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Few studies have assessed the common, yet unproven, hypothesis that an increase of plant nitrogen (N) uptake and/or recovery efficiency (NRE) will reduce nitrous oxide (N2O) emission during crop production. Understanding the relationships between N2O emissions and crop N uptake and use efficiency parameters can help inform crop N management recommendations for both efficiency and environmental goals. Analyses were conducted to determine which of several commonly used crop N uptake-derived parameters related most strongly to growing season N2O emissions under varying N management practices in North American maize systems. Nitrogen uptake-derived variables included total aboveground N uptake (TNU), grain N uptake (GNU), N recovery efficiency (NRE), net N balance (NNB) in relation to GNU [NNB(GNU)] and TNU [NNB(TNU)], and surplus N (SN). The relationship between N2O and N application rate was sigmoidal with relatively small emissions for N rates <130 kg ha−1, and a sharp increase for N rates from 130 to 220 kg ha−1; on average, N2O increased linearly by about 5 g N per kg of N applied for rates up to 220 kg ha−1. Fairly strong and significant negative relationships existed between N2O and NRE when management focused on N application rate (r2 = 0.52) or rate and timing combinations (r2 = 0.65). For every percentage point increase, N2O decreased by 13 g N ha−1 in response to N rates, and by 20 g N ha−1 for NRE changes in response to rate-by-timing treatments. However, more consistent positive relationships (R2 = 0.73–0.77) existed between N2O and NNB(TNU), NNB(GNU), and SN, regardless of rate and timing of N application; on average N2O emission increased by about 5, 7, and 8 g N, respectively, per kg increase of NNB(GNU), NNB(TNU), and SN. Neither N source nor placement influenced the relationship between N2O and NRE. Overall, our analysis indicated that a careful selection of appropriate N rate applied at the right time can both increase NRE and reduce N2O. However, N2O reduction benefits of optimum N rate-by-timing practices were achieved most consistently with management systems that reduced NNB through an increase of grain N removal or total plant N uptake relative to the total fertilizer N applied to maize. Future research assessing crop or N management effects on N2O should include N uptake parameter measurements to better understand N2O emission relationships to plant NRE and N uptake.
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INTRODUCTION

North America (Canada, Mexico, and the United States) plays an important role in the world's maize production and the consequent nitrous oxide emissions arising from high nitrogen (N) fertilizer applied during maize production. In 2014–2015, North America (United States and Canada) accounted for about 37% of the World's 1015.6 million metric tons of maize produced on 34.9 million hectares (World = 179.8 million hectares; USDA/FAS, 2017) and consumed about 13% (14.1 million) of the 113 million metric tons of fertilizer N consumed worldwide (FAO, 2016). In the United States, about 40% or 5.6 million of the total 12.8 million metric tons of the N fertilizers consumed annually in 2012–2014 was applied to maize. Maize cropping systems in North America are thus of major concern with respect to nitrous oxide (N2O) emissions.

Nitrous oxide is both an important ozone-depleting chemical (Ravishankara et al., 2009), and a major greenhouse gas that is believed to contribute to global climate change with a potency that is about 310 times the global warming potential of CO2 (IPCC, 2007). In agricultural soils, N2O is produced predominantly through bacterial-mediated transformations of inorganic nitrogen (N), but the quantity and intensity of N2O emission so emitted is dependent on soil and N fertilizer management options applied, and their interactions with environmental factors during crop production (Venterea et al., 2012).

Several reviews and/or meta-analyses have synthesized the body of research and identified specific N management practices including rate, type/source and placement, and tillage systems that have the potential to reduce N2O in the context of broader agro-ecological systems (Eichner, 1990; Akiyama et al., 2010; Decock, 2014; Snyder et al., 2014). In recent times, crop yield and/or yield-related N2O parameters have been included in field experiments and research reviews to relate emissions with the agronomic parameters (Mosier et al., 2006; Van Groenigen et al., 2010; Abalos et al., 2016) in attempts to identify a suitable practice or combination of practices that reduced N2O loss without adverse effects on yield. For example, one report examined how the combination of reduced N rate, nitrification inhibitor, and N timing potentially reduced N2O loss without a reduction in grain yield (Abalos et al., 2016). However, these reviews also highlighted a lack of studies that also included the critical information of treatment effects on crop N uptake and use efficiency (Decock, 2014).

Nitrogen management changes in rate, source, timing, and placement (applied as single factors, or in some combination) are often recommended because they are believed to have the potential to reduce N2O emissions and maintain yields through improved total aboveground N uptake (TNU) and/or N use efficiency (NRE: TNU in fertilized plot minus TNU in control plots relative to fertilizer N applied), or a decrease of surplus N (SN: fertilizer N applied minus TNU; Snyder et al., 2014). Therefore, although unproven, the common hypothesis is that increased TNU or NRE, or a decrease of SN, will be associated with reduced N2O emissions due to a decrease in available soil inorganic N, from which much of N2O derives via soil nitrification and denitrification processes. Yet, very few studies have attempted to link N2O emissions to TNU, NRE, and SN (Mosier et al., 2006; Van Groenigen et al., 2010; Venterea et al., 2016), perhaps because the relevant data to relate these parameters are seldom collected and/or reported for the same experiment.

While NRE and SN are good parameters to evaluate a cropping system's effects on N2O, Grassini and Cassman (2012) suggested that use of a (net) N balance (NNB) approach (NNB: fertilizer N + recoverable manure N + legume N fixation – N removed by crops) for estimating soil N2O emissions was probably preferable to the SN or the IPCC's emission factor (EF) method. This was because EF varies significantly with N application, and N2O losses are related to the amount of excess N in the system rather than to in-season N inputs from fertilizer application per se (Cavigelli et al., 2012). The latter is especially applicable to most of North America's maize systems when maize is grown in rotation with legumes like soybean or alfalfa and where manure may also be applied to supplement N fertilizer application. These practices represent significant sources of N input into production systems and can affect the balance of N available for bacterial denitrification and N uptake, and subsequently the quantity of N2O emitted into the atmosphere. To the best of our knowledge, little or no studies have been conducted that related N2O to the production system's N balance; therefore, the nature and extent of such relationships remain largely unknown.

The main objectives of this study were to assess relationships between growing season N2O and crop N uptake-related metrics (TNU/GNU, NRE, NNB, and SN) and determine which of these parameters related most strongly and consistently to N2O emissions under commonly applied N management practices (rate, source, timing, placement) in North America's maize systems, using data synthesized from field experiments where N2O emission and N uptake were measured in the same site-years. We hypothesize that including these variables in models to evaluate a cropping system's effects on N2O provide a more holistic approach to improving our understanding of these relationships, and helps to better guide selection of N management options for this important maize production region. We also examined synchronies between N application rate, yield, and NRE as a pathway to better understand N2O versus N uptake dynamics, and to provide needed guidance to crafting policies and management practices with the potential to maintain yield and reduce N2O emissions during maize production.

MATERIALS AND METHODS

Data Collection, Processing, and Structure

The data used for this analysis were obtained from researchers across North America following a preliminary literature survey of peer-reviewed publications that reported N2O emissions for North America's maize production systems to identify experiments where N uptake was possibly measured along with the reported N2O emission in the same study. Following this survey, we requested and received from authors plot or replicate-level maize grain yield, total above ground whole-plant N uptake (TNU), and/or grain N uptake (GNU) data that were measured along with the original N2O data. Altogether, a total of 1,375 plot-level observations (432 mean observations, averaged over replicates) of cumulative seasonal N2O emission and their corresponding grain yield, GNU, and/or TNU data points derived from various N management systems across North America were received. A close observation of the data showed that 90% of the N2O data received have been published in 23 peer-reviewed publications (10% unpublished, derived from 2 studies in Indiana). Similarly, 63% of the N uptake data were published either along with their corresponding N2O data or separately in different journals, while 37% were unpublished. Details on data sources, locations and year of experiments, and N management practices are shown in Supplemental Table S1.

