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Nitrous oxide (N2O) is a potent greenhouse gas and a strong ozone-depletion 

substance. There is an urgent need to improve management of agricultural nitrogen to 

reduce N2O emissions from agricultural soils. A vast body of scientific research has 

investigated the impact of fertilizer-based management strategies, while fewer studies 

have examined the ecologically-based nutrition management practices (ENM) that 

manage carbon and nitrogen additions simultaneously and target multiple processes of 

the nitrogen cycle (e.g. the use of diversified rotations and cover crops). The objective 

of this work was to better understand the impacts of ENM practices and its interaction 

with environmental variables on N2O emissions through a meta-analysis, an on-farm 

experiment, and a 15N tracer experiment.  

I performed a meta-analysis on 596 pairwise comparisons (129 papers) to 

compare the efficacy of a wide range of management strategies.	  ENM practices 

generally had N2O emissions that were not significantly different from conventional 

fertilizer-based practices, however this outcome is based on a small number of studies 

and N was frequently over-applied in the ENM systems.   

I also conducted an on-farm experiment to assess the interactive effects of 

landscape characteristics and management regimes. I monitored N2O emissions in two 

adjacent grain farms in upstate New York that have both undergone the same 

management for 20 years. I found comparable N2O emissions from winter bare fallow- 

maize phase in the fertilizer-based field and the legume cover crop (red clover)- maize 



 

phase of the cover crop-based rotation. The lowest emissions were found in the winter 

grain (spelt)- legume cover crop growth period of the organic rotation. The impact of 

landscape position on N2O emissions was only significant in the fertilizer-based field 

but not in the cover crop-based field.  

I conducted a 15N crop residue exchange experiment to measure the 

contribution of nitrogen from a clover cover crop to N2O emissions. The study found 

that the dominant source of N2O fluxes shifted from aboveground biomass to 

belowground sources (root-derived N and soils) around 7 weeks after incorporation. 

This study provided quantitative evidence that the belowground nitrogen was a 

significant source of N2O emissions after incorporating legume cover crops.
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CHAPTER 1 N2O EMISSIONS FROM GRAIN CROPPING SYSTEMS: A META-

ANALYSIS OF THE IMPACTS OF FERTILIZER-BASED AND 

ECOLOGICALLY-BASED NUTRIENT MANAGEMENT STRATEGIES 

 

Abstract 

Understanding how agricultural management practices impact nitrous oxide (N2O) 

emissions is prerequisite for developing mitigation protocols. We conducted a meta-

analysis on 596 pairwise comparisons (129 papers) to assess how management effects 

N2O emissions. We found that pairwise comparisons of practices aimed at improving 

Fertilizer Use Efficiency (FUE, 39%) and tillage (30%) dominated the dataset, while 

Ecologically-based Nutrient Management (ENM) practices constituted 15% of the 

pairs. In general, across management practices, the quantity of N added was a more 

significant driver of N2O fluxes than was the form of N (fertilizer, legume biomass or 

animal manures). Manure interacted with soil texture so that in coarse soils, N2O 

emissions from manures tended to be higher compared to inorganic N fertilizers. The 

studies of ENM strategies frequently involved over-application of N inputs in the 

ENM treatments. Cover crops reduced N2O emissions compared to bare fallows. 

However, during the cash crop growing season, when differences in N added and N 

source were confounded, the extra N inputs from cover crops were significantly 

correlated with the differences in N2O emissions between treatments with and without 

cover crops. Overall, in 38% of the data pairs, N2O emissions were reduced with 
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limited impacts on yields; in half of these pairs, yields were maintained or increased 

while in the other half they were reduced by only <10%. Knowledge gaps on 

mitigation of agricultural N2O emissions could be addressed by applying an 

ecosystem-based, cross-scale perspective in conjunction with the N saturation 

conceptual framework to guide research priorities and experimental designs.  

 

 

Keywords: Agroecosystem, Cover Crop, Ecologically-Based Nutrient Management, 

Fertilizer Use Efficiency, Meta-Analysis, Nitrous Oxide 

 

 

Introduction 

The release of reactive nitrogen (N) into the biosphere by humans has increased by 

120% since 1970 (Galloway et al. 2008). Industrial agriculture accounts for the 

greatest proportion of anthropogenic N forcing globally, largely due to the use of 

inorganic N fertilizers as the primary source of N (Vitousek et al. 1997; Galloway et 

al. 2008). Reactive N is lost through two main pathways; NO3
- leaching and release of 

gaseous N forms, particularly N2 and N2O (Galloway et al. 2003). Nitrous oxide (N2O) 

is a potent greenhouse gas that is 298 times more potent than CO2 on a 100-year time 

scale, and it is a strong ozone-depletion substance (Forster et al., 2007) Agriculture 

accounts for ~60% of anthropogenic N2O emissions, and agricultural soils are the 

dominant source (IPCC, 2006). As a result, there is an urgent need to improve 
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management of agricultural N to reduce N2O emissions from agricultural soils. 

 

Nitrogen Saturation Theory and Agroecosystems 

Optimizing N management to achieve yield goals while minimizing environmental 

losses has proven to be a considerable challenge. The loss of reactive N from 

agricultural systems is viewed primarily as a consequence of temporal asynchrony and 

spatial separation between applied nutrients and the crops (Stevenson and Baldwin 

1969; Welch et al. 1971; Cassman et al. 2002). Efforts to mitigate N losses have 

focused on increasing the proportion of N fertilizer taken up by crops using “the 4Rs”, 

a fertilizer management strategy that aims to increase crop uptake by optimizing 

application rate, chemical composition, timing and placement of fertilizers (c.f. Chen 

et al. 2011; Venterea et al. 2016). Using this strategy there has been some 

improvement in fertilizer use efficiency (FUE); that is, yields have generally increased 

relative to N fertilizer rates (Fageria & Baligar 2005). Still, on average about half of 

the fertilizer N applied is lost to the environment (Galloway et al. 2003). 

Recently, a broader approach to N management known as “ecologically based nutrient 

management” (ENM) has been proposed (Drinkwater and Snapp 2007).  ENM is 

based on concepts developed to explain changes in forest N biogeochemistry resulting 

from chronic anthropogenic N deposition (Agren and Bosatta 1988; Aber et al. 1989). 

Ecosystems are considered to be N saturated when primary productivity is no longer 

limited by N, and N additions exceed the capacity of the ecosystem to cycle or store N 

internally (Agren & Bosatta 1988; Aber et al. 1989; Gundersen et al. 2006). The 

consequences of excess N in ecosystems include increased N mineralization and 



 

 4 

nitrification, NO3
- leaching, and greenhouse gas fluxes as well as soil acidification and 

base cation depletion (Fenn et al. 1998). The N saturation conceptual model highlights 

the significance of C-N coupling in driving N retention/loss and has led to major 

advances in C and N, and more recently, P biogeochemistry (Fenn et al. 1998; Luo et 

al. 2004; Magnani et al. 2007; De Schrijver et al. 2008; Mulholland et al. 2008; 

Schlesinger 2009; Fenn et al. 2010; Vitousek et al. 2010; Crowley et al. 2012). 

Application of this conceptual framework could have similar ramifications for N 

management in agricultural systems (Drinkwater and Snapp 2007; Thornburn et al. 

2011; Fisk et al. 2015; Attard et al. 2016; Tosti et al. 2016).  

In addition to optimizing crop uptake of N fertilizer, ENM seeks to reduce N losses 

using practices such as reduced fallow periods, diversified crop rotations, increased 

reliance on biological N fixation and additions of C containing N inputs such as 

manure and legumes which favor C-N coupling and accrual of soil organic matter 

reserves (Drinkwater et al. 1998; 2008; Kallenbach & Grandy 2011; Bowles et al. 

2015; McDaniel et al. 2014). Recoupling C and N can foster microbially-mediated 

processes that enhance internal N cycling pathways that favor N retention/N accrual 

(Fisk et al. 2015). Previous meta-analyses have shown that using ENM practices 

increased N retention and reduced NO3
- leaching compared to practices that only 

target improved crop assimilation of added fertilizer (Tonitto et al. 2006; Gardner and 

Drinkwater 2009; Quemada et al. 2013) suggesting that ENM can be used in 

conjunction with the 4Rs to optimize N fertilizer management and reduce 

environmental N losses. 
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Agricultural Practices and Their Impact on N2O Emissions 

A number of meta-analyses have synthesized the growing N2O literature, and these 

reviews have contributed substantially to a better understanding of the impact of 

management practices on N2O emissions (Table 1). Most of these meta-analyses have 

characterized relationships between fertilizer N management and N2O emissions with 

some assessments also examining yield-scale emissions. Others have limited the scope 

of their analysis to a particular region or constrained their analysis to focus on the 

impact of a few specific practices on N2O emissions. However, a comprehensive 

assessment of the full range of agricultural practices and their impact on N2O 

emissions has not been conducted. To assess the full range of options currently 

available for N2O mitigation, we conducted an extensive analysis of all management 

practices for which there were at least eight published papers meeting our criteria, 

including both 4Rs and ENM practices. We also quantified the tradeoff between N2O 

mitigation and yield outcomes in grain cropping systems. We were particularly 

interested in determining whether or not the degree of N saturation resulting from 

distinct management practices was related to N2O emissions. Based on our analyses, 

we considered how to improve empirical research on N2O emissions from 

agroecosystems, identified knowledge gaps and recommended future research 

priorities. 
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Table 1-1. Focus area and the dataset size of previous quantitative synthesis (2010-
2016) 

Author Study Focus # 
Studies 

# Pair-wise 
Observations if 
meta-analysis 

Van Kessel et al 2013 Tillage 41 239 

Akiyama et al. 2010 Slow release fertilizer and urease/ 
nitrification inhibitors 35 113 

