oxide emissions and
nitrogen surplus in rainfed corn. Journal of Environmental Quality, 45(4), 1186–1195. https://doi.org/10.2134/jeq2016.01.0024

Venterea, R. T., Halvorson, A. D., Kitchen, N., Liebig, M. A., Cavigelli, M. A., Grosso, S. J. D., et al. (2012). Challenges and opportunities for
mitigating nitrous oxide emissions from fertilized cropping systems. Frontiers in Ecology and the Environment, 10(10), 562–570. https://
doi.org/10.1890/120062

Venterea, R. T., Petersen, S. O., De Klein, C. A., Pedersen, A. R., Noble, A. D., Rees, R. M., et al. (2020). Global research alliance N2O
chamber methodology guidelines: Flux calculations. Journal of Environmental Quality. https://doi.org/10.1002/jeq2.20118

Verma, S. B., Dobermann, A., Cassman, K. G., Walters, D. T., Knops, J. M., Arkebauer, T. J., et al. (2005). Annual carbon dioxide exchange
in irrigated and rainfed maize‐based agroecosystems. Agricultural and Forest Meteorology, 131(1), 77–96. https://doi.org/10.1016/j.
agrformet.2005.05.003

Wagner‐Riddle, C., Congreves, K. A., Abalos, D., Berg, A. A., Brown, S. E., Ambadan, J. T., et al. (2017). Globally important nitrous oxide
emissions from croplands induced by freeze–thaw cycles. Nature Geoscience, 10(4), 279–283. https://doi.org/10.1038/ngeo2907

10.1029/2020EF001504Earth's Future

EAGLE ET AL. 14 of 16

https://doi.org/10.1371/journal.pone.0050950
https://doi.org/10.1890/09-1043.1
https://doi.org/10.1016/j.scitotenv.2015.05.117
https://doi.org/10.2136/sssaj2007.0371
https://doi.org/10.4141/CJSS06016
https://doi.org/10.1016/j.agee.2017.10.021
https://doi.org/10.1016/j.agee.2017.10.021
https://doi.org/10.4141/cjss2013-118
https://doi.org/10.2134/jeq2016.04.0148
https://doi.org/10.2134/jeq2016.04.0148
https://doi.org/10.1073/pnas.1322434111
https://doi.org/10.1073/pnas.1322434111
https://doi.org/10.2136/sssaj2009.0354
https://doi.org/10.2136/sssaj2009.0354
https://doi.org/10.1016/j.agee.2009.04.021
https://doi.org/10.1016/j.fcr.2018.10.017
https://doi.org/10.2136/sssaj2018.08.0313
https://doi.org/10.2134/agronj15.0081
https://doi.org/10.2136/sssaj1996.03615995006000040024x
https://doi.org/10.1111/gcb.14514
https://doi.org/10.1016/j.envsci.2018.04.009
https://doi.org/10.1007/s13593-013-0134-0
https://www.ers.usda.gov/data-products/fertilizer-use-and-price/
http://www.nass.usda.gov/AgCensus
https://doi.org/10.1016/s0269-7491(98)80037-7
https://doi.org/10.1023/b:plso.0000047729.43185.46
https://doi.org/10.1023/b:plso.0000047729.43185.46
https://doi.org/10.1111/j.1365-2389.2009.01217.x
https://doi.org/10.1111/j.1365-2389.2009.01217.x
https://doi.org/10.1111/j.1365-2389.1995.tb01350.x
https://doi.org/10.2134/agronj14.0411
https://doi.org/10.2134/jeq2016.01.0024
https://doi.org/10.1890/120062
https://doi.org/10.1890/120062
https://doi.org/10.1002/jeq2.20118
https://doi.org/10.1016/j.agrformet.2005.05.003
https://doi.org/10.1016/j.agrformet.2005.05.003
https://doi.org/10.1038/ngeo2907


Wagner‐Riddle, C., Furon, A., McLaughlin, N. L., Lee, I., Barbeau, J., Jayasundara, S., et al. (2007). Intensive measurement of nitrous oxide
emissions from a corn‐soybean‐wheat rotation under two contrasting management systems over 5 years. Global Change Biology, 13(8),
1722–1736. https://doi.org/10.1111/j.1365-2486.2007.01388.x