To be included in the final dataset, both N2O and maize N uptake data must have originated from the same experiment conducted with ≥3 replicates for ≥2 years, and where N2O emission was measured at least weekly for the greater part of the growing season using standard methods (vented chamber or micrometeorology procedures). However, in one instance N uptake data from one growing season was included in the dataset because the experiment involved multiple N rates and application timings (Venterea and Coulter, 2015). The data was further processed and observations from experiments that did not include control plots i.e., where no N was applied (e.g., Adviento-Borbe et al., 2007) were removed. This was because certain parameters such as fertilizer induced N2O emission (FIE) and NRE could not be calculated for those experiments or locations. Data from experiments that involved manure applied at a N single rate (4 mean observations; Sistani et al., 2011; Halvorson et al., 2016a,b) were also excluded because they were too small a sample from which to infer N2O consequences from an N source distinct management option. Similarly, data from Quebec City, Quebec (Gagnon et al., 2011) were removed because the N2O values from this location were several orders of magnitude greater (mean = 17.7 kg ha−1; range 3.5–39 kg N2O ha−1) than those from other locations; exploratory analysis showed them to be outliers and these were considered to be unrepresentative of the study area.

Following the above processing, the data was reduced to 379 mean observations derived across N rate, source, timing and placement and their combinations. This final dataset consisted of 94 mean observations that focused exclusively on N application rate derived from 12 side-by-side experiments (≥3 N rates, including controls), 94 mean observations that originated from 8 side-by-side comparisons of N source alone, and the remaining observations consisted of N rate and N source in various combinations with N timing and N placement. Across these N management systems, 163 observations were derived from experiments conducted under irrigated maize (Colorado, Minnesota, and Nebraska) and 216 observations were obtained from rainfed systems. The irrigation systems data from Colorado alone accounted for 80% of the observations for irrigated maize systems. Similarly, 37% of the data originated from experiments where a maize-soybean rotation was applied, and these were predominantly from Indiana and Minnesota.

Nitrogen Uptake Parameter Estimation

For studies that reported only grain N uptake, GNU (Zebarth et al., 2008; Roy et al., 2014), total above-ground N uptake (TNU) was estimated by dividing maize grain N by a factor of 0.64 which is considered to be the N harvest index (NHI: total N in the grain as a fraction of TNU; Witt et al., 1999) that has been very stable over time as maize hybrids have changed (Ciampitti and Vyn, 2012; Mueller and Vyn, 2016). Conversely, where only TNU data was available (Venterea et al., 2011; Drury et al., 2012; Omonode et al., 2015; Venterea and Coulter, 2015; Omonode et al., unpublished), GNU was calculated by multiplying TNU by a factor of 0.64. From the available N rate and N uptake data, we calculated NRE, net N balance, NB (in terms of GNU, TNU), and surplus N (SN) as follows:

N recovery efficiency; NRE (%) = [image: image] 100

Grain uptake-based net N balance;

NNB(GNU) (kg ha−1) = (NF + NM + NRot) − GNU

Total uptake-based net N balance;

NNB(TNU) (kg ha−1) = (NF + NM + NRot) − TNU

Surplus N, SN (kg ha−1) = NF − TNU

where TNU is total (grain+biomass) N uptake: TNUN, is the TNU of N-fertilized plots, TNU0 is the TNU of unfertilized plots, and ΔNapplied is the differential of N applied; NF = applied fertilizer N (kg N ha−1); NM (kg N ha−1) = recoverable manure N; NROT = N (kg N ha−1) attributed to rotation when maize followed a legume as recommended for the state/region (Kentucky, 28; Colorado, 28; Indiana, 50; Nebraska, 50; Minnesota, 30; and Quebec, 30 kg N ha−1). We note here that for site-years where maize followed maize, no N credit was given to the following corn crop. Similarly, no credit was given for soybean nodules and/or N fixation; studies showed that soybean nodules and fixation are not major determinants of the soybean N credit (Bergerou et al., 2004).

Before statistical analysis, the data for management that involved N rate (N rate alone, rate + source, and rate + timing) was further grouped by 50 kg intervals (0, 1–50, 51–100, 101–150, 151–200, 201–250, 251–300; n = 7) to reduce some of the associated variability. For the rate alone data, grouping the data resulted in the following number of observations (n) for the groups: 22, 1, 13, 19, 9, 18, 2 with the following corresponding means: 0, 45, 73, 132, 174, 221, and 270 kg N ha−1, respectively, for the groups.

Statistical Data Analysis

First, the relationships between N application rate and N uptake, NRE, SN, NNB [NNB(GNU), NNB(TNU)] and N2O were evaluated using single-factor regression models where N rate was considered the independent variable, and dependent variables consisted of N2O, TNU, GNU, NRE, SN, and NNB. These relationships were assessed using data sets from experiments where management involved only rate of N application with 3 or more N levels, and included a control (zero N). The latter analysis was conducted because contrasting linear and nonlinear relationships are often reported for the relationship between N rate and N2O, and little is known about the relationship between N rate, TNU and NRE in the context of seasonal N2O emissions.

The relationships between N2O (area- and yield-scaled) and N uptake parameters (TNU, NRE, NNB, and SN) in the context of multiple N management practices were also determined using single-factor regression models. In constructing these regression models, N2O was considered the response variable and TNU, NRE, NNB, and SN constituted the independent variables. All regression analyses utilized the data points averaged over replicates for a given site-year. For analyses that assessed the relationships under N rate management systems, both the individual observations and the grouped N rate data were used in separate regression analyses for comparison. Finally, the relative significance of the contribution of the independent variables to the total variability associated with N2O was estimated using multiple regression models. All analyses were performed using SAS statistical package (SAS Institute, 2013) by invocating the PROC REG and PROC NLIN statements, respectively, for linear and non-linear regression models. The strengths of the relationships were assessed by the value of the regression coefficient of determination (linear: r2; nonlinear: R2), and the regression model was considered significant at P < 0.05 level probability. Graphs that visualized these relationships were produced using SigmaPlot version 13, from Systat Software, Inc., San Jose, CA (www.systatsoftware.com).

RESULTS

Data Overview

Grouping N rate by 50 kg N intervals significantly improved r2 values by up to 60% but did not necessarily improve the statistical significance (P-values) of the relationship. However, for easy comparison, results for the relationships obtained using both the grouped and individual observations data are presented; models using the grouped data are presented in figures, and those derived using the individual observations were presented in tables. Similarly, we present figures for the relationships between N2O and NNB(TNU/GNU) and SN for comparison even when the r2 and P-values were similar for both parameters in some instances.

Seasonal N2O, TNU, and NRE varied widely in distribution (data not shown) as would be expected of data aggregated across soil, management, and climate variations. Emission was generally lower for relatively drier Colorado compared to other locations. On average, cumulative N2O was about 47% (1.67 kg N ha−1) greater for rainfed maize compared to irrigated maize cropping systems (0.89 kg N ha−1), perhaps because the latter was dominated by data from Colorado. Nitrogen recovery efficiency values ranged from 6 to 147%, with a mean of 56%. The NRE values exceeding 100% in the data occurred at lower N rates (<90 kg N) when TNU was significantly greater than N applied (a common response in the Midwestern United States). The average NRE observed here was similar to that reported for Indiana (Burzaco et al., 2014), but was much greater than those reported for on-farm trials (Cassman et al., 2002). Both NNB and SN ranged widely from large negative to positive values, and averaged −19.9 and −35.9 for NNB(TNU) and SN, respectively; the latter negative values indicated that maize's TNU often exceeded fertilizer N inputs into the system.

Relationship between N Rate and Maize Yield, Recovery Efficiency, and N2O Emission

The relationships between N application rate, maize yield, N uptake, NRE, NNB, SN, and seasonal N2O emissions based on the grouped N data are shown in Figure 1 while the relationships derived from the individual observations are shown in Table 1. A strong, non-linear relationship existed between the N rate and maize grain yield (Figure 1A: R2 = 0.87; individual observations: r2 = 0.71; P < 0.001; Table 1). Grain yield generally followed a quadratic model indicating that yield increased, on average, from about 6,600 kg ha−1 at zero N and plateaued at about 11,390 kg ha−1 at the 225 kg N ha−1 rate, beyond which grain yield was unlikely to respond to any additional increase of N application. Across these North America states or regions under consideration, N rate recommended for agronomic optimum maize yield ranges from about 150 kg N ha−1 for Minnesota to 220 kg N ha−1 for Indiana.