Chen et al. 2013 Residue incorporation 30 219 
Van Groenigen al 2010 N rates/surplus 19 147 

Kim et al. (2013) Fertilizer rates 11 - 
Shcherbak et al. (2014) Fertilizer rates 78 - 
Linquist et al. (2012) Major cereal crops 57 328 

Aguilera et al. (2013) Fertilizer and water management, 
Mediterranean region 24 - 

Basche et al. (2014) Cover crops 26 106 

Decock et al. (2014) Fertilizer management, rotation, 
tillage, the Midwestern US 48 - 

Abalos et al 2016 Fertilizer management, North America 23 200 
 

 

Methodology 

Building the Dataset 

An exhaustive literature search of studies investigating N2O emissions from grain 

cropping systems was conducted with ISI-Web of Science for articles published before 

June 2014. Because the first search produced a limited numbers of papers for 

enhanced efficiency fertilizers, cover crops and diversified rotations, we conducted a 

second search focusing on these practices in December 2015 to increase the size of the 

database and enable meta-analysis of these practices. Studies on fertilizer rates were 

compiled by screening through a global database by Stehfest and Bouwman (2006) 
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and further including recent studies after 2006. Only studies conducted in field 

conditions that were at least one growing season in duration were included. Our final 

database consisted of 129 studies and 596 pairwise comparisons (meta-analysis 

references are available as Supplemental Information; S1-1). We included cover crop 

studies that measured N2O emissions from cover crop growth periods, cash crop 

growth periods or both, and examined these sub-groups separately. For studies 

comparing diversified rotations to simplified rotations, cumulative N2O emissions 

from the entire rotation were used as one observation. For other studies testing 

treatments other than rotation effects (e.g. tillage, fertilizer practices), we treated each 

grain crop in the rotation as an observation. When experiments were repeated for 

multiple growing seasons/years, average cumulative emissions per growing 

season/year (in kg N2O-N ha-1 yr-1) were used to avoid bias towards multi-year 

measurements. Soil texture, pH, climate, yield data were extracted from each study 

when available. Studies reported crop yields at varying moisture contents, so water 

content of grain yields was adjusted to the percent moisture commonly used for each 

grain: 14.5% moisture content for maize (Zea mays), 16.5% wheat for (Triticumspp), 

18% for barley and 10% for canola. For studies that reported yield information, we 

calculated yield-scaled N2O emissions (YSE), which was N2O emissions divided by 

the crop yields.  

Categorizing the Management Strategies 

Management strategies were categorized into three broad groups and the control-

treatment pairs within each group are described in Table 1-2. The first group consisted 



 

 8 

of practices that aim to increase Fertilizer Use Efficiency (FUE) by increasing crop 

assimilation of fertilizer N based on the 4Rs concept. This category includes practices 

that manipulate fertilizer application rate, placement and timing, or use enhanced 

efficiency fertilizers. Beyond the focus on crop uptake, other processes governing N 

cycling and agroecosystem-scale N saturation are not addressed by these practices 

with the exception of chemical modifications of fertilizers such as inclusion of 

nitrification inhibitors. In contrast, our second grouping, Ecologically-based Nutrient 

Management (ENM) aims to reduce N saturation in space and time by reducing N 

additions in conjunction with greater reliance on internal soil N cycling processes. 

Diversifying crop rotations and reducing bare fallows, particularly by adding cover 

crops or perennials, as well as expanding reliance on legume N sources are examples 

of practices that are compatible with this strategy. Lastly, several practices that impact 

N2O emissions and other environmental N losses do not fall into either FUE or ENM. 

For example, replacing inorganic N fertilizer with manure can either recouple C and N 

cycling or exacerbate N saturation depending on the timing and rate of manure 

application (Edmeades 2003; Blesh and Drinkwater 2013). Likewise, reduced tillage 

can be used in conjunction with either FUE or ENM practices but does not fit into 

either management strategy in its own right. Studies evaluating the impact of these 

practices on N2O emissions have been placed in the “Others” category (Table 1-2). 
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Table 1-2. Descriptions of control-treatment pairs by category, number of studies and 
pairwise comparisons for each category. 

Category Control Treatment #  
Studies 

# Control-
Treatment 

 Pairs 

Fertilizer Use 
Efficiency  
(FUE) 

Recommended fertilizer rate Higher fertilizer rate 21 61 
Recommended fertilizer rate Reduced fertilizer rate 15 49 
Shallow fertilizer placement Deep fertilizer placement 8 28 
Fall fertilizer application Delayed fertilizer application* 8 34 

  Urea Polymer-Coated Urea  23   60 

Ecologically-
based Nutrient 
Management  
(ENM) 

Bare fallow Cover crops 21 61 
Simplified rotation Diversified rotation 12 31 

        
Others Inorganic fertilizer Manure 23 91 

Conventional tillage Reduced tillage 46 181 
 
* Delayed fertilizer application: fertilizer application in spring or split application 
during growing season  
 

 
We found 203 pairs of observations assessing the impacts of different fertilizer rates. 

To better reflect the agronomic context, a subset of the studies on N fertilizer rates was 

created by identifying the recommended fertilizer rates used in each study and 

excluding pairs with no fertilizer application. N2O emissions from fertilizer at 

recommended rates were defined as controls, with other application rates as 

treatments. The subset was categorized by higher or lower than recommended rates to 

examine the relationships between fertilizer rates and N2O emissions in further detail. 

Recommended rates were determined using extension resources for specific crops by 

region or state unless otherwise specified by the authors. 
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Data Analysis  

The effect size for each control-treatment pair was estimated using the response ratio 

(R= Xt/Xc), where Xt is the mean N2O emission from the treatment, and Xc is the 

mean N2O emission from the control. To perform meta-analysis, the natural logarithm 

of Response Ratio (LRR) was used to normalize data distribution (Johnson and Curtis 

2001). We performed unweighted meta-analysis because roughly more than half of the 

studies did not report a measure of variance. Bias-corrected 95% Confidence Intervals 

(95% CIs) were generated through a bootstrapping procedure in MetaWin 2.0 (5000 

iterations). Bootstrapping CIs can be biased due to re-sampling from a small dataset 

(Bancroft et al. 2007; Montero-Castaño and Vila 2012) so for groups with <10 

observation pairs, we used the more conservative 95% CIs instead of bias-corrected 

95% CI. The 95% CIs were converted to the percent change of N2O emissions from 

treatment groups compared to the controls for easier interpretation. A CI not 

overlapping with zero suggests a significant treatment effect and non-overlapping CIs 

indicate significant difference between groups.  

Using the method described above, we conducted our meta-analysis on area-scaled 

and yield-scaled N2O emissions. We further explored the effect sizes with categorical 

variables such as soil texture, fertilizer rates and manure forms and continuous 

variables such as manure pH and manure C:N ratios to examine how specific 

management regimes impact N2O emissions.  

To assess the tradeoff between yield and N2O mitigation, Yield Ratio was calculated 

as the ratio of yield in a treatment to yield in the control. N2O Ratio was calculated as 

the N2O from a treatment over the control. For studies comparing diversified to 
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simplified rotations, Yield Ratio was calculated based on yields of the same crops in 

the different rotation using yields from the least diverse rotation as the control.   

Results 

Overview of Dataset 

Control-treatment pairs targeting FUE practices (39%) and reduced tillage (30%) 

dominated the dataset, followed by studies comparing manure to inorganic N 

fertilizers (15%), while studies on two ENM strategies accounted for 15% of the pairs 

(Table 1-2). Although the data set represented a global coverage, there was geographic 

imbalance within the dataset, with most of the measurements in developed countries in 

North America and Europe. The geographic coverage of the data was as follows: USA 

(34%) and Canada (23%), Asia (19%), Europe (17%), South America (4.5%), and 

other regions (6.7%) with the vast majority (81%) being located in temperate climatic 

zones. Only 28% of the 129 studies were conducted in irrigated areas and the top five 

cash crops studied were maize (56%), wheat (18%), barley (14%), soybean (8.2%), 

and canola (4.2%). 

Overall, adjusting fertilizer rates had the most significant impact on N2O emissions 

among all management practices (Figure 1-1). For all other management practices we 

did not detect significant differences in N2O emissions compared to the controls.  
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Figure 1-1. Effect of management practices on area-scaled N2O emissions reported 
as percent change from the control. Mean values and 95% confidence intervals of the 
back-transformed response ratios are shown. The result for nitrification inhibitors was 
from Qiao et al. (2015) and was shown for comparison. 