Webb, J., Ellis, S., Harrison, R., & Thorman, R. (2004). Measurement of N fluxes and soil N in two arable soils in the UK. Plant and Soil,
260(1–2), 253–270. https://doi.org/10.1023/b:plso.0000030185.29220.79

Woltman, H., Feldstain, A., MacKay, J. C., & Rocchi, M. (2012). An introduction to hierarchical linear modeling. Tutorials in Quantitative
Methods for Psychology, 8(1), 52–69. https://doi.org/10.20982/tqmp.08.1.p052

Zhao, X., Nafziger, E. D., & Pittelkow, C. M. (2017). Nitrogen rate strategies for reducing yield‐scaled nitrous oxide emissions in maize.
Environmental Research Letters, 12(12), 124006. https://doi.org/10.1088/1748-9,326/aa9007

References From the Supporting Information
Adviento‐Borbe, M. A. A., Kaye, J. P., Bruns, M. A., McDaniel, M. D., McCoy, M., & Harkcom, S. (2010). Soil greenhouse gas and ammonia

emissions in long‐termmaize‐based cropping systems. Soil Science Society of America Journal, 74(5), 1623–1634. https://doi.org/10.2136/
sssaj2009.0446

Almaraz, J. J., Mabood, F., Zhou, X., Madramootoo, C., Rochette, P., Ma, B.‐L., & Smith, D. L. (2009). Carbon dioxide and nitrous oxide
fluxes in corn grown under two tillage systems in southwestern Quebec. Soil Science Society of America Journal, 73(1), 113–119. https://
doi.org/10.2136/sssaj2006.0371

Arango Argoti, M. A. (2013). Nitrous oxide emissions: Measurements in corn and simulations at field and regional scale (Doctoral disserta-
tion). Manhattan, KS: Kansas State University.

Barton, L., Kiese, R., Gatter, D., Butterbach‐Bahl, K., Buck, R., Hinz, C., & Murphy, D. V. (2008). Nitrous oxide emissions from a cropped
soil in a semi‐arid climate. Global Change Biology, 14(1), 177–192. https://doi.org/10.1111/j.1365‐2486.2007.01474.x

Bronson, K. F., Hunsaker, D. J., Williams, C. F., Thorp, K. R., Rockholt, S. M., del Grosso, S. J., et al. (2018). Nitrogen management affects
nitrous oxide emissions under varying cotton irrigation systems in the Desert Southwest, USA. Journal of Environmental Quality, 47(1),
70–78. https://doi.org/10.2134/jeq2017.10.0389

Cambareri, G., Wagner‐Riddle, C., Drury, C., Lauzon, J., & Salas, W. (2017). Anaerobically digested dairy manure as an alternative nitrogen
source to mitigate nitrous oxide emissions in fall‐fertilized corn. Canadian Journal of Soil Science, 97(3), 439–451. https://doi.org/
10.1139/cjss‐2016‐0097

Chantigny, M. H., Pelster, D. E., Perron, M.‐H., Rochette, P., Angers, D. A., Parent, L.‐É., et al. (2013). Nitrous oxide emissions from clayey
soils amended with paper sludges and biosolids of separated pig slurry. Journal of Environmental Quality, 42(1), 30–39. https://doi.org/
10.2134/jeq2012.0196

Dell, C. J., Han, K., Bryant, R. B., & Schmidt, J. P. (2014). Nitrous oxide emissions with enhanced efficiency nitrogen fertilizers in a rainfed
system. Agronomy Journal, 106(2), 723–731. https://doi.org/10.2134/agronj2013.0108

Drury, C. F., Reynolds, W. D., Tan, C. S., McLaughlin, N. B., Yang, X. M., Calder, W., et al. (2014). Impacts of 49–51 years of fertilization and
crop rotation on growing season nitrous oxide emissions, nitrogen uptake and corn yields. Canadian Journal of Soil Science, 94(3),
421–433. https://doi.org/10.4141/cjss2013‐101

Drury, C. F., Reynolds, W. D., Tan, C. S., Welacky, T. W., Calder, W., & McLaughlin, N. B. (2006). Emissions of nitrous oxide and carbon
dioxide: Influence of tillage type and nitrogen placement depth. Soil Science Society of America Journal, 70(2), 570–581. https://doi.org/
10.2136/sssaj2005.0042