[image: image]

FIGURE 1. Relationship between N application rate and (A) maize grain yield (B) grain N (GNU) and total N uptake (TNU) (C) TNU, GNU, and surplus N (SN)-based net N balance (NNB), and (D) N recovery efficiency (NRE) and nitrous oxide emissions (N2O) across Colorado and Indiana (United States), and Quebec and Ontario (Canada) maize production systems. n = number of N rate groups, data points in x-axis represent mean value for the group.




Table 1. Regression models and parameters for the relationships between N rate and grain yield, nitrous oxide (N2O) emission; nitrogen uptake (GNU, TNU), nitrogen recovery efficiency (NRE), net nitrogen balance (NNB), and surplus nitrogen (SN) based on the individual observations when management focused on N rate alone.
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Similarly, strong and highly significant positive relationships existed between TNU and GNU and application rate (Figure 1B; relationships using point observations shown in Table 1). Overall, both linear and nonlinear models were good fits for the relationships between N rate and GNU (linear: r2 = 0.99) and TNU (linear: r2 = 0.94); GNU and TNU tended to increase linearly as N rate was increased up to about 225 kg N ha−1 (Figure 1B). Net N balance (NNB) in terms of TNU, GNU, and SN also generally increased as rate of N application was increased (Figure 1C). At zero or low N rates, N balance was close to zero (GNU), and negative for TNU and SN, but increased exponentially as N rate was increased above 150–200 kg N, especially for GNU. The rate of increase of N balance due to increase of N rate was in the order NNB(GNU) > NNB(TNU) > SN.

The relationships between N rates and NRE as well as seasonal N2O emission are shown in Figure 1D. The relationship between N rate and N2O emission appeared to be complex and was best described by a sigmoidal model (R2 = 0.96, P = 0.014) whereby the rate of increase of N2O was relatively small for N rates up 100–130 kg ha−1, followed by a sharp increase at N rates from 130 to 220 kg ha−1, and then leveled off at N rates >220 kg N ha−1. However, both the linear and exponential models were also good fits to the data, albeit with reduced coefficients of determinations (linear: R2 = 0.91; P = 0.001; exponential: R2 = 0.85; P = 0.003; graphs not shown). Overall, our model suggested that seasonal N2O emission was likely to increase linearly by about 5 g N per kg of N applied for rates up to 220 kg ha−1 (maize yield tend to plateau at 180–200 kg N ha−1 across North America as indicated in Figure 1A). In contrast, a significant (P < 0.005; R2 = 0.96) negative relationship existed between N rate and NRE (Figure 1D). Our model showed that maximum NRE occurred at low N rates of < 60 kg N ha−1, NRE decreased rapidly to about 60% as N rates progressed to 100 kg N ha−1, decreased less rapidly for rates between 130 and 150 kg N ha−1, and subsequently leveled for N rates exceeding 150 kg N ha−1. It is noteworthy that N2O loss increased rapidly in the 130–200 kg ha−1 N rate range, the same range of N applications at which NRE levels plateaued in these experiments.

We noted that in some locations, NRE exceeded the maximum attainable 100% (especially at lower N rates of 50–90 kg N ha−1) and that these extremes will impact the regression parameters. However, we were not justified in excluding NRE values exceeding 100% as these are typical for highly productive US Corn Belt and Canadian maize producing soils at lower N rates, and are indicative of N sources other than applied fertilizer N becoming more available to the maize plants when low N rates are applied (Abalos et al., 2016). For comparison, elimination of NRE values >100% resulted in the regression model: y = 67.4 − 0.04x (r2 = 0.66) which suggested that a NRE of about 64% would be expected at N rates of about 80 kg N ha−1, and that NRE would decrease by about 0.04% for every kg of additional N (data not shown).

Relationship between Nitrous Oxide Emission, Nitrogen Recovery Efficiency, and Net Nitrogen Balance under Different N Management Practices

Nitrogen Rate

The relationship between seasonal N2O emission, N uptake and recovery efficiency, and N balance when management focused only on N application rate across Colorado, Indiana, Ontario and Quebec are shown in Figure 2. A significant and positive relationship existed between seasonal N2O and N uptake (Figure 2A: TNU: R2 = 0.87, P = 0.002; GNU: R2 = 0.89, P = 0.001) which is contrary to the expectation that an increase of N uptake would result in a decrease of N2O emission. The model indicated that about 15 g N was likely to be emitted for every kg N taken up by the corn grain—about 40% greater than N emitted per kg of TNU. However, the relationship between N2O and NRE was negative (Figure 2A: R2 = 0.52, P = 0.103), and thus indicated that seasonal N2O emission was likely to decline as NRE was increased. Overall, the model indicated that N2O emission would decrease by up to 13 g ha−1 for every percentage point increase of NRE when NRE exceeded 100% at lower N rates, and by up to 40 g ha−1 for NRE < 80% when N rate exceeded ~150 kg N ha−1 (graph not shown). Using the individual observations for this analysis changed neither the direction nor the statistical significance of these relationships even as the strength of the relationship was significantly reduced (Table 2: GNU: r2 = 0.22, P = <0.001; TNU: r2 = 0.18, P = <0.001; NRE: r2 = 0.14, P = 0.003).
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FIGURE 2. Relationships between nitrous oxide (N2O) emission and (A) N uptake and recovery efficiency (NRE), (B) net N balance (NNB) relative to TNU, GNU, and SN, when management focused on application rate across Colorado and Indiana (United States), and Quebec and Ontario (Canada) maize production systems; n = number of N rate groups, data points in x-axis represent mean value for the group.




Table 2. Regression models and parameters for the relationships between nitrous oxide (N2O) emission and nitrogen uptake (GNU, TNU), nitrogen recovery efficiency (NRE), net nitrogen balance (NNB), and surplus nitrogen (SN) based on the individual observations when management focused on N rate alone.

[image: image]



Similarly, under N rate management, relatively strong and positive relationships existed between N2O emission and NNB [NNB(TNU), NNB(GNU), SN] such that emission increased as N balance was increased, albeit with sensitivity that decreased in the order: SN > TNU > GNU (Figure 2B). At negative NNB, N2O emission was generally small (about 0.6 kg N ha−1) but increased linearly as NNB approached 0 kg N, and then exponentially to about 2.0 kg N2O-N ha−1 as NNB increased to about 40, 75, and 175 kg N, respectively, for SN, TNU, and GNU (compared to the 40–50 kg SN thresholds reported by Van Groenigen et al., 2010; Venterea et al., 2016). Overall, the model suggested that N2O emission will increase by about 8, 7, and 5 g N ha−1, respectively, for every kg increase of SN, TNU, and GNU.

Nitrogen Rate and Source

Relationships between N2O and TNU, NRE, and NNB(TNU) when management treatments involved both N rate (ranging from 0 to 220 kg N ha−1) and source combination (urea ammonium-nitrate (UAN) alone and UAN+nitrapyrin) in experiments conducted in Indiana are shown in Table 3. No measurable and/or consistent relationship was found between N2O and TNU when management choices involved N rate+source combinations. On the contrary, the rate+source combination tended to confound the relationship between N2O and NRE, such that a fairly strong positive linear relationship existed between N2O and NRE (r2 = 0.21), perhaps driven by addition of a nitrification inhibitor (nitrapyrin) to a common N fertilizer source (UAN). However, like management by N rate alone, relationships between N2O and NNB(TNU) (r2 = 0.34; P = 0.006) and SN (data not shown) were fairly strong and positive even though both relationships also appeared to be influenced by nitrapyrin application.