Strategies Aimed at FUE 

Meta-analysis showed that on average, applying fertilizer at higher than the 

recommended rates increased N2O emissions by 55% (bootstrapping 95% CI: 38~ 

73%), while applying fertilizer at lower than recommended rates decreased N2O 

emissions by 33% (bootstrapping 95% CI: -39 ~ -26%). Average N2O emissions from 

the control group (recommended rates) were 2.6 kg N2O-N ha-1 yr-1 (range: 0.1 to 19.5 

kg N2O-N ha-1 yr-1) while average emissions from treatments higher or lower than 

recommended fertilizer rates were 3.1 kg N2O-N ha-1 yr-1  (range: 0.09 to 20.0 kg 

N2O-N ha-1 yr-1) and 2.3 kg N2O-N ha-1 yr-1 (range: 0.17 to 19.6 kg N2O-N ha-1 yr-1), 

respectively.  
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Manure compared to Inorganic Fertilizer 

When all studies comparing manures to N fertilizer were included in the analysis, 

regardless of differences in N additions, the percent change for N2O emissions using 

manure instead of fertilizers averaged 11% with a range of -4~30% (bootstrapping 

95% CI). The average N2O emission from the manure treatment group was 3.8 kg 

N2O-N ha-1 yr-1 compared to 3.4 kg N2O-N ha-1 yr-1 for the inorganic fertilizer 

treatment group. However, in 8 out of 23 studies, N additions from manure were 

greater compared to those from N fertilizer. Removal of these pairs resulted in average 

N2O emissions of 4.8 kg N2O-N ha-1 yr-1 from inorganic fertilizers and 4.2 kg N2O-N 

ha-1 yr-1 from manures. The average percent change for N2O emissions using manure 

instead of fertilizers shifted from 11% to -3% (bootstrapping 95% CI -13~ 8%) 

indicating that the level N inputs was a significant driver for the manure effect on N2O 

in the full dataset. This hypothesis was confirmed by a positive correlation between 

the LRR for N2O emissions and the difference in total N inputs (y= 0.0080x- 0.0011, 

R2 = 0.20, p<0.0001, Figure 1-2a).  Furthermore, the slightly negative intercept of the 

regression line resulting from the wide spread of data points around the origin 

suggested that other factors, such as manure properties and environmental factors, 

contribute to the negative drift of the intercept. We therefore further examined this 

variability. Using this subset of pairs where total N inputs from manure and inorganic 

fertilizer were the same, neither manure type (slurry or solid) nor manure pH 

influenced N2O emissions. However, we found a significantly negative correlation 

between the LRR for N2O emissions and soil clay content (Figure 1-2b). In coarser 

soils, manure slightly increased N2O emissions compared to inorganic fertilizer, while 
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in finer soils, manure tended to have similar or lower N2O emission compared to 

fertilizer. We also found a negative relationship between LRR and manure C: N ratios 

(y= 3.6- 0.13x, R2= 0.2, p= 0.04, data not shown). It is important to note that 11 out of 

the 23 studies in the Manure group did not report manure C: N ratios, and 14 studies 

did not report manure pH values, and six studies did not provide soil texture 

information.  

 

 

Figure 1-2. (a) Relationships between the natural logarithm of the response ratio 
(LRR) for N2O emissions from manure (treatment) vs. fertilizer (control) and (a) 
difference of total N inputs from manure and fertilizer (n= 92). (b) Relationships 
between the natural logarithm of the response ratio (LRR) for N2O emissions from 
manure (treatment) vs. fertilizer (control) and the soil clay content (g/kg). The total N 
inputs from manure and fertilizer were the same (n=47). 
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Ecological Nutrient Management Strategies  

The 21 studies in the Cover Crop category were highly variable in terms of the focus 

of N2O measurements. Six studies (19 observations) measured N2O during only the 

cover crop growth period. An additional nine studies (37 observations) measured N2O 

emissions during only grain crop growth, after cover crops had been killed or 

incorporated. The remaining six studies measured N2O emissions during both cover 

crop and grain crop growth, but only three of these studies reported the two crop 

phases separately. Using the data available for each crop phase, we found that N2O 

emissions from cover crop growth periods were 58% lower (bootstrapping 95% CI: -

81~ -27%) compared to bare fallows (Figure 1-3). When we excluded the six 

observations from legume cover crops we found a slightly greater average reduction of 

66% with a similar level of variation (bootstrapping 95% CI ranging from -87% to -

29%) suggesting that living cover was the primary driver, regardless of the N 

acquisition strategy. However, the limited data from legume cover crop growing 

periods may have hindered our ability to distinguish the impact of legumes and non-

legumes during the cover crop phase. 
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Figure 1-3. Effect of cover crops on area-scaled N2O emissions depending on 
different measurement periods. Mean values and 95% confidence intervals of the 
back-transformed response ratios are shown.  

 

 

All studies reporting N2O emissions during the cash crop growing season compared 

“controls” receiving N fertilizer to treatments receiving N fertilizer plus cover crop 

biomass. As a result, the cover crop treatments received an average of 89 kg N ha-1 

more N compared to the controls with total C and N additions varying greatly, 

depending on cover crop biomass and species. On the low end, grass cover crops 

producing less than 1.5 Mg dry weight of biomass added only 9~ 31 kg N ha-1 while 

highly productive legume cover crops added 156~ 279 kg ha-1 of additional N. Only 

two studies reduced fertilizer N rates in the cover cropped treatments to reflect N 

added from legumes (Robertson et al. 2000; Alluvione et al. 2010). The C: N ratios of 

the cover crop biomass also varied greatly, ranging from 10 to 26 for legumes and 

grass cover crops, respectively.  

Based on the 12 studies reporting N2O emissions	  in cover cropping systems during the 

cash crop growth periods in conjunction with cover crop N content, we found a 
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significant positive correlation between the LRR for N2O emissions and the extra N 

inputs from both legume and non-legume cover crops (y = 0.0023x, R2 = 0.08, p= 

0.003, Figure 1-4a). Removing an extreme value where extra N inputs = 242 kg N/ ha 

and LRR= 1.7 increased the proportion of the variation in N2O emissions was 

attributed to the extra N inputs (y = 0.0013x, R² = 0.15, p= 0.04). N2O emissions 

tended to be negatively correlated with cover crop C:N ratios but the relationship was 

not significant (y = -0.099x + 2.9, R2 = 0.09, p= 0.15, Figure 1-4b).   

We could not analyze the full cover cropping dataset for the independent effects of 

cover crop type (legume versus non-legume) or tillage (incorporation vs no-till) 

because only two observations represented instances where legume cover crops were 

not incorporated. Thus, two conditions, which we expected to increase N2O emissions 

(N-rich biomass and incorporation of shoots), were confounded. We analyzed sub-

categories with sufficient data points and did not detect significant effects of either 

cover crop type or tillage on N2O emissions (Figure 1-4c). The small number of 

observations combined with the variable additions of fertilizer N to cover crop 

treatments probably contributes to the large variation in N2O emissions observed 

within these subsets. 
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Figure 1-4. (a) Relationship between the natural logarithm of the response ratio 
(LRR) for N2O emissions from cover crops (treatment) vs. bare fallows (control) and 
the extra N inputs from cover crops (n= 29).  Solid dots: Incorporation, Open dots: 
No Till. (b) Relationship between N2O emissions and cover crop C: N ratios (n=27). (c) 
Effect of cover crop types and tillage on N2O emissions reported as percent change 
from the control (bare fallows). Mean values and 95% confidence intervals of the 
back-transformed response ratios are shown. N2O emissions were based on 
measurements during cash crop growing periods in all three figures. 

 

We found no detectable effect of diversifying rotations on N2O emissions, possibly 

because the “diverse” rotations usually consisted of only two alternating crops. For 

example, in the Diversified Rotations group, eight out of the twelve studies compared 

monocultures such as continuous maize or wheat to rotations that included one 

additional crop such as maize-soybean or maize-dry bean, or lupin-wheat. Therefore, 

(c)	  



 

 19 

most of the studies compared continuous monocultures to relatively simple rotations 

that did not reduce bare fallows periods. In the three studies that reduced bare fallow 

periods in conjunction with reduced fertilizer N inputs diversified rotations had 

reduced or similar N2O emissions in (Jacinthe and Dick 1997; Jantalia et al. 2008; 

Benoit et al. 2015).  

Impacts on N2O Emissions and Associated Yield Consequences 

Seventy-three out of the 129 studies reported yields and enabled us to compare yield-

scale emissions (YSE) for 341 data pairs (57% of the full dataset). The overall pattern 

of YSE was similar to our results for area-scaled emissions; increasing fertilizer 

application rates above the recommended N rates significantly increased YSE while 

lower than recommended rates reduced YSE (0.45 compared to 0.25 kg N2O-N Mg-1 

grain, respectively; with min 0.01 and max 2.64 kg N2O-N Mg-1 for both groups).  

Yield-scaled emissions were not significantly different among maize and winter grains 

(crop averages ranged from 0.24-0.30 kg N2O-N Mg-1 for maize, barley and wheat) 

while soybean and canola had comparatively greater YSE (0.90 and 0.99 kg N2O-N 

Mg-1; Table 1-3 and Table 1-4). 
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Table 1-3. Yield-scale emissions for all groups in meta-analysis (means, standard 
errors, minimum and maximum values) 

    
YSE Control  

(kg N2O-N/ Mg grain) 
YSE Treatment 

 (kg N2O-N/ Mg grain) 

 
# observations Mean 

std 
error Min Max Mean 

std 
error Min Max 

Higher 42 0.27 0.04 0.01 1.24 0.45 0.09 0.01 2.64 
Lower 40 0.32 0.07 0.01 2.97 0.25 0.07 0.01 2.63 
Timing 15 0.25 0.04 0.04 0.57 0.26 0.04 0.04 0.50 

Placement 15 0.36 0.15 0.01 1.56 0.53 0.24 0.00 2.64 
PCU 58 0.33 0.04 0.03 1.61 0.31 0.04 0.03 1.07 

Cover Crop 24 0.43 0.09 0.02 1.61 0.39 0.08 0.03 1.84 
Rotation 18 0.12 0.02 0.03 0.39 0.10 0.01 0.02 0.24 
Tillage 81 0.41 0.09 0.00 6.35 0.30 0.04 0.01 2.36 
Manure 48 0.31 0.04 0.01 1.19 0.28 0.03 0.02 0.92 

 
 
 
 

Table 1-4. Yield-scale emissions for different crops (means, standard errors, 
minimum and maximum values) 

    
YSE Control  

(kg N2O-N/ Mg grain) 
YSE Treatment  

(kg N2O-N/ Mg grain) 