Drury, C. F., Reynolds, W. D., Yang, X. M., McLaughlin, N. B., Welacky, T. W., Calder, W., & Grant, C. A. (2012). Nitrogen source,
application time, and tillage effects on soil nitrous oxide emissions and corn grain yields. Soil Science Society of America Journal, 76(4),
1268–1279. https://doi.org/10.2136/sssaj2011.0249

Drury, C. F., Yang, X. M., Reynolds, W. D., Calder, W., Oloya, T. O., &Woodley, A. L. (2017). Combining urease and nitrification inhibitors
with incorporation reduces ammonia and nitrous oxide emissions and increases corn yields. Journal of Environmental Quality, 46(5),
939–949. https://doi.org/10.2134/jeq2017.03.0106

Fernández, F. G., Terry, R. E., & Coronel, E. G. (2015). Nitrous oxide emissions from anhydrous ammonia, urea, and polymer‐coated urea
in Illinois cornfields. Journal of Environmental Quality, 44(2), 415–422. https://doi.org/10.2134/jeq2013.12.0496

Gao, X., Asgedom, H., Tenuta, M., & Flaten, D. N. (2015). Enhanced efficiency urea sources and placement effects on nitrous oxide
emissions. Agronomy Journal, 107(1), 265–277. https://doi.org/10.2134/agronj14.0213

Graham, R. F., Greer, K. D., Villamil, M. B., Nafziger, E. D., & Pittelkow, C. M. (2018). Enhanced‐efficiency fertilizer impacts on yield‐
scaled nitrous oxide emissions in maize. Soil Science Society of America Journal, 82(6), 1469–1481. https://doi.org/10.2136/
sssaj2018.05.0196

Huerfano, X., Estavillo, J. M., Fuertes‐Mendizabal, T., Torralbo, F., Gonzalez‐Murua, C., & Menendez, S. (2018). DMPSA and DMPP
equally reduce N2O emissions from a maize‐ryegrass forage rotation under Atlantic climate conditions. Atmospheric Environment, 187,
255–265. https://doi.org/10.1016/j.atmosenv.2018.05.065

Lehman, R. M., & Osborne, S. L. (2013). Greenhouse gas fluxes from no‐till rotated corn in the upper Midwest. Agriculture, Ecosystems &
Environment, 170, 1–9. https://doi.org/10.1016/j.agee.2013.02.009

Maharjan, B., & Venterea, R. T. (2013). Nitrite intensity explains N management effects on N2O emissions in maize. Soil Biology &
Biochemistry, 66, 229–238. https://doi.org/10.1016/j.soilbio.2013.07.015

Maharjan, B., & Venterea, R. T. (2014). Anhydrous ammonia injection depth does not affect nitrous oxide emissions in a silt loam over two
growing seasons. Journal of Environmental Quality, 43(5), 1527–1535. https://doi.org/10.2134/jeq2014.07.0292

Mendes Bastos, L. (2015). N fertilizer source and placement impacts nitrous oxide losses, grain yield, and N use efficiency in no‐till corn
(Master's thesis). Manhattan, KS: Kansas State University.

Mueller, S. M., & Vyn, T. J. (2016). Maize plant resilience to N stress and post‐silking N capacity changes over time: A review. Frontiers in
Plant Science, 7. https://doi.org/10.3389/fpls.2016.00053

Nangia, V., Sunohara, M. D., Topp, E., Gregorich, E. G., Drury, C. F., Gottschall, N., & Lapen, D. R. (2013). Measuring and modeling the
effects of drainage water management on soil greenhouse gas fluxes from corn and soybean fields. Journal of Environmental
Management, 129, 652–664. https://doi.org/10.1016/j.jenvman.2013.05.040

Parkin, T. B., & Hatfield, J. L. (2010). Influence of nitrapyrin on N2O losses from soil receiving fall‐applied anhydrous ammonia.
Agriculture, Ecosystems & Environment, 136(1–2), 81–86. https://doi.org/10.1016/j.agee.2009.11.014