Table 3. Linear regression parameters for the relationships between nitrous oxide (N2O) emission and TNU, NRE and NNB when management focused on rate and source, rate and timing, and rate, source and timing combinations, based on individual observations.
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Nitrogen Rate and Timing

Data used to assess the relationships between N2O, N uptake and use efficiency, and N balance when management consisted of N rate+timing combination were obtained from experiments conducted in Indiana and New Brunswick, Canada (preplant and common/regular sidedress at maize growth stage V6; hereafter referred to simply as “sidedress”), and Minnesota (common/regular sidedress at V6 and late-split sidedress at maize growth stage V14; hereafter referred to, respectively, as “early” and “late sidedress”). Rate+timing combination management resulted in similar directions for the relationships between N2O and N uptake, NRE, and NNB as with management by N rate alone (Figure 3). However, compared to N rate, N2O increased as N uptake was increased at similar rate for TNU (model slope = 0.008; Figure 3A), but at a relatively greater rate for GNU (model slope = 0.020; N rate = 0.015). Similarly, a negative relationship occurred between N2O and NRE under rate+timing combination (Figure 3A); N2O was reduced by about 20 g N per % NRE compared to the 13 g N per % NRE for N rate alone. Under rate+timing combinations, highly significant positive relationships existed between N2O and NNB(GNU), NNB(TNU) and SN; rate of N2O increase per kg of N balance was in the order: NNB(GNU) < SN < NNB(TNU) (Figure 3B). Overall, N2O loss increased by 7, 8, 9 g N, respectively, per kg of NNB(GNU), SN, and NNB(TNU). This indicated that a greater opportunity existed for rate+timing practices, compared to N rate alone, to reduce N2O emission by increasing grain N uptake.
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FIGURE 3. Relationship between nitrous oxide (N2O) emission and (A) grain N (GNU) and total N uptake (TNU) and N recovery efficiency (NRE), and (B) net N balance (NNB) relative to TNU, GNU and surplus N (SN) when management focused on N application rate and timing combination across Indiana and Minnesota (United States), and New Brunswick (Canada). n = number of N rate groups and points within each n group are mean values of 12, 4, 14, 8, 12, and 4 observations, respectively.



Timing (preplant/at-planting vs. regular sidedress; averaged of N rates) had variable effects on the relationships between N2O emission and N uptake, NRE, and NNB (Figure 4). For both at-planting and regular sidedress timings, the relationships between N2O and N uptake and net N balance were positive and relatively strong (R2 ranged from 42 to 92%), but seasonal N2O emission was generally greater for sidedress than for at-planting application timing (Figures 4A–E). Under sidedress timing, rate of N2O emitted per kg GNU was about 10% greater than for at-planting (Figure 4A). That trend was reversed for NNB(GNU) and NNB(TNU) where the rate of N2O emission was greater per kg increase of N balance under at-planting application (Figures 4C,D). However, timing effects on N2O emission were more dramatic for SN; rate of N2O increased by 15g N per kg of SN for at-planting but by only 6g N per kg of SN under sidedress application. Timing influence on the relationship between N2O and NRE was mixed; positive under sidedress, and negative for at-planting (Figure 4F). Overall, N2O was reduced by 23 g N per 1.0% NRE increase for at-plant application, and increased by 25g N per 1.0% NRE gain with sidedress application.
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FIGURE 4. Relationship between nitrous oxide (N2O) emission and (A) grain N uptake (GNU), (B) total N uptake (TNU), net N balance for (C) grain N [NNB(GNU)] (D) total N uptake [NNB(TNU)] and (E) surplus N (SN), and (F) N recovery efficiency (NRE) when N was applied preplant/at planting and early sidedress (V6) across Indiana (United States) and New Brunswick (Canada). n = number of N rate groups, and points within each n group are mean values of 4, 4, 2, and 4 observations, respectively.



The relationships between N2O and N uptake and NNB under regular and late application timings are shown in Figures 5A–E. Late sidedress increased N2O by 20–30 g N per kg increase of N uptake which was about 50% greater than the regular sidedress timing (Figures 5A,B). Both the regular and late timings resulted in significant positive relationships between N2O emission and NNB(GNU), NNB(TNU), and SN (Figures 5C–E). However, N2O emitted per kg increase of NNB(TNU), NNB(GNU), and SN was generally greater for late sidedress relative to the regular sidedress. Under late sidedress timing, about 10 g N2O was emitted per kg increase of NNB(GNU),NNB(TNU), and SN which was 40, 20, and 30%, respectively, greater than under regular sidedress application. Similarly, a negative relationship existed between N2O and NRE, regardless of whether timing was regular or late sidedress (Figure 5F). However, late sidedress increased the strength of the relationship between N2O and NRE by 42, 29, and 74%, respectively, relative to N rate alone, rate+timing, and preplant timing N application management options. Overall, our models suggested that at low NRE of 40–50%, late sidedress timing will result in greater N2O emission, but rates of emission will dramatically decrease as NRE increased up to about 80%. The model showed that N2O decreased by 10 g N ha−1 per 1.0% improvement of NRE under regular sidedress, and by about 28 g N ha−1 per 1.0% increase of NRE under late sidedress timing (Figure 5F).
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FIGURE 5. Relationships between nitrous oxide (N2O) emission and (A) grain N (GNU) and (B) total N uptake (TNU), net N balance for (C) grain N [NNB(GNU)], (D) total N uptake [NNB(TNU)] and (E) surplus N (SN), and (F) N recovery efficiency (NRE) when N was applied at early/regular sidedress (V6) and late sidedress (V14) in Minnesota. n = number of N rate groups, and points within each n group are mean values of 2 observations.



Nitrogen Rate, Source, and Timing

Limited data from Indiana where N rate and source (UAN with and without nitrapyrin) and timing (preplant vs. sidedress) treatment were applied simultaneously indicated that the rate+source+timing combination confounded the relationships between N2O and NRE and NNB, perhaps due to the dominant effect of N source (Table 3). When N source and timing influences were separated, the relationship between N2O and NRE was negative linear (i.e., N2O emission decreased as NRE increased) for timing, but was strongly positive linear for N source, especially under UAN+nitrapyrin (r2 = 0.74) compared to UAN alone (r2 = 0.20, data not shown).

Nitrogen Source, Source and Placement, and Timing Combinations

The dataset used to evaluate N source influence on the relationships between N2O and N uptake, use efficiency and balance were obtained from experiments where management involved either N source alone (urea, UAN, AgrotainPlus®, UAN+AgrotainPlus®; polymer coated urea, ESN®; and stabilized urea—SUPERU®) in Colorado, Kentucky, Minnesota, and Ontario, or in combination with timing (Indiana; UAN/UAN+nitrapyrin applied at-planting or sidedress), or placement (Colorado and Minnesota; broadcast and banded). Our analysis indicated that N source alone had inconsistent, albeit confounding, influences on the relationships between N2O and TNU, NRE and NNB (r2: 0.01–0.21, Table 4). Similarly, source+placement combination or placement (averaged over N sources) resulted in inconsistent relationships between N2O and TNU, NRE and NNB (data not shown).


Table 4. Regression parameters for the relationships between nitrous oxide (N2O) emission and TNU, NRE and net N balance when N fertilizer sources involved urea, ESN, and stabilized N (SUPERU, AgrotainPlus).
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Nitrogen source (UAN, UAN+nitrapyrin) and timing (preplant or sidedress) combination effects on these relationships were variable (Figure 6). In general, source+timing combination resulted in relatively stronger relationships when N source was UAN, and seasonal N2O was greater for UAN relative to UAN+nitrapyrin, regardless of timing of application (Figures 6A,B). Averaged over timing, the relationship between N2O and NNB(TNU) and SN were similar; N2O was generally greater with UAN relative to UAN+nitrapyrin; N2O increased by 10 g N per kg NNB but no measurable change was observed for UAN+nitrapyrin (Figures 6C–F). Across N sources, N2O increased as NNB was increased for both timings, but at a higher rate for sidedress application as N balance exceeded zero.
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FIGURE 6. Relationship between N2O emission and N balance [NNB(TNU)] due to N source and timing combination applied at (A) preplant, (B) sidedress; (C) due to N source averaged over timing, (D) due to timing averaged over source; relationship between N2O and surplus N (E) averaged over timing, (F) averaged over N sources; and relationship between N2O and NRE (G) averaged over N source, and (H) averaged over timing, across Indiana (United States). N = number of observations; for (A,B), n = number of N rate groups and consisted of mean values of 2 observations.