 

# 
Observations Mean 

std 
error Min Max Mean 

std 
error Min Max 

Maize 201 0.23 a 0.02 0.01 1.61 0.25 a 0.02 0.003 1.30 
Wheat 44 0.28 a 0.04 0.03 1.19 0.26 a 0.04 0.03 1.60 
Barley 43 0.4 a 0.08 0.003 2.67 0.19 a 0.02 0.03 0.47 
Canola 15 0.81 b 0.12 0.18 1.56 1.17 b 0.25 0.12 2.64 

Soybean 15 0.98 a 0.40 0.04 6.35 0.81 c 0.17 0.04 2.36 
 
 

Plotting N2O Ratio (N2O emission from treatment over control) against Yield Ratio 

(the yield of treatment over the yield of control) for each control-treatment pair 
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showed that most treatments tended to have a greater impact on N2O emissions 

compared to yields (Figure 1-5). Only fifteen observations from four studies had Yield 

Ratios larger than 1.5. In contrast, sixty observations from 29 studies had N2O Ratio 

larger than 1.5. Among 341 data pairs, 43% had increased N2O emissions with half of 

these data pairs falling into the “lose-lose” quadrant, which increased N2O and 

decreased yields. Only 17% of data pairs achieved the “win-win” situation that 

mitigated N2O with yield benefits while 38% of the pairs fall into the bottom-left 

quadrant, which decreased N2O emissions but had some yield penalty. Nearly half 

(44%) of these data pairs in bottom left quadrant had a <10% yield reduction, 

suggesting that N2O mitigation could be achieved with minor yield loss.  

Across the three categories, the ENM strategies had nearly symmetrical impacts on 

N2O emissions and yields, with the vast majority of data pairs falling between 0.6 and 

1.4 for both axes. In contrast, strategies in FUE and Others tended to have much 

greater variation in N2O emissions with instances where N2O emissions were 2-3 fold 

greater while yields showed only small gains, and in some cases were reduced. There 

was a significant exponential relationship between N2O Ratio and Yield Ratio for 

studies that altered fertilizer rates (R2= 0.21, p<0.001), Figure 1-5a).   
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Figure 1-5. The tradeoff between yield and N2O mitigation. The Yield Ratio (X-
axis) is calculated as the ratio of treatment yields to control yields and the N2O ratio 
(Y-axis) is treatment N2O emissions from over those from the controls. To increase 
the clarity of the graphs, some data points with extreme values were not shown. Seven 
data points in the Tillage group reporting a yield ratio larger than 2.0 and N2O rations 
of 0.56 -1.8 are not shown. All seven observations were from Plaza-Bonilla et al. 
(2014). Three data points in Manure group (from van Groenigen et al. 2004), one data 
point in Tillage group (from Abdalla et al. 2010) and one data point in Polymer-
Coated Urea group (from Ji et al. 2012) reported N2O Ratio higher than 5.0 and Yield 
Ratios ranging from 0.93 to 1.05 were not plotted. 

 

Fourteen out of 15 data pairs in the Fertilizer Placement group had N2O ratios higher 

than one, ranging from 1.2 to 2.4, of which half resulted in yield decrease. In the 

Tillage group, using reduced tillage compared to conventional tillage resulted in 
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moderate decrease in yields for 71% of the pairs, among which nearly half had 

increased N2O emissions in conjunction with reduced yields. In the Manure group, 

replacing fertilizer N with manure decreased N2O emissions in 29 out of the 51 data 

pairs, however, 20 out of the 29 pairs also decreased yields with the majority showing 

greater than 10% yield reduction. Lastly, in the Polymer-Coated Urea group, 39 of the 

58 pairs resulted in decreased N2O with the corresponding Yield Ratios equally split 

between increased or decreased yields. 

Discussion 

Fertilizer Management  

We found that N fertilizer rate had the most significant impact on N2O emissions. This 

is in line with previous study reporting that N2O emissions were mainly controlled by 

fertilizer rates (Bouwman et al. 2002). The consistency of this relationship between 

the quantity of N applied and N2O emissions is congruent with studies linking N rates 

to the size of soil inorganic N pools, nitrate leaching and total N losses (Boy-Roura et 

al. 2015; Rasmussen et al. 2015; Shaddox et al. 2016). Furthermore, this demonstrates 

the central role of reactive N in driving loss pathways as predicted by the N saturation 

hypothesis. We also found an exponential relationship between N2O Ratio and Yield 

Ratio suggesting that N2O emissions increased exponentially when fertilizer 

application exceeded plant uptake (McSwiney and Robertson 2005; Van Groenigen et 

al. 2010; Linquist et al. 2012). This is in line with the findings of an extensive global 

synthesis by Shcherak et al. (2014) that N2O emissions in response to increasing N 

inputs were exponential rather than linear. 
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Altering the timing and depth of fertilizer application or slowing down the release of 

inorganic N by using polymer-coated urea instead of urea did not consistently reduce 

average annual N2O emissions. While the specific mechanisms differ among practices, 

the underlying premise for all of these practices is that improving the 

synchrony/proximity of N fertilizer with plant uptake/plant roots will enable crops to 

take up more fertilizer N with corresponding reductions in environmental N losses. 

Using polymer-coated urea is likely to have the greatest impact on N losses and N2O 

emissions in the short term, immediately after application, but its effectiveness over a 

longer time frame is subject to weather patterns (Hatfield and Venterea 2014). As a 

result, it appears that the timing of N losses is altered, but retention over the entire 

growing season or into the following year is not improved (Venterea et al. 2011). We 

were also unable to detect a consistent pattern in N2O emissions resulting from 

placement techniques, probably due to the interaction of fertilizer placement with 

other factors such as fertilizer type, soil texture, tillage type, etc. (Eagle et al. 2012). 

Meta-analysis of 15N tracer studies indicates that some FUE practices do increase the 

proportion of N fertilizer taken up by the crops with corresponding reductions the 

proportion of N lost, however the impact on N losses tends to be less than the increase 

in crop acquisition (Gardner and Drinkwater 2009). For example, improving temporal 

synchrony through various practices increased crop acquisition of N fertilizer by 13~ 

42% but these same practices increased total N fertilizer recovery by only 2~ 21% 

(Gardner and Drinkwater 2009). The inconsistent conclusions between studies using 

15N tracers to study N losses as a whole versus those that measure only N2O emissions 

highlight the fact that N2O emissions, per se are not indicative of N losses, since N can 
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also be lost through leaching of NO3
- and as N2 during denitrification. Furthermore, 

the proportion of N released as N2O rather than N2 during denitrification can vary 

tremendously. For example, in some cases treatments with similar N2O emissions have 

been shown to have very different rates of gaseous N losses due to differences in the 

partitioning of N released as N2O vs N2 (Cavigelli and Robertson 2000; Kramer et al. 

2006).  

Taken together these results suggest that practices targeting FUE in terms of crop 

uptake do not necessarily decrease N2O emissions even if crop FUE is improved. 

However, one limitation of these FUE studies is that they all use a factorial design, 

and only a single aspect of N fertilizer management was modified. While this is a 

necessary starting point, other studies of FUE using 4Rs strategy find that integrating 

practices that improve synchrony of N availability and crop assimilation enables 

reductions in N rates while maintaining yields (Meng et al. 2016; Sela et al. 2016).  

In the N2O studies available for this meta-analysis, when N fertilizer rate was tested, 

none of the other 4Rs were implemented (i.e. timing and placement are not adjusted to 

improve crop assimilation of fertilizer N).  Furthermore, in studies of other 4Rs 

practices, such as deep placement or split applications, the rate of N was not reduced 

in the treatments where were expected to improve FUE. This points to a significant 

knowledge gap; the potential for the 4Rs strategy to contribute to even greater 

reductions in N rates, which in turn will certainly reduce N2O emissions, has not been 

sufficiently investigated. 
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Manure Management  

Differences in N2O emissions from fertilizer and manure in our dataset were positively 

correlated with differences in total N inputs between the two sources, suggesting that 

the effects from different N sources per se and total N rates should be examined 

separately. When we analyzed the pairs where N inputs were the same for manure and 

N fertilizer, the effect ratio shifted lower indicating that N2O emissions from manure 

were similar to fertilizers or even lower. This suggests that using the same default 

emission factor (1%) for manure and fertilizer N in IPCC Tier 1 guideline for 

international/regional calculations is acceptable. However, great variation around the 

fitted line in Figure 1-2a highlights the importance of considering manure composition 

and local soil properties when developing country- or site-specific emission factors 

(IPCC Tier 2 & 3).  

Many experiments comparing the effect of manure versus N fertilizer on N2O 

emissions apply greater amounts of N to the manure treatments. This confounds the 

impact of N source versus the quantity applied and leads to the misperception that 

manure per se increases N2O emissions (Perala et al. 2006; Sistani et al. 2011; Velthof 

and Mosquera 2011). In a regional study of the Midwestern US Cornbelt, Decock 

(2014) synthesized nine studies comparing emissions from manure with emissions 

from fertilizer. In this case, Decock found that manure led to higher N2O emissions 

compared to fertilizer, concluding this could be due to “manure-induced changes in 

readily available C, soil structure and/or microbial communities” although 22 of the 73 

observations had higher total N inputs from manure compared to fertilizer.   

The application of greater amounts of N in manure treatments used in some 
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experiments is likely because farmers often apply manure N at rates much higher than 

they would apply fertilizer N. Thus, these studies should be interpreted differently 

than those using a factorial design. They provide useful information about how farmer 

manure use impacts N2O emissions compared to fertilizers but they don’t provide the 

information we would need to make recommendations for better practices since we 

don’t know if the greater N2O is an inherent risk with manure use or if it is due to the 

larger N applications. 