10.1029/2020EF001504Earth's Future

EAGLE ET AL. 15 of 16

https://doi.org/10.1111/j.1365-2486.2007.01388.x
https://doi.org/10.1023/b:plso.0000030185.29220.79
https://doi.org/10.20982/tqmp.08.1.p052
https://doi.org/10.1088/1748-9,326/aa9007
https://doi.org/10.2136/sssaj2009.0446
https://doi.org/10.2136/sssaj2009.0446
https://doi.org/10.2136/sssaj2006.0371
https://doi.org/10.2136/sssaj2006.0371
https://doi.org/10.1111/j.1365-2486.2007.01474.x
https://doi.org/10.2134/jeq2017.10.0389
https://doi.org/10.1139/cjss-2016-0097
https://doi.org/10.1139/cjss-2016-0097
https://doi.org/10.2134/jeq2012.0196
https://doi.org/10.2134/jeq2012.0196
https://doi.org/10.2134/agronj2013.0108
https://doi.org/10.4141/cjss2013-101
https://doi.org/10.2136/sssaj2005.0042
https://doi.org/10.2136/sssaj2005.0042
https://doi.org/10.2136/sssaj2011.0249
https://doi.org/10.2134/jeq2017.03.0106
https://doi.org/10.2134/jeq2013.12.0496
https://doi.org/10.2134/agronj14.0213
https://doi.org/10.2136/sssaj2018.05.0196
https://doi.org/10.2136/sssaj2018.05.0196
https://doi.org/10.1016/j.atmosenv.2018.05.065
https://doi.org/10.1016/j.agee.2013.02.009
https://doi.org/10.1016/j.soilbio.2013.07.015
https://doi.org/10.2134/jeq2014.07.0292
https://doi.org/10.3389/fpls.2016.00053
https://doi.org/10.1016/j.jenvman.2013.05.040
https://doi.org/10.1016/j.agee.2009.11.014


Parkin, T. B., & Hatfield, J. L. (2014). Enhanced efficiency fertilizers: Effect on nitrous oxide emissions in Iowa. Agronomy Journal, 106(2),
694–702. https://doi.org/10.2134/agronj2013.0219

Parkin, T. B., Kaspar, T. C., Jaynes, D. B., & Moorman, T. B. (2016). Rye cover crop effects on direct and indirect nitrous oxide emissions.
Soil Science Society of America Journal, 80(6), 1551–1559. https://doi.org/10.2136/sssaj2016.04.0120

Pelster, D. E., Chantigny, M. H., Rochette, P., Angers, D. A., Rieux, C., & Vanasse, A. (2012). Nitrous oxide emissions respond differently to
mineral and organic nitrogen sources in contrasting soil types. Journal of Environmental Quality, 41(2), 427–435. https://doi.org/
10.2134/jeq2011.0261

Phillips, R. L., Tanaka, D. L., Archer, D. W., & Hanson, J. D. (2009). Fertilizer application timing influences greenhouse gas fluxes over a
growing season. Journal of Environmental Quality, 38(4), 1569–1579. https://doi.org/10.2134/jeq2008.0483

Recio, J., Alvarez, J. M., Rodriguez‐Quijano, M., & Vallejo, A. (2019). Nitrification inhibitor DMPSAmitigated N2O emission and promoted
NO sink in rainfed wheat. Environmental Pollution, 245, 199–207. https://doi.org/10.1016/j.envpol.2018.10.135

Sistani, K. R., Jn‐Baptiste, M., Lovanh, N., & Cook, K. L. (2011). Atmospheric emissions of nitrous oxide, methane, and carbon dioxide from
different nitrogen fertilizers. Journal of Environmental Quality, 40(6), 1797–1805. https://doi.org/10.2134/jeq2011.0197

Smith, C. M., David, M. B., Mitchell, C. A., Masters, M. D., Anderson‐Teixeira, K. J., Bernacchi, C. J., & DeLucia, E. H. (2013). Reduced
nitrogen losses after conversion of row crop agriculture to perennial biofuel crops. Journal of Environmental Quality, 42(1), 219–228.
https://doi.org/10.2134/jeq2012.0210

Tenuta, M., Gao, X., Flaten, D. N., & Amiro, B. D. (2016). Lower nitrous oxide emissions from anhydrous ammonia application prior to soil
freezing in late fall than spring pre‐plant application. Journal of Environmental Quality, 45(4), 1133–1143. https://doi.org/10.2134/
jeq2015.03.0159

Thornton, F. C., Bock, B. R., & Tyler, D. D. (1996). Soil emissions of nitric oxide and nitrous oxide from injected andydrous ammonium and
urea. Journal of Environmental Quality, 25(6), 1378–1384. https://doi.org/10.2134/jeq1996.00472425002500060030x