Similarly, N source and timing had variable effects on the relationship between N2O and NRE (Figures 6G,H). Averaged across timing, positive linear relationships between N2O and NRE were found perhaps due to the confounding effect of the N sources. In contrast, timing resulted in negative relationships between N2O and NRE such that N2O decreased by up to 29 g per 1.0% NRE gain under sidedress and about 2 g per 1.0% NRE gain for preplant application.

Relative Effect of Nitrogen Recovery Efficiency and Balance on N2O Emission

We quantified the relative influence of the N management practices on the relationships between N2O and N uptake parameters using multiple regression models. These models showed that N2O emission was most associated with these variables when management focused solely on N application rate, but the strength of the relationship progressively decreased in the order: rate > timing > source. When management focused only on N rate, the multiple regression model showed that all the variables associated with N uptake and N balance accounted for 40% of the variability associated with N2O emissions. However, NNB(TNU) and NNB(GNU)alone accounted for 32 and 3%, respectively, of the total variability as represented by the model:
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When management focused on N source, NRE was the dominant factor and accounted for 12 of the about 18% variability associated with N2O emission, but no variable had a dominant influence when management involved N source plus timing and/or placement. Across all management systems, the multiple regression model indicated a rather weak functional linear relationship between these variables and N2O emissions (r2 = 0.046; P = 0.034) which perhaps underscored the effect of variability associated with the dataset. Nevertheless, the step-wise regression model showed that NNB(GNU) and SN accounted for about 78% of the total variability associated with N2O as follows:
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DISCUSSION

Nitrogen Rate, and Rate and Timing Combinations

The strong positive relationship between N application rate and N2O emissions reported here affirmed the field-level findings of several authors who reported either a strong positive linear relationship between N application rate and N2O (MacKenzie et al., 1998; Gagnon et al., 2011; Roy et al., 2014), or a non-linear relationship (Breitenbeck and Bremner, 1986; McSwiney and Robertson, 2005), or both, depending on timing (Venterea and Coulter, 2015). Several meta-analyses also found strong positive relationships between N application rate and seasonal N2O emissions (Eichner, 1990; Van Groenigen et al., 2010; Decock, 2014). However, in this study, the relationship between N2O and N rate was sigmoidal in nature and N2O emission tended to rise sharply for N rates of 130–220 kg N ha−1 (Figure 1D) that are recommended for this region, which did not support earlier suggestions by these previous authors that N application at recommended rate was likely to decrease N2O emissions. Perhaps a reduction of N application rate within the 150–220 kg N ha−1 rate window by an amount that does not significantly reduce yield (Figure 1A), but is enough to increase NRE, is a better option. This study showed that the indirect mechanism underlying such a response is perhaps because NRE tended to be greater at relatively lower N rates.

To the best of our knowledge, very few studies (whether individual experiment or meta-analysis) have reported relationships between seasonal N2O emission and maize N uptake and N balance; therefore, comparing our results with the existing literature was rather difficult. Overall, the positive relationship between N2O and N uptake observed here was contrary to the general expectation that an increase of N uptake will result in N2O emission reduction. However, this positive relationship was similar to several studies where N management practices that achieved the highest recovery of fertilizer N in crop biomass also resulted in the highest N2O emissions (Fujinuma et al., 2011; Gagnon et al., 2011). Our analysis over a multitude of N rates and environments showed that NRE dramatically decreased as N rate was increased, which conceivably made more N available for denitrification even as TNU increased.

Negative relationships between N2O and NRE, especially when management involved rate of N application, as also reported by Van Groenigen et al. (2010) in a meta-analysis (even though these authors aggregated NRE, referred to as NUE, across different crop species), affirmed the hypothesis that an increase of NRE would result in a decrease of N2O emissions. However, the less-than-perfect but significant relationship of N2O emission to NRE reported for this study was probably because the periods of peak N2O emission and plant recovery of applied N during the growing season hardly coincided, or because our analysis involved N2O as the only source of N loss from these systems, or both. For most of North America, about 50–80% of seasonal cumulative N2O emissions occur in 30–40 days following N application when the maize plant is at around V6 and plant N uptake is still relatively small (Omonode et al., 2011; Halvorson and Del Grosso, 2012). Several studies also found that N2O accounted for only a small fraction of the total N that are lost from the system following N application; most N losses occurred as ammonia volatilization and/or nitrate leaching which, respectively, accounted for about 10 and 30% of applied N compared to about 3% for N2O losses (Mosier et al., 1998; De Klein et al., 2006; Venterea et al., 2012). Similarly, the relatively strong positive relationships between N2O emission and N balance in relation to NNB(TNU), NNB(GNU), and SN observed here were consistent with Van Groenigen et al. (2010) and Venterea et al. (2016).

Furthermore, our finding of strong influence of timing (in combination with N rate or source) on the relationships of N2O to N balance and SN was generally similar to recent reports by Venterea et al. (2016). Our analysis showed that these relationships were stronger, and N2O emissions greater, under regular sidedress timing compared to preplant/at planting, and for late sidedress relative to regular sidedress. Overall, the rate of N2O increase per kg of N balance was greatest for SN and smallest for NNB(GNU), especially for late sidedress application. However, at recommended N rates (150–220 kg ha−1), N balance was several orders of magnitude greater for NNB(GNU) (70–175 kg ha−1 under N rate, and 50–100 kg ha−1 under rate and timing combination) compared to near 0 kg for SN. Therefore, greater N2O emission rate for SN relative to NNB(GNU) was probably because SN from regular or late sidedress N application resulted in a greater short-term availability of N for denitrification, even as crop N uptake rate was expected to be greater at the V14 growth stage (Venterea and Coulter, 2015). However, the magnitude of NNB(GNU) meant there is great potential for significant amounts of N2O to be emitted later in the cropping season if available mineral N was not taken up by the maize plant. Studies have shown that grain N uptake was a major parameter that have changed over time (and across hybrids era), and grain N tended to be mostly associated with new plant N uptake during the grain filling period in modern hybrids (Ciampitti and Vyn, 2013). Thus, practices that improve grain N uptake by synchronizing availability with uptake are likely to reduce overall N losses through volatilization or leaching, and ultimately reduce seasonal N2O emission in maize.

N Source, Source and Placement, and Timing Combinations

The published experiments from which the dataset used to examine the influence of N source on the relationships between N2O and the N uptake dynamics showed that ESN, stabilized urea (SUPERU, AgrotainPlus) and nitrapyrin-amended UAN by themselves reduced N2O emissions, relative to conventional urea and UAN within the location in which they were tested (Halvorson et al., 2010a,b, 2011, 2016a; Venterea et al., 2011; Drury et al., 2012; Omonode and Vyn, 2013; Burzaco et al., 2014; Decock, 2014). Our analysis of variance that used the plot-level observations aggregated over site-years for each of these locations showed that these N sources significantly affected N2O emissions and fertilizer induced emission factor (FIEF) but had no effect on NRE and NNB(TNU), regardless of location (Table 5). Overall, N2O loss was greater for the conventional urea and UAN, and emission was reduced by 19–48% when nitrification and/or urease inhibitors were added to those N sources. Therefore, the rather confounding influence of N source on the relationships between N2O and NRE, and N balance observed here suggested that N source by itself had little and/or variable effect on NRE and its relationship to N2O emission. Table 5 showed that NRE and NNB(TNU) were similar for all the N sources and suggested that some of the N made available from ESN, stabilized urea and nitrapyrin-amended UAN later in the growing season, following initial delay of nitrification of applied N, were probably leached out of the rooting zone and not recovered by maize plants. Therefore, the observed difference of N2O between ESN, AgrotainPlus and nitrapyrin-amended UAN relative to UAN or urea probably resulted from high emission peaks that usually occur early in the season following fertilizer application at early maize developmental stages (Omonode et al., 2011; Halvorson and Del Grosso, 2012).