Our analysis underscores the importance of avoiding excessive applications of 

manure, and highlights the differing effect of soil texture on N2O emissions following 

additions of inorganic fertilizer and manure. We found that as clay content decreased, 

using manures instead of inorganic fertilizers tended to increase N2O emissions. This 

could be due to the lower SOC contents usually found in coarse-textured soils. The 

addition of C from manure application could relieve C limitation and N2O emissions 

could therefore be stimulated (Chantigny et al. 2010). In the end, accurate predictions 

of N2O emissions from manure will require consideration of manure characteristics as 

well as climatic conditions and soil properties. The heterogeneity of manures presents 

a particular challenge given the huge variability in C: N ratios, as well as the large 

differences in inorganic N, water and labile versus recalcitrant compounds, all of 

which will then interact with native soil organic matter and environmental conditions 

to drive N cycling. For example, Aguilera et al. (2013) reported that N2O emission per 

N applied was higher for liquid manure than solid manure in Mediterranean soils 

where soil organic C and N contents were very low and N2O production was promoted 

by higher NH4
+ in slurry. The negative relationship we found between LRR and 



 

 28 

manure C:N ratios is congruent with our understanding of decomposition dynamics. 

Manures with larger C:N ratios tended to generate less N2O compared to fertilizers 

due to increased immobilization and reductions in standing inorganic N pools.  Thus, 

manure application rates could be adjusted to reflect C:N ratios so that manures with 

greater C contents are applied at higher rates. 

Nitrous oxide emissions resulting from the land application of manure are not the only 

concern in manure management. Ammonium loss and other greenhouse gas emissions 

can occur during the processing and storage stages. Manure management plans should 

be based on impacts on total greenhouse gas emissions along the whole management 

chain because measures that reduce one GHG can influence emissions of other GHGs 

at different stages of manure management. For example, NH3 mitigation measures for 

manure land application, i.e., slurry injection or direct incorporation of manure can 

result in increased emissions of N2O and total GHG emissions across all stages of 

manure management (Hou et al. 2014). To optimize manure management and 

minimize environmental impacts will require full life cycle analyses of manure in 

order to avoid a piecemeal approach that may ultimately reduce GHG emissions at one 

stage only to increase emissions at other points in the process. 

Ecologically-Based Nutrient Management Practices 

Overall, only a limited number of field studies have measured the impact of cover 

cropping on N2O emissions. To fully quantify the impact of cover cropping on N2O 

emissions, it is important to collect measurements during both the fallow and the cash 

crop growing periods of the rotation cycle and to distinguish between these two 
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phases. Studies that focused on the cash crop growing season dominated our dataset 

while studies comparing N2O emissions from the growth periods of legume cover 

crops vs. bare fallows, such as Li et al. (2015) were especially lacking. Growing non-

legume cover crops during the traditional fallow periods significantly reduced N2O 

emissions, probably because cover crops actively scavenged soil N and led to 

decreased N2O by reducing soil NO3 pools (Thorup-Kristensen et al. 2003). This 

suggests that including cover crops to reduce bare fallows could make significant 

contributions toward reducing N2O emissions, as long as they are managed 

appropriately during the cash crop growing season. We found no significant effect of 

cover crops on N2O emissions during the cash crop growing season.  

While the small number of studies investigating the impact of cover cropping and 

other ecological nutrient management strategies is a major issue limiting our analysis, 

this limitation is amplified by the fact that in many studies rotation, use of cover crops 

and the amount of N added were confounded.  Specifically, in most of these studies, 

the ENM treatments received greater N inputs compared to the controls. Most 

investigators did not reduce N fertilizer applications to account for the value of N 

released from the cover crop biomass, a standard recommendation in the extension 

literature. Nitrogen additions from cover crops can be substantial in the case of 

leguminous biomass and adding fertilizer N in conjunction with N-rich legume 

biomass usually results in significant N over-application (c.f. Komatsuzaki et al. 

2008). The positive correlation between LRR and extra N inputs from cover crops 

indicates that, as with fertilizers and manure, the amount of N inputs is an important 

driver of N2O emissions. Furthermore, as has proven to be the case in the manure 
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dataset, assessing the impacts of cover crops on N2O emissions when cover crop 

treatments are receiving more total N confounds the effect of the quantity of N inputs 

with the effect of using cover crops as an N source. Therefore, our finding that N2O 

emissions during the cash crop growth phase were not significantly different following 

cover crops compared to N fertilizer must be viewed with caution because the cover 

cropped treatments received greater total N inputs compared to the fertilizer controls 

in all but one study (Robertson et al. 2000). In fact, the two studies that reduced 

fertilizer inputs based on N from green manures reported similar or reduced N2O 

emissions with green manures (Robertson et al. 2000; Alluvione et al. 2010).  

In contrast with our findings, Basche et al. (2014) reported that legume cover crops 

significantly increased N2O emissions compared to non-legume cover crops during the 

cash crop growth phase. Similar to our analysis, Basche et al. (2014) included field 

studies measuring N2O during the grain crop growing periods or all year round, but 

they also included studies we excluded, such as field experiments and growth chamber 

incubations that measured N2O emissions for short periods (less than 60 days) 

following cover crop incorporation/killing. Half of the observations they reported 

showing much greater N2O emissions from legumes compared to non-legumes are 

from studies comparing cover crop biomass to controls with zero N additions (e.g. 

Baggs et al. 2000; Millar et al. 2004, Basche et al. Figure 2). Their conclusions reflect 

the fact that when cover crop treatments are compared to a control receiving zero N, 

N2O emissions will be largely driven by the amount of N and C:N ratio of the biomass 

and will most certainly be greater compared to a zero N control. This would also be 

the case if N fertilizer treatments were compared to zero N controls. To better inform 
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N fertilizer management in conjunction with cover crops, we need to understand how 

fertilizer additions interact with cover crop biomass.  To do this, a broader range of 

treatments that include different N fertilizer rates +/- cover crops will need to be 

included in experimental designs (c.f. Stivers and Shennan 1991).  

For example, an experimental design that compares the impact of cover crops alone to 

a zero N control as well as a treatment of cover crop + reduced N fertilizer can shed 

light on the interactions between N fertilizer and cover crops when they are used 

together. In one study N2O emissions were measured under maize receiving N inputs 

from alfalfa with +/- N and controls with +/- N fertilizer (Drury et al. 2014). 

Comparing the 0N control to the plowed-down alfalfa alone resulted in a large 

response ratio (R= 5.78, N2O emissions 0.51 and 2.95 kg N2O-N ha-1, from 0N and 

legume treatment, respectively). In contrast, comparing the alfalfa with the fertilizer N 

control resulted in a response ratio of 0.40 (N2O from N fertilizer at 129 kg ha-1 = 7.36 

kg N2O-N ha-1 versus 2.95 kg N2O-N ha-1 receiving 242 kg N ha-1 from alfalfa).  

When the +N control and +N alfalfa treatments receiving the same amount of N 

fertilizers were compared, the response ratio was reduced to 0.88, but N2O emissions 

from both treatments were much greater (7.36 and 6.46 kg N2O-N ha-1, respectively). 

The greatest differences in N2O emissions were observed between the zero N control 

versus the treatments receiving either fertilizer N only or fertilizer N + legume 

biomass (N2O from 0N=0.51 compared to 7.36 and 6.46 kg N ha-1, respectively) 

suggesting that among these scenarios the N fertilizer was the N source with the 

greatest tendency to increase N2O emissions. While results from a single study are 

interesting, our main point in highlighting these results is to demonstrate the 
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importance of using a more comprehensive experimental design to elucidate 

interactions between N sources and distinguish between the impact of application rate 

and composition of added N.  

Even in the face of greater N additions to cover cropped treatments, we found a trend 

that C:N ratios correlated inversely with the N2O emissions. Previous field and 

laboratory studies have reported such relationships under similar environmental 

conditions (Huang et al. 2004; Gomes et al. 2009). The fact that this relationship 

emerged despite environmental variation further highlights the importance of C 

abundance in regulating N2O emissions and supports the idea that C and N should be 

managed in conjunction with one another in order to improve N use efficiency and N 

retention (Drinkwater and Snapp 2007; Fisk et al.2015). 

In the Diversified Rotation category, when fertilizer rates for maize were not reduced 

based on the residual N from the preceding legume crops, increased N2O emissions 

occurred during the maize phase of the rotation after legume crops (Mosier et al. 2006; 

Drury et al. 2008; Halvorson et al. 2008; Halvorson et al. 2010). In other studies where 

fertilizer rates for the non-legume cash crops were reduced there was no increase in 

N2O emissions in grains following legumes and the cumulative emissions in the 

diversified rotations were either lower or not significantly different compared to the 

monocultures (Adviento-Borbe et al. 2007; Barton et al. 2013).  

Tradeoff between Yield and N2O Mitigation  

Our analysis suggests that farmers could achieve significant N2O mitigation with only 

minor yield losses, by implementing well-designed N management strategies. It is 
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worth noting that yield loss does not necessarily translate into economic losses. 

Matching crop demands with economic returns rather than applying N for maximum 

agronomic yields could avoid substantial N2O emission and achieve yield-

environment co-benefits (McSwiney and Robertson 2005; Robertson and Vitousek 

2009; Hoben et al. 2011; Linquist et al. 2012). Furthermore, studies of FUE suggest 

that comprehensive implementation of the 4Rs strategy could enable reductions in N 

fertilizer rates without incurring yield reductions (Meng et al. 2016; Sela et al. 2016). 

Clearly, there is great potential in achieving N2O and yield “win-win” outcomes that 

have yet to be explored.  