Tian, D., Zhang, Y. Y., Mu, Y. J., Zhou, Y. Z., Zhang, C. L., & Liu, J. F. (2017). The effect of drip irrigation and drip fertigation on N2O and
NO emissions, water saving and grain yields in a maize field in the North China Plain. Science of the Total Environment, 575, 1034–1040.
https://doi.org/10.1016/j.scitotenv.2016.09.166

van Kessel, C., Venterea, R., Six, J., Adviento‐Borbe, M. A., Linquist, B., & van Groenigen, K. J. (2013). Climate, duration, and N placement
determine N2O emissions in reduced tillage systems: A meta‐analysis. Global Change Biology, 19(1), 33–44. https://doi.org/10.1111/
j.1365‐2486.2012.02779.x

Venterea, R. T., Dolan, M. S., & Ochsner, T. E. (2010). Urea decreases nitrous oxide emissions compared with anhydrous ammonia in a
Minnesota corn cropping system. Soil Science Society of America Journal, 74(2), 407–418. https://doi.org/10.2136/sssaj2009.0078

Venterea, R. T., Maharjan, B., & Dolan, M. S. (2011). Fertilizer source and tillage effects on yield‐scaled N2O emissions in a corn‐cropping
system. Journal of Environmental Quality, 40(5), 1521–1531. https://doi.org/10.2134/jeq2011.0039

Vinzent, B., Fuss, R., Maidl, F. X., & Hulsbergen, K. J. (2018). N2O emissions and nitrogen dynamics of winter rapeseed fertilized with
different N forms and a nitrification inhibitor. Agriculture, Ecosystems & Environment, 259, 86–97. https://doi.org/10.1016/j.
agee.2018.02.028

Wei, X. R., Hao, M. D., Xue, X. H., Shi, P., Horton, R., Wang, A., & Zang, Y. F. (2010). Nitrous oxide emission from highland winter wheat
field after long‐term fertilization. Biogeosciences, 7(10), 3301–3310. https://doi.org/10.5194/bg‐7‐3301‐2010

Woodley, A. L., Drury, C. F., Yang, X. M., Reynolds, W. D., Calder, W., & Oloya, T. O. (2018). Streaming urea ammonium nitrate with or
without enhanced efficiency products impacted corn yields, ammonia, and nitrous oxide emissions. Agronomy Journal, 110(2), 444–454.
https://doi.org/10.2134/agronj2017.07.0406

Yuan, M., Greer, K. D., Nafziger, E. D., Villamil, M. B., & Pittelkow, C. M. (2018). Soil N2O emissions as affected by long‐term residue
removal and no‐till practices in continuous corn. Global Change Biology. Bioenergy, 10(12), 972–985. https://doi.org/10.1111/gcbb.12564

Zebarth, B. J., Rochette, P., Burton, D. L., & Price, M. (2008). Effect of fertilizer nitrogenmanagement on N2O emissions in commercial corn
fields. Canadian Journal of Soil Science, 88(2), 189–195. https://doi.org/10.4141/CJSS06010

10.1029/2020EF001504Earth's Future

EAGLE ET AL. 16 of 16

https://doi.org/10.2134/agronj2013.0219
https://doi.org/10.2136/sssaj2016.04.0120
https://doi.org/10.2134/jeq2011.0261
https://doi.org/10.2134/jeq2011.0261
https://doi.org/10.2134/jeq2008.0483
https://doi.org/10.1016/j.envpol.2018.10.135
https://doi.org/10.2134/jeq2011.0197
https://doi.org/10.2134/jeq2012.0210
https://doi.org/10.2134/jeq2015.03.0159
https://doi.org/10.2134/jeq2015.03.0159
https://doi.org/10.2134/jeq1996.00472425002500060030x
https://doi.org/10.1016/j.scitotenv.2016.09.166
https://doi.org/10.1111/j.1365-2486.2012.02779.x
https://doi.org/10.1111/j.1365-2486.2012.02779.x
https://doi.org/10.2136/sssaj2009.0078
https://doi.org/10.2134/jeq2011.0039
https://doi.org/10.1016/j.agee.2018.02.028
https://doi.org/10.1016/j.agee.2018.02.028
https://doi.org/10.5194/bg-7-3301-2010
https://doi.org/10.2134/agronj2017.07.0406
https://doi.org/10.1111/gcbb.12564
https://doi.org/10.4141/CJSS06010


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