Table 5. Nitrogen source effects on seasonal nitrous oxide emission, nitrogen recovery efficiency (NRE), net nitrogen balance [NNB(TNU)], fertilizer induced emission factor (FIEF), and emission reduction (ER) in selected locations across North America.
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Implication for Management

Overall, the results from this analysis confirmed that relatively strong functional relationships existed between seasonal N2O emissions and N rate, N uptake (both GNU and TNU), and NRE (especially when N management involved appropriate timing of application). Clearly, N applications that exceeded recommended agronomic optimum N rates (ranging from about 150 kg in Minnesota to 220 kg N ha−1 in Indiana) may increase TNU, but will result in reduced NRE especially in the US Corn Belt where intrinsic soil N is relatively high. Similarly, our results established that N rate and timing of application were critically important N management combinations that have the potential to influence both TNU and NRE, and their relationships to N2O emission. Thus, application of the appropriate amount of N at the right time, especially at planting and/or early sidedress timings, was more likely to reduce N2O emissions relative to split applications involving sidedressing at >V12 maize growth stage. However, given the large inherent variability associated with the dataset due to differences in soil, climatic conditions, and management factors, the actual size of the impact associated with N rate and timing will vary for different agroecological and/or cropping systems. The model would need to be validated to be agroecology-specific.

While N sources by themselves have been shown to result in N2O emission differences (Halvorson et al., 2010a,b, 2011; Halvorson and Del Grosso, 2012; Burzaco et al., 2014; Vyn et al., 2016), our analyses clearly indicated that N source effect on N2O emission was not directly related to their effect on NRE. On the contrary, N source tended to confound the N2O versus NRE relationship; therefore, further research on N source-specific models are needed to better understand the relationship between NRE and N2O when N management is focused on N source.

Overall, we found the strongest and most consistent relationship between cumulative N2O and N balance (whether GNU or TNU). This was not entirely surprising because net N balance encompasses N availability in relation to both in-season fertilizer application, and the N that was carried over from the previous crop years due to practices such as rotation, cover crop, or manure application (i.e., the total size of N inputs). Thus, effective management to both improve NRE and reduce N2O must necessarily involve evaluating and adjusting for the N balance in the cropping system. However, our model suggested that management systems achieving a net N balance of <50–60 kg N ha−1 would both reduce the amount of N applied, and possibly ensure seasonal N2O would be reduced to a minimum.

We readily acknowledge that some of the results of this study may have been constrained by the structure of the dataset (e.g., limited number of observations for some N management combinations). Similarly, our N balance estimate did not include N derived from atmospheric deposition which can vary significantly with location. However, this analysis showed that a careful selection of integrated N management practices has the potential to maximize NRE and reduce seasonal N2O emissions. Although the numerical strength of the relationship between cumulative N2O and either TNU or NRE was relatively small for the N rate and timing combination, the relationship was statistically highly significant, and thus indicated that optimized N application rates and timing (especially at planting or at early sidedress) has the potential to both increase NRE and reduce N2O loss, regardless of N source. However, to further maximize the beneficial effects of rate-by-timing practices for N2O emission reductions, closer attention should be paid to the net N balance of the cropping system.

We strongly recommend that future N2O emissions studies incorporate a systems research approach involving N source, timing and/or placement interactions where crop N uptake and recovery efficiency parameters are also determined. This will enable scientists to better assess and understand the effects of these complex management practices on cereal grain N uptake and NRE and how they relate to N2O emissions.

AUTHOR CONTRIBUTIONS

TV conceptualized the review and the pertinent relationships to explore, obtained the requisite funding, and helped write the paper. RO acquired the background data where necessary, conducted the statistical analyses and helped write the paper. AH provided background data from their prior publications, recommended scientific approaches to the data set to help guide the discussion, and helped to edit various drafts. BG helped with ideas and edits.

FUNDING

This study was conducted with the financial support (project grant IPNI-2015-USA-4RN27) from the 4R Research Fund established in 2013 within the Foundation for Agronomic Research (FAR) with the goal of providing scientific guidance for improved agricultural nutrient stewardship across North America. The FAR is a non-profit 501(c)(3) research and education foundation that is managed by the International Plant Nutrition Institute (IPNI). Further financial support also came from USDA-NIFA grant #2013-68002-20421 to Purdue University.

ACKNOWLEDGMENTS

The authors extend our sincere gratitude to all the scientists across the United States and Canada who graciously provided the original plot-level data that were used in this analysis. We particularly are grateful for the published and unpublished maize N uptake data (~22% of the entire data set) provided by Dr. Rodney Venterea of Minnesota.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.01080/full#supplementary-material

REFERENCES

 Abalos, D., Jeffery, S., Drury, C. F., and Wagner-Riddle, C. (2016). Improving fertilizer management in the U.S., and Canada for N2O mitigation: understanding potential positive and negative side-effects on maize yields. Agric. Ecosyst. Environ. 221, 214–221. doi: 10.1016/j.agee.2016.01.044

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

 Akiyama, H., Yan, X., and Yagi, K. (2010). Evaluation of effectiveness of enhanced efficiency fertilizers as mitigation options for N2O and NO emissions from agricultural soils: meta-analysis. Global Change Biol. 16, 1837–1846. doi: 10.1111/j.1365-2486.2009.02031.x

 Bergerou, J. A., Gentry, L. E., David, M. B., and Below, F. E. (2004). Role of N2 fixation in the soybean N credit in maize production. Plant Soil 262, 383–394. doi: 10.1023/B:PLSO.0000037057.35160.ec

 Breitenbeck, G. A., and Bremner, J. M. (1986). Effects of rate and depth of fertilizer application on emission of nitrous oxide from soil fertilized with anhydrous ammonia. Biol. Fertil. Soils 2, 201–204. doi: 10.1007/bf00260844

 Burzaco, J. P., Smith, D. R., and Vyn, T. J. (2014). Nitrous oxide emissions in Midwest US maize production vary widely with band-injected N fertilizer rates, timing and nitrapyrin presence. Environ. Res. Lett. 8:035031. doi: 10.1088/1748-9326/8/3/035031

 Cassman, K. G., Dobermann, A., and Walters, D. T. (2002). Agroecosystems, nitrogen-use efficiency, and nitrogen management. Ambio 31, 132–140. doi: 10.1579/0044-7447-31.2.132

 Cavigelli, M. A., Del Grosso, S. J., Liebig, M. A., Synder, C. S., Fixen, P. E., Venterea, R. T., et al. (2012). US agricultural nitrous oxide emissions: context, status, and trends. Front. Ecol. Environ. 10, 537–546. doi: 10.1890/120054

 Ciampitti, I. A., and Vyn, T. J. (2012). Physiological perspectives of changes over time in maize yield dependency on nitrogen uptake and associated nitrogen efficiencies: a review. Field Crop Res. 133, 48–67. doi: 10.1016/j.fcr.2012.03.008

 Ciampitti, I. A., and Vyn, T. J. (2013). Grain nitrogen source changes over time in maize: a review. Crop Sci. 53, 366–377. doi: 10.2135/cropsci2012.07.0439

 Decock, C. (2014). Mitigating nitrous oxide emissions from maize cropping systems in the Midwestern, U.S.: potential and data gaps. Environ. Sci. Technol. 48, 4247–4256. doi: 10.1021/es4055324

 De Klein, C. R., Novoa, S. A., Ogle, S., Smith, K. A., Rochette, P., Wirth, T. C., et al. (2006). “N2O emissions from managed soils, and CO2 emissions from lime and urea application, Chapter 11,” in 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Vol. 4, Agriculture, Forestry and other Land Use, eds S. Eggleston, L. Buendia, K. Miwa, T. Ngara, and K. Tanabe (Hayama: Institute for Global Environmental Strategies, IGES), 54.