About half of the studies in our dataset did not report yield information. Although 

there were increasing numbers of papers reporting both area-scaled and yield-scaled 

emissions, we still saw a segregation of “agronomic” literature that focused on yield 

improvement, and “environmental” literature that focused greenhouse gas emissions. 

Maintaining crop production and improving N management to minimize 

environmental consequences should become the dual-targets of research on N2O 

emissions from agricultural systems. The multifunctionality of agriculture should be 

recognized and future research should aim towards reconciling agricultural 

productivity and environmental integrity (Robertson and Swinton 2005).  

Improving Empirical Research on N2O Emissions from Agriculture 

Linking management practices to N2O emissions is particularly challenging due to 

multiple, interacting proximate and distal factors that drive nitrification/denitrification 

and ultimately determine N2O emission rates (Robertson 1989; Chapin III et al. 2011). 
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In addition to issues related to the problem of confounding variability in N source with 

N quantity commonly found in studies of alternative N sources, other aspects of the 

dataset limited our ability to explain the variability in N2O emissions within and across 

management practices. Better understanding of how to successfully mitigate N2O 

emissions from agricultural systems will require studies of N2O fluxes in 

agroecosystems to account for a broad range of biotic and abiotic factors, beginning 

with ecosystem state factors. Ecosystem state factors such as soil parent material, 

climate and topography play a role in shaping agroecosystems (i.e. crops that are 

grown, irrigation, and nutrient management regimes) and also interact with 

management practices to effect N2O emissions. Nevertheless, many studies did not 

report basic soil information and very few considered interactions between the 

management practices and ecosystem state factors. For instance, while many studies 

recognized the importance of landscape characteristics on N2O emissions (Corre et al. 

1996; Castellano et al. 2010; Vilain et al. 2010; Gu et al. 2011; Li et al. 2011; Schelde 

et al. 2011) only few examined the interaction between landscape characteristics and 

management strategies (Sehy et al. 2003; Izaurralde et al. 2004; Negassa et al. 2015). 

Sehy et al. (2003) found that adjusting fertilizer rates for different landscape positions 

was effective at reducing N2O.  

In addition to the limitations resulting from the focus on single alterations in 4Rs 

fertilizer management practices discussed above, interactions among N management, 

N sources and other practices, which indirectly influence N cycling have rarely been 

investigated. For example, Petersen et al. (2011) found a significant interaction 

between tillage and the use of cover crops in a manure-amended luvisol. Using cover 
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crops together with conventional tillage generated much higher N2O emissions 

compared to reduced tillage, both with or without cover crops. The authors suggested 

that conventional tillage created better contact between cover crop residues, slurry and 

soil, resulting in rapid decomposition and anaerobic microsites, which stimulated N2O 

emissions. Kallenbach et al. (2010) found the effect of cover crops differed depending 

on the type of irrigation and the irrigation by cover crop interaction varied between 

growing season and non-growing season phases of the rotation. Studies designed to 

investigate these kinds of interactions need to be expanded in order to fully understand 

which combinations of management practices maintain yields while reducing surplus 

N and N2O emissions.   

Temporal dynamics of N cycling and N2O emissions also need more attention. Eighty 

out of the 134 studies in our dataset reported N2O emissions only for grain crop 

growing seasons and did not measure N2O during intervals between cash crops. Thus, 

a large proportion of studies missed N2O emissions during winter or spring-thaw 

periods which can account for up to 70% of the annual N2O budget (Nyborg et al. 

1997; Wagner-Riddle and Thurtell 1998; Teepe et al. 2001; Dörsch et al. 2004). 

Future studies must capture measurements during these crucial periods and report N2O 

emissions for these different phases in the cropping cycling as well as in aggregate for 

the annual budget. Another issue that has received less attention is the impact of 

management-induced changes occurring over differing time frames. Van Kessel et al. 

(2013) found that no-till or reduced tillage reduced N2O emissions compared to 

conventional tillage, but this only occurred after >10 years of implementation. Fisk et 

al. (2015) found that different sources of C affect N cycling and retention at differing 
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time-scales. The low quality, high C:N residues applied over a period of ten years 

impacted long term N retention and increased soil organic N reservoirs while the 

highly labile C additions simulating root exudates impacted fast N cycling processes 

such as the competition for NH4
+ between nitrification and immobilization. Both of 

these changes in N cycling contributed to reduced N losses via different mechanisms 

occurring at different timescales. Future experiments should be designed to distinguish 

between the effects of management practices in the immediate growing season as well 

as over longer timeframes in order to design Best Management Practices that adapt to 

management-induced changes in the soil environment.   

Given the large number of interacting factors that influence N2O emissions, it is not 

surprising that developing biogeochemical models that can accurately predict N2O 

emissions is extremely challenging (Butterbach-Bahl et al. 2013). While it is evident 

from the previous discussions that no single study can investigate the full range of 

drivers, the potential for each study to contribute to our ability to develop useful 

process models and Best Management Practices will be greatly enhanced if 

experimental designs are improved to reflect our current understanding of the abiotic 

and biotic factors driving N2O in conjunction with more comprehensive reporting of 

ecosystem state factors, management and edaphic conditions. Here we provide a 

checklist for information that could greatly enhance the value of studies on N cycling 

and N2O for model development and cross-site analyses (Table 1-3). In addition to the 

listed information, reporting on some well-developed indicators could greatly enhance 

our ability to compare environmental factors across studies. For example, Nitrate 

Intensity, the summation of daily soil nitrate concentration at 0~15 cm depth over the 
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same period of N2O measurement is a case in point, proposed by Burton et al. (2008). 

This indicator has proven useful and could be reported as standard quantitative 

indicator for N availability. The same approach could be used for other variables that 

are typically measured in concert with N2O measurements including DOC, VWC, 

relative gas diffusivity and WFPS (Ball et al. 2014).  

 

Table 1-5. Management and environmental factors that should be reported in 
agricultural N management and N2O emission studies. 

Environmental Information        Agronomical Information 

• Climatic information  
• Soil order/series 
• Soil texture and slope 
• Soil pH 
• Soil temperature/moisture 
• Soil NO3, NH4 
• Total C and N   
• Other soil N and C pools 

such as DON, DOC 

• Management history 
• Crop rotation (species and cultivar) 
• Grain yield 
• Properties of N additions: 

fertilizer/manure/cover crop 
biomass, (N and C content, inorganic 
N, moisture, etc.) 

• N application timing and method 
• Other management practices held 

constant across treatments (tillage, 
irrigation, etc.) 

 

From Microbes to Comprehensive Global Warming Potential Accounting 

Finally, two additional issues are crucial for developing comprehensive plans for 

mitigating N2O emissions in agriculture. First, the role of soil microbial community 

composition, especially with respect to relevant functional groups that carry out 

nitrification/denitrification is an important biotic factor driving N2O emissions which, 

until recently has been impossible to characterize. There has been a recent push to 

establish correlation relationships between the abundance of functional genes, 

corresponding process rates such as nitrification/denitrification and resulting N2O 
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fluxes with mixed outcomes (Bier et al. 2015; Rocca et al. 2015). DNA-based 

measurements reflect long-term management history and therefore can be used as 

indicators or predictors of potential process rates (Morales et al. 2010; Petersen et al. 

2012). However, using gene abundance to predict N2O emissions in the field remains 

elusive, probably because in situ process rates reflect gene abundance as well as gene 

expression and other downstream regulatory steps which are influenced by changes in 

edaphic factors (Philippot and Hallin 2005). With more state-of-art technologies 

becoming available in the future, we will soon have a better understanding of the 

mechanisms controlling gene abundance, transcription and translation and enzyme 

activities.  This knowledge can be used to determine the spatial and temporal scales 

at which including information on microbial communities can be used in predicting 

process rates and N2O emissions (Levy-Booth et al. 2014).  

Second, we know that soil N2O emissions are only part of the GHG footprint resulting 

from any agricultural system. A full accounting of upstream GHG emissions, such as 

Life Cycle Analysis, can account for N2O resulting from manufacturing processes in 

the case of N fertilizer or from handling of materials such as manures. Agricultural 

management systems differ greatly in terms of GHG emissions generated from the 

inputs, as well as those occurring in the field. For example, legume based grain 

systems tend to have reduced GHG emissions from inputs because biologically fixed 

N replaces Haber-Bosch N, which is an energy intensive product. A recent study by 

Sainju (2016) synthesized the net Global Warming Potential (GWP) of tillage, 

fertilizer management and crop rotations. The results showed that no-till systems 

greatly reduced the net GWP compared to conventional tillage, and perennial cropping 
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systems had lower GWP compared to annual cropping systems. The three experiments 

included in the synthesis suggested reduced GWP when legumes were added into 

small-grain rotations, however, limited data made it difficult to reach conclusions 

about the impact of diversified rotations or cover crops and continuous maize and 

maize-soybean rotations dominated the dataset. If these upstream findings are 

combined with the results from our analysis of field-level emissions, many practices 

that show no significant effect in the field may actually result in a net reduction of 

N2O emissions because of reductions in upstream emissions. Relying only on field 

losses to guide policy decisions will not produce outcomes that will lead to net 

reductions of N2O or other greenhouse gases. 

Conclusions 

We were able to reach several key conclusions from our analyses. We join other 

authors in calling for careful management of N fertilizer with continued efforts to 

reduce N application rates since N2O emissions are extremely sensitive to N fertilizer 

rate. We specifically recommend that studies of reduced N rates in conjunction with 

integrated 4Rs strategies be undertaken. Furthermore, all other things being equal, 

greater N additions lead to increased N2O emissions, regardless of the N source (i.e. N 

fertilizer, green manure or animal manures). For example, greater N2O emissions from 

manure application resulted from greater N additions from manures compared to 

fertilizer rather than the use of manures per se. However, manure and N fertilizer 

interact with soil texture differently suggesting that fine-tuning N management to 

reflect ecosystems state factors is a necessary next step in N2O mitigation. While only 
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small portion of past studies on management practices reported both yield 

improvement and N2O mitigation, there is a great potential for achieving 

environmental-economic co-benefits through improved N management provided these 

two outcomes are studied together. ENM practices generally had N2O emissions 

during the cash crop growing season that were not significantly different from 

conventional fertilizer-based practices; however this outcome is based on a small 

number of studies and N was frequently over-applied in the ENM systems suggesting 

it is possible that with strategic reductions in N rates N2O emissions could be reduced. 

We found strong evidence that replacing bare fallows with covers or cash crops 

reduces N2O, and this is in keeping with findings that NO3
- leaching is also reduced 

under these circumstances. Further study of ENM practices for N2O mitigation and 

overall reduction in agricultural N losses is warranted. Taken together, our integrated 

analysis suggests that there is great potential for applying N saturation theory to 

systematically test hypotheses and develop greater understanding of the interactions 

among management practices and between environmental factors and management 

regimes. 

The complexity of N2O production processes requires that cross-scale and 

interdisciplinary studies are conducted in order to fully understand how to best reduce 

these emissions from food production systems. At the field scale, agronomic 

information and N2O measurements could be used together to design mitigation 

strategies that reduce carbon footprints and maximize economic benefits. At the 

landscape scale, understanding the interaction of landscape characteristics and 

management practices would facilitate the design of Best Management Practices that 
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account for landscape variability. Information on the soil microbial community could 

improve the prediction of N2O emissions at the field scale and across land uses. 
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CHAPTER 2 IMPACT OF COVER CROPPING AND LANDSCAPE POSITIONS 

ON NITROUS OXIDE EMISSIONS IN NORTHEASTERN AGROECOSYSTEMS 

 

Abstract 

The environmental benefits of organic farming compared to conventional agriculture 

are well documented, but relatively few studies have assessed their differences in 

emissions of nitrous oxide (N2O), a potent greenhouse gas (GHG). The objective of 

the study was to assess the interactive impact of management and landscape positions 

on soil characteristics and N2O emissions. The field experiment was conducted in two 

adjacent grain farms in upstate New York that have both undergone the same 

management for 20 years. In the conventional field (CNV), inorganic fertilizer was the 

only nitrogen (N) source, but in the organic fields (ORG), a legume cover crop, red 

clover (Trifolium pratense), was frost-seeded into a winter grain (spelt, Triticum 

spelta), and then incorporated in spring as a N source for the subsequent maize plants 

(Zea mays). Measurements of soil properties and N2O emissions were conducted at 

shoulder and toeslope positions on both CNV and ORG fields in 2012. Based on 

Principal Component Analysis, landscape position, management regime, and rotation 

phases explained 67% of the variation in the soil properties; these three major sources 

of variation in soil properties (principal components) were correlated significantly 

with the seasonal average N2O emissions. Comparable N2O emissions were found 
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from the clover-maize (Cl-M) phase in the organic field and the bare fallow-maize 

phase in the conventional field. The spelt-clover phase in the organic field had the 

lowest N2O emissions due to low N availability. In the conventional field, seasonal 

average N2O emissions were determined mainly by the elevated gas fluxes after 

application of fertilizer. High soil moisture and inorganic N pools towards the end of 

the growing season probably resulted in increased denitrification rates. The impact of 

landscape position on N2O emissions was only found in the conventional field, 

because greater moisture and pH drove greater rates of complete denitrification at 

toeslope positions. In the organic Cl-M phase, the seasonal average N2O emissions 

were dominated by the emission peaks that immediately followed incorporation of 

clover. Greater clover biomass at shoulder slope positions resulted in slightly greater 

N2O peaks, but the position effect was not significant statistically. Our study 

suggested that ecosystem state factors, such as landscape characteristics, interacted 

with management practices to impact soil properties, crop growth, and microbial 

communities and, therefore, had interactive effects on N dynamics that included N2O 

emissions. 

Keywords: Nitrous Oxide, Cover Crop, Landscape Position, Principal Component 

Analysis 
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Introduction 

Nitrous oxide (N2O) is a potent greenhouse gas that is about 310 times more potent 

than CO2 on a 100-year time scale, and it is a strong ozone-depletion substance 

(Forster et al., 2007) Agriculture accounts for ~60% of anthropogenic N2O emissions,  

and agricultural soils are the dominant sources (IPCC, 2006). As a result, there is an 

urgent need to improve management of agricultural nitrogen (N) and to reduce N2O 

emissions from agricultural soils. 

To design effective N2O mitigation strategies, it is necessary to understand the broad 

range of biotic and abiotic factors that controls N2O emissions at various spatial and 

temporal scales. The classical ecosystems framework that is used to define proximal 

and distal controls of biogeochemical processes systematically is helpful for 

understanding the complex network of factors that ultimately control N2O production 

processes, such as nitrification and denitrification (Groffman et al., 1988; Robertson, 

1989). In agroecosystems, state factors such as climate, soils, and topography interact 

with management decisions to affect ecosystem processes. Landscape characteristics 

and management practices influence soil properties interactively (Ladoni et al., 2016), 

crop growth (Nazmi et al., 2011) and microbial communities (Wickings et al., 2016), 

which, in turn, impact the patterns of soil  processes such as nitrogen (N) 

mineralization (Ladoni et al., 2015) and N2O emissions. 

Although the idea that interactions between ecosystem state factors and management 

practices govern N2O emissions from agroecosystems is understood generally, the 

impact of these interactions has rarely been quantified. Most studies have focused on 

either management practices alone or on landscape effects under the same 



 

 63 

management regime and their impact on N2O emissions (Corre et al., 1996; Gu et al., 

2011; Sehy et al., 2003; Vilain et al., 2010). Few studies have focused on the 

interactive effects. For example, Negassa et al. (2015) examined how cover crops and 

tillage impacted N2O emissions at different landscape positions, and they found that 

variation in N2O emissions under these distinct management regimes was impacted 

strongly by landscape position. They were unable to detect any effect of cover crops or 

tillage alone.  

Agricultural landscapes in humid, temperate regions of North America that are outside 

of the Midwestern corn belt include a variety of grain production systems that range 

from continuous maize monocultures and maize-soybean rotations that rely primarily 

on N fertilizer to highly diversified, legume-based rotations that rely on biological N 

fixation as the primary N source. The research on N2O emissions in grain production 

systems has focused largely on improved N fertilizer, manure management, and tillage 

impacts, but only a handful of studies have investigated the impact of alternative 

strategies such as cover cropping, diversified rotations, and use of green manures (Han 

et al., in review). As a result, there are few direct comparisons between the N2O 

emissions from Haber-Bosch, N-based management regimes and regimes that rely on 

legume cover crops as N sources.   

In upstate New York, the combination of a heterogeneous mixture of fielding systems 

where fields with distinct management regimes are located on the same soil types 

within the rolling landscape of the region offers an excellent opportunity to study the 

interacting roles of management and topography on N2O emissions. In this region, 

perennial red clover (Trifolium pratense) is commonly frost-seeded into a winter 
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cereal crop and allowed to grow as a monoculture following grain harvest. Red clover 

is then incorporated as a N source for the subsequent crop, which is usually maize. 

The objective of this study is to compare conventional, fertilizer-based maize 

production to diversified, legume-based maize/small grain production in soil 

development and N2O emissions, and to document whether these effects differ with 

landscape position.  

Methodology 

Experiment Design  

The experiment was conducted at two commercial grain farms in Penn Yan, New 

York (42° 40.4'N, 77° 2.12'W). Long-term average annual temperature is 9 °C and 

average annual precipitation is 81.9 cm. The organic (ORG) and conventional (CNV) 

fields were adjacent to each other, and the details of their soil properties and 

management history can be found in Berthrong et al. (2013). Briefly, the ORG fields 

had been in a diverse rotation of soybean (Glycine max)-spelt-red clover-maize since 

1994 with small, periodic additions of animal manures.  The CNV field had received 

N fertilizer and it had been in continuous maize production with occasional dry beans 

(Phaseolus vulgaris L.) for more than 20 years. When we began our sample collection 

in April 2011, half of the ORG fields were in clover, which was incorporated in May 

as green manure for maize. The other half of the ORG fields were planted with spelt 

the previous fall, and clover had been frost-seeded into the spelt during the late winter. 

Field measurements were conducted from early spring through the maize and spelt 

harvest in three fields: two ORG fields that represented the two phases of the rotation 
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(clover-maize, hereafter Cl-M) and spelt-clover, hereafter (Sp-Cl), and the adjacent 

CNV field (bare fallow-maize, hereafter Br-M) (Figure 2-1, Table 2-1).  

 

 

Figure 2-1. Rotation cycles in the conventional field and the two organic fields. 
The two ORG fields (Clover-Maize and Spelt-Clover) used the same three-year 
cropping rotation, but different phases of the rotation were present. Dotted square 
represents the measurement period from April to October, 2012 in all three fields.  