 Drury, C., Reynolds, W., Yang, X., McLaughlin, N., Welacky, T., Calder, W., et al. (2012). Nitrogen source, application time, and tillage effects on soil nitrous oxide emissions and maize grain yields. Soil Sci. Soc. Am. J. 76, 1268–1279. doi: 10.2136/sssaj2011.0249

 Eichner, M. J. (1990). Nitrous oxide emissions from fertilized soils: summary of available data. J. Environ. Qual. 9, 272–280. doi: 10.2134/jeq1990.00472425001900020013x

 Food and Agricultural Organization (FAO) (2016). World Fertilizer Trends and Outlook to 2018. Rome: Food and Agriculture Organization of the United Nations. Available online at: www.fao.org/3/a-i4324e.pdf

 Fujinuma, R., Venterea, R. T., and Rosen, C. (2011). Broadcast urea reduces N2O but increases NO emissions compared with conventional and shallow-applied anhydrous ammonia in a coarse-textured soil. J. Environ. Qual. 40, 1806–1815. doi: 10.2134/jeq2011.0240

 Gagnon, B., Ziadi, N., Rochette, P., Chantigny, M. H., and Angers, D. A. (2011). Fertilizer source influenced nitrous oxide emissions from a clay soil under maize. Soil Sci. Soc. Am. J. 75, 595–604. doi: 10.2136/sssaj2010.0212

 Grassini, P., and Cassman, K. G. (2012). High-yield maize with large net energy yield and small global warming intensity. Proc. Natl. Acad. Sci. U.S.A. 109, 1074–1079. doi: 10.1073/pnas.1116364109

 Halvorson, A. D., and Del Grosso, S. J. (2012). Nitrogen source effects on soil nitrous oxide emissions from no-till maize. J. Environ. Qual. 41, 1349–1360. doi: 10.2134/jeq2012.0129

 Halvorson, A. D., Del Grosso, S. J., and Alluvione, F. (2010a). Tillage and inorganic nitrogen source effects on nitrous oxide emissions from irrigated cropping systems. Soil Sci. Soc. Am. J. 74, 436–445. doi: 10.2136/sssaj2009.0072

 Halvorson, A. D., Del Grosso, S. J., and Alluvione, F. (2010b). Nitrogen source effects on nitrous oxide emissions from irrigated no-till maize. J. Environ. Qual. 39, 1554–1562. doi: 10.2134/jeq2010.0041

 Halvorson, A. D., Del Grosso, S. J., and Jantalia, C. P. (2011). Nitrogen source effects on soil nitrous oxide emissions from strip-till maize. J. Environ. Qual. 40, 1775–1786. doi: 10.2134/jeq2011.0194

 Halvorson, A. D., Del Grosso, S. J., and Stewart, C. E. (2016a). Manure and inorganic N affect trace gas emissions under semi-arid irrigated maize. J. Environ. Qual. 45, 906–914. doi: 10.2134/jeq2015.08.0426

 Halvorson, A. D., Stewart, C. E., and Del Grosso, S. J. (2016b). Manure and inorganic N affect irrigated maize yields and soil properties. Agron. J. 108, 519–531. doi: 10.2134/agronj2015.0402

 IPCC (2007). “Intergovernmental Panel on Climate Change (2007): Impacts, adaptation and vulnerability,” in Contribution of Working Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, eds M. L. Parry, O. F. Canziani, J. P. Palutikof, P. van der Linden and C. E. Hanson (Cambridge, UK: Cambridge University Press), 976.

 MacKenzie, A. F., Fan, M. X., and Cadrin, F. (1998). Nitrous oxide emission in three years as affected by tillage, maize–soybean–alfalfa rotations, and nitrogen fertilization. J. Environ. Qual. 27, 698–703. doi: 10.2134/jeq1998.00472425002700030029x

 McSwiney, C. P., and Robertson, G. P. (2005). Nonlinear response of N2O flux to incremental fertilizer addition in a continuous maize (Zea mays L.) cropping system. Global Change Biol. 11, 1712–1719. doi: 10.1111/j.1365-2486.2005.01040.x

 Mosier, A., Kroeze, C., Nevison, C., Oenema, O., Seitzinger, S., and van Cleemput, O. (1998). Closing the global N2O budget: nitrous oxide emissions through the agricultural nitrogen cycle. Nutr. Cycl. Agroecosyst. 52, 225–248. doi: 10.1023/A:1009740530221

 Mosier, A. R., Halvorson, A. D., Reule, C. A., and Liu, X. J. (2006). Net global warming potential and greenhouse gas intensity in irrigated cropping systems in northeastern Colorado. J. Environ. Qual. 35, 1584–1598. doi: 10.2134/jeq2005.0232

 Mueller, S. M., and Vyn, T. J. (2016). Maize plant resilience to N stress and post-silking N capacity changes over time: a review. Front. Plant Sci. 7:53. doi: 10.3389/fpls.2016.00053

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

 Omonode, R. A., Smith, D. R., Gal, A., and Vyn, T. J. (2011). Soil nitrous oxide emissions in corn following three decades of tillage and rotation treatments. Soil Sci. Soc. Am. J. 75, 152–163. doi: 10.2136/sssaj2009.0147

 Omonode, R. A., and Vyn, T. J. (2013). Nitrification kinetics and nitrous oxide emissions when water-soluble nitrapyrin is co-applied with UAN. Agron. J. 105, 1475–1486. doi: 10.2134/agronj2013.0184

 Ravishankara, A. R., Daniel, J. S., and Portmann, R. W. (2009). Nitrous oxide (N2O): the dominant ozone-depleting substance emitted in the 21st century. Science 326, 123–125. doi: 10.1126/science.1176985

 Roy, A. K., Wagner-Riddle, C., Deen, B., Lauzon, J., and Bruulsema, T. (2014). Nitrogen application rate, timing and history effects on nitrous oxide emissions from maize (Zea mays L.). Can. J. Soil Sci. 94, 563–573. doi: 10.4141/cjss2013-118

 SAS Institute (2013). The SAS system for Windows. Version 9.3. Cary, NC: SAS Inst.

 Sistani, K. R., Jn-Baptiste, M., Lovanh, N., and Cook, K. L. (2011). Atmospheric emissions of nitrous oxide, methane, and carbon dioxide from different nitrogen fertilizers. J. Environ. Qual. 40, 1797–1805. doi: 10.2134/jeq2011.0197

 Snyder, C. S., Davidson, E. A., Smith, P., and Venterea, R. T. (2014). Agriculture: sustainable crop and animal production to help mitigate nitrous oxide emissions. Curr. Opin. Environ. Sustain. 9–10, 46–54. doi: 10.1016/j.cosust.2014.07.005

 USDA/FAS (2017). World Agricultural Production. Circular Series WAP 03-17, March 2017. United States Department of Agriculture, Foreign Agricultural Service. Available online at: http://www.pecad.fas.usda.gov/

 Van Groenigen, J. W., Velthof, G. L., Oenema, O., Van Groenigen, K. J., and Van Kessel, C. (2010). Towards an agronomic assessment of N2O emissions: a case study for arable crops. Eur. J. Soil Sci. 61, 903–913. doi: 10.1111/j.1365-2389.2009.01217.x

 Venterea, R. T., and Coulter, J. A. (2015). Split application of urea does not decrease and may increase nitrous oxide emissions in rainfed maize. Agron. J. 107, 337–348. doi: 10.2134/agronj14.0411

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

 Venterea, R. T., Halvorson, A. D., Kitchen, N. R., Liebig, M. A., Cavigelli, M. A., Del Grosso, S. J., et al. (2012). Challenges and opportunities for mitigating nitrous oxide emissions from fertilized cropping systems. Front. Ecol. Environ. 10, 562–570. doi: 10.1890/120062

 Venterea, R. T., Maharjan, B., and Dolan, M. S. (2011). Fertilizer source and tillage effects on yield-scaled nitrous oxide emissions in a maize cropping system. J. Environ. Qual. 40, 1521–1531. doi: 10.2134/jeq2011.0039

 Vyn, T. J., Halvorson, A. D., and Omonode, R. A. (2016). Relationships of Nitrous Oxide Emissions to Fertilizer Nitrogen Recovery Efficiencies in Rain-Fed and Irrigated Maize Production Systems: Data Review. Report submitted to the International Plant Nutrition Institute (IPNI-2015-USA-4RN27). Available online at: research.ipni.net/page/RNAP-6500

 Witt, C., Dobermann, A., Abdulrachman, S., Gines, H. C., Guanghuo, W., Nagarajan, R., et al. (1999). Internal nutrient efficiencies of irrigated lowland rice in tropical and subtropical Asia. Field Crop Res. 63, 113–138. doi: 10.1016/S0378-4290(99)00031-3

 Zebarth, B. J., Rochette, P., Burton, D. L., and Price, M. (2008). Effect of fertilizer nitrogen management on N2O emissions in commercial maize fields. Can. J. Soil Sci. 88, 189–195. doi: 10.4141/CJSS06010

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer EAM and handling Editor declared their shared affiliation, and the handling Editor states that the process met the standards of a fair and objective review.

Copyright © 2017 Omonode, Halvorson, Gagnon and Vyn. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/math_1.gif
N,0 = 0.99+0.006 NNB, ryqy, + 0. 004 NNB, gy, P = 0.0001





OPS/images/inline_1.gif
TNUy —TNU, ,,





OPS/images/math_2.gif
N,0 = 0.81+ 0.008NNB, gqyy, — 0.004SN; P= 0.008.





OPS/images/fpls-08-01080-t005.jpg
Location N Source O Nitrous oxide and N uptake parameters.

N20 (kg N ha™") NRE (%) NNBryy) (kg ha=") FIEF (%) ER (%)
Colorado ESN 092b 53.02 23.2a 0.360 193
Stabilized urea§ 0.59¢ 56.3a 11.86a 0.21bc 482,203
UAN 0.74bc 50.7a 19.3a 0.29b
Urea 1.14a 54.3a 2152 0.45a
Indiana (rainfec) UAN 2.35 s27a 19.8a 1.28a .
UAN+#nitrapyrin 1.690 57.6a 9la 0.580 28.1
Minnesota (rainfed, imigated) ESN 1.17ab 48.1a —21.6a 0O.44ab 19.9
Stabilized urea 0860 s2.7a ~27.6a 0.260 a1
Urea 1.46a 52.2a ~25.4a 060a

ON;0 and N uptake parameters data from Colorado consisted of 8 site -years (2007-2014) under iigation; Indiana: 4 site-years (2010-2013) in rainfed conditior
site-years (2008-2012)in rainfed and iigated conditions. §Emission redluction for Colorado calculated relative to urea ammonium-nitrate (UAN) and urea, respectively; NNBym = et
nitrogen balance based on total N uptake. Within focation and column, N-O and N uptake parameters followed by the same lotfers are not significantly cilferent at P = 0.05.






OPS/images/fpls-08-01080-t004.jpg
N Source

N
Urea 32
ESN 30
Stabilized N 23

Across Nsources 61

TNU

Reg. model

y=0001x+163
y = -0002x+2.62
y=0.005x-0.02
y=0.001x4+1.56

R?

0.00
0.00
0.03
0.00

P<F

081
0.87
0.40
084

N

20
18
23
61

NRE

Reg. model

y=0012x+0.54
¥ =0.029x-0.11
y=0012x+0.28
y =0021x+0.12

R2

0.14
021
0.07
0.14

P<F

0.10
0,06
062
001

N

32
30
23
85

NNB(ryy)
Reg. model

= =0007x+1.90

y=-0016x+2.26

¥ = -0.006x+0.94

y=-0011x+1.79

R?

o.11
0.10
0.15
0.09

P<F

006
0.08
0.07
001

ESN, Environmentally smart nitrogen (polymer-coated urea; 44-0-0); stabilized N, nitification-+urease inhibitors: Agrotain with urea (46-0-0), AgrotainPlus with uree ammonium-nitiate
(28-0-0), superU (urea 46-0-0). N, number of observations; TNU, total nitrogen uptake; NRE, N recovery efficiency; NNB(, net nitrogen balance.





OPS/images/cover.jpg
’ frontiers
in Plant Science

Achieving Lower Nitrogen Balance
and Higher Nitrogen Recovery
Efficiency Reduces Nitrous Oxide
Emissions in North America’s
Maize Cropping Systems









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





OPS/images/fpls-08-01080-g005.gif
)

Reoareom 30
asono 18,
© B m w w w m w e m m
we
g
s






OPS/images/fpls-08-01080-g006.gif





OPS/images/fpls-08-01080-g003.gif





OPS/images/fpls-08-01080-g004.gif
»sasmssorn
[y

awveanth

Rl =

Zoumoosn 20






OPS/images/fpls-08-01080-t003.jpg
litrogen management

N
Rate and source 20
Rate and timing 30

Rate, source and timing 24

™y
Reg. model
y=-000x+1.47

y = -0.003x+2.13
y=0021x-1.17

R?

0.00
001
0.46

P<F

0972
0.552
0.001

N

16
26
16

NRE
Reg. model
0082¢-0.09

y = —0017x+2.71
¥ =0.024x+0.97

R2

021
033
0.14

F<F

0076
0.002
0.144

24

NNB(ryy)

Reg. model R2

y=
y=

0015x+1.52  0.34
0.009x+2.13  0.26
014x+1.86 014

P<F

0.006
0.004
0.066

N, Number of individual points; TNU, total nitrogen uptake; NRE, N recovery eficiency; NN, net N balance. Data for rate-+source from experiments conducted in Indiana,
USA; rate-+timing data from experiments conducted in Indiana and Minnesota (USA) and New Brunswick, Canada; and rate-+source-+iming dta obteined from experiments in

Indiana, USA.





OPS/images/fpls-08-01080-t001.jpg
Variables
Grain yield
N2O
™
GNU
NRE
NNB(awu)

NNE(r

28888

?

Model

Quadratic
Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential

Regression Parameters

Equation

y = 5993+44.4x—0.09x2

y = 0.28+0.006x

¥ = 0.47exp(0.006x)

y = 88.4+0.57x

¥ = 98.7exp(0.003%)

y = 61.740.342x

¥ = 67.71exp(0.003%)

¥ =8398-0.14x

¥ = 88.50xp(~0.002x)

¥ = ~32.99+0.689¢
5exp(0.013%)
~63.26+0.492¢
—107.5+49.6exp(0.005%)
~88.35+ 0.433x
~124.2+42.2exp(0.005x)

N, Number of individual observations; GNU, grain nitrogen uptake; TNU, total nitrogen uptake.

[s]

043
0.40
061

057
065
062
0.14
0.13
0.82
071

059
061

047
049

P<F

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.003
0.002
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001





OPS/images/fpls-08-01080-t002.jpg
Variables

GNU
™Y
NRE
NNBigvy)

NNB(ry

N, Number of individual observations; GNU, grain nitrogen uptake; TNU, total nitrogen uptake.

2z

2EIIBEIIERRR

Model

Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential
Linear
Exponential

Regression Parameters

Equation

y = -0.085+0011x

¥ = 0.480exp(0.008x)
¥ =0.14740.006x

¥ = 0.459exp(0.005)
¥ =2.064-0013x

¥ = 2.414exp(~0.011x)
¥ = 0.676+0.008x

= 0.706exp(0.007x)
= 1.080+0.008x

= 1.0066exp(0.007%)
¥ =1.350+0.009x

= 1.2636xp(0.008%)

0215
0472
0178
0.162
0.136
0.135
0328
0297
0244
0228
o311
0.308

P<F

<0.0001
<0.0001
<0.0001
<0.0001
0.0031
0.0033
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001





OPS/images/fpls-08-01080-g001.gif





OPS/images/fpls-08-01080-g002.gif
aogns