	  
Table 2-1. Timing of major management practices 

Rotation Phase Date Activities 

Clover- Corn 
(Cl-C) 

May 17, 2012 Clover fields plowed, corn planted 
May 24, 2012 Corn fields tine-weeded 
June 24, 2012 Corn fields weeded 
Aug 15, 2012 Corn fields mowed 
Oct 23, 2012 Corn harvested 

Bare Fallow- Corn 
(Br-C) 
 

May 20, 2012 Corns planted, Starter fertilizer 25.6 kg/ha 
June 11, 2012 Fertilizer application, UAN (32%N), 150.6 kg/ha 

Spelt- Clover 
(Sp-Cl) 

July 25, 2012 Spelt fields harvested 
Aug 23, 2012 Spelt straws baled 
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Figure 2-2. Site Map; Each square represents a sampling site. Sites denoted with 
dotted lines were located at the toeslope positions, and sites with solid lines were 
located at the shoulder slope positions. Each dot represents a static gas chamber.  Br- 
M: Bare Fallow- Maize (in blue), Sp- Cl: Spelt- Clover (in Orange), Cl- M: Clover-
Maize (in Green).  

 

Collection of soil and plant samples and N2O monitoring were conducted at 18 sites  

that represented the two management regimes (ORG and CNV) and two landscape 

positions: ORG = 2 crop rotation phases x 2 landscape positions x 3 replicate sites = 

12 sites; CNV= 1 rotation phase x 2 landscape positions x 3 replicate sites = 6 sites. 

Each site consisted of an area of 20 x 20 m2 where three chambers were installed to 

characterize spatial heterogeneity (Figure 2-2). All ancillary measurements (described 

below) were conducted within a 20cm radius of the three chamber locations. The ORG 

field had a west-facing slope of 1.4%, where three Cl-M strips and three Sp-Cl strips 

were laid out alternately. Sample sites for the ORG fields were located at shoulder 

slope and toeslope positions in each of these strips, which were maintained with 
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identical management practices, but which represented differing points in the rotation 

(Figure 2-2). The CNV field had a large south-facing slope of 1.0% that was divided 

into two parts, both under the same management regime. Samples were taken from 

three sites each at the shoulder slope and toeslope positions. For both ORG and CNV 

fields, all sites at the shoulder slope positions were in the Honeoye soil series (fine-

loamy, mixed, active, mesic Glossic Hapludalfs), and all sites at the toeslope positions 

were in the Lima soil series (fine-loamy, mixed, semiactive, mesic Oxyaquic 

Hapludalfs).  

Gas Measurements 

N2O was measured bi-weekly from early April to October 2012 with closed static 

chambers. We undertook an event-based measurement to compare management 

regimes / rotation phases and landscape positions. The chamber design was described 

in detail in Molodovskaya et al. (2011). Chamber bases were removed for field 

operations, re-installed at the same locations and stabilized for two weeks before the 

next sampling. During the maize phase, two chamber bases were placed around maize 

plants and one chamber was placed between maize rows. When maize plants outgrew 

the chamber, maize plants were cut down immediately before chamber closure. 

Chamber bases were then moved to the next adjacent maize plant after each sampling 

campaign.   

During each flux measurement, 14-ml gas samples were taken at 0, 20, 40, and 60 min 

after the chamber closure. Each gas sample was taken from the headspace of the 

chamber using a 25-ml syringe. N2O samples were analyzed by ECD gas 
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chromatography using a GC, Agilent 6890N GC/ECD that was equipped with an HP 

7694 headspace autosampler. All data were checked visually to eliminate outliers due 

to vial leakage or instrument errors. N2O flux rates were then calculated using the 

HMR package in R (Pedersen et al., 2010), which compared linear or non-linear 

regression for gas concentration with time and recommended best fits. Detection limits 

were 0.006397 ppm m-2 min-1 for non-linear fits and 0.00107 ppm m-2 min-1 for linear 

fits that were based on methods described in Parkin et al. (2012). 

Ancillary Measurements 

Soil samples taken at the beginning of the field season (April 2012) were analyzed for 

total C and N, pH, and particulate organic matter (POM). Measurements of free and 

occluded POM (fPOM and oPOM, respectively) were conducted according to Marriott 

and Wander (2006) and Schipanski et al. (2010). pH levels were determined by the 1:1 

water method. Bulk density was determined at the end of the field season on Oct 15th, 

2012.  

Each N2O sampling campaign also included measurements of soil temperature, 

moisture, NO3
-, NH4

+, and dissolved organic carbon (DOC) next to each chamber. 

During each field campaign, soil temperature and volumetric water content over a 

depth of 12 cm were measured with a thermometer (Taylor 6072 N Bio-Therm, Taylor 

Precision Products, Oak Brook, IL) and a handheld time domain reflectometry probe 

(Hydrosense, Campbell Scientific, Logan, UT), respectively. The percent water-filled 

pore space (WFPS, %) was calculated by WFPS (%) = VWC (%)/ [(1-BD)/2.65], in 

which VWC presents the volumetric water content, BD represents the bulk density of 
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surface soil (g cm−3) and 2.65 is the quartz density (g cm−3). At the end of the field 

campaign, three 20-cm deep (5 cm diameter) soil cores were collected within a 20-cm 

radius of each chamber base. In the laboratory, soil samples were sieved through a 2-

mm screen to remove roots, debris, and gravel, mixed with 2M KCl, centrifuged and 

filtered for further analysis. NO3
− and NH4

+ in the filtered solution were quantified 

colorometrically using the NED-sulfanilamide and hypochlorite-salicylate methods, 

respectively, on an ACQ2 autoanalyzer (Seal Analytical, Mequon, WI). Total DOC 

was determined with a Total Organic Carbon analyzer (O. I. Analytics, College 

Station, TX, US).   

Maize biomass was collected right before harvest by clipping aboveground biomass in 

three 3-meter strips around each chamber. Patches of weeds and areas of 

discontinuous maize growth were avoided to ensure that samples were representative 

for the sites. C and N content, and moisture and dry weights, were measured 

separately for grains and stalks. In May 2012, Cl-M sites were incorporated before 

sampling of clover biomass could be conducted. Clover biomass was sampled in Sp-

Cl at the same time as the sampling of maize biomass in Oct 2012.  Aboveground 

biomass of clover was clipped from three 0.61m x 0.61m quadrants at each site. All 

plant samples were dried at 60 °C and finely ground. Content of C and N for all soil 

and plant samples was measured with a Leco CN-2000 analyzer (Leco Instruments, 

Lansing, Michigan, US). Yield-scaled emissions were determined as averaged 

emissions divided by yields (g-N Mg-dry-mass-1 day-1). 
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Data Analysis 

Analysis of Soil Variables 

We conducted Principal Component Analysis (PCA) of the correlation matrix to 

evaluate the role of the major drivers of soil variability  (landscape position, 

management regime, and crop rotation phase) on soil properties. This analysis was 

performed on 15 soil variables that included bulk density, sand/clay content, pH, soil 

C:N ratio, total soil N, N content, C:N ratios of fPOM and oPOM, and seasonal 

average values of WFPS, DOC, soil temperature, and soil inorganic N (NO3
- and 

NH4
+). Data from three sampling replicates at each site (3 replicates x 18 sites) were 

included in the analysis. PCA generated independent variables that represented a 

composite of several soil variables. Principal components (PC) with eigenvalues 

greater than 1 were retained. Variables with loading greater than 0.4 on a PC were 

considered as significant (O’Rourke et al., 2005).  

To validate the results of PCA analysis, the impacts of soil cover and landscape 

position on soil and crop properties were assessed with a two-away ANOVA (Model 

1). Soil properties on three soil covers (Br-M, Cl-M, and Sp-Cl) and two landscape 

positions (shoulder slope and toeslope) were used (n=18 sites). Mean values for three 

replicates within each site were used to avoid pseudo-replication. Prior to statistical 

analysis, the data were log-transformed (natural logarithms) when necessary to ensure 

a normal distribution. 

𝑦!" = 𝜇 + 𝛼! + 𝛽! + (𝛼𝛽)!" + 𝑅!"                                                                

(Model 1) 

In Model 1, y represents response variables, including the seasonal average for 
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ephemeral variables that included N2O emission rates, NO3
- concentrations, NH4

+ 

concentrations, WFPS, DOC, and soil temperature, and more stable soil properties that 

were measured once during the experimental period (pH, bulk density, total C and N 

content, POM C and N content, maize yield, and clover biomass). µ represents the 

average response.  Class variables were c = soil cover and p = landscape position. α 

and β represent fixed effects. R is the residual variation. 

All treatment mean comparisons used Tukey's honest significance test at the 0.05 

confidence level unless otherwise stated. Mean values for untransformed data are 

reported. 

Controls for N2O emissions 

Due to the multiple levels of drivers for N2O emissions, we assessed the controls of 

N2O emissions with three different approaches: 

1) To assess whether the main sources of variability for soil properties explained 

the patterns of N2O emissions, we examined Pearson correlations between 

seasonal average N2O emissions and the first three PCs based on the PCA 

procedure. .  

2) To find the best predictor for seasonal average N2O emissions, we conducted 

pair-wise regression analyses between seasonal average N2O emissions and soil 

variables that were direct drivers of N2O emissions, which included soil NO3
-, 

NH4
+, DOC, WFPS, soil temperature, and pH (Farquharson and Baldock, 

2008). These predictor variables were either measured once during the 

experiment period (pH) or averaged across the study (NO3
-, NH4

+, DOC, 

WFPS, soil temperature), which reflected the variation across landscape and 
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management effects, but not temporal variation. N2O emissions and soil 

properties for 18 sites were used.  

3) To assess the direct controls of temporal N2O variation from individual 

chambers, mixed-effect models for repeated measures were conducted (Models 

2 and 3, described below) with data from 54 chambers on 12 dates. Because 

52% of gas fluxes were below detection limits, the distribution of all gas fluxes 

cannot be transformed to a normal distribution. Therefore, we conducted a 

mixed-effect, logistic regression model to identify the factors that determined 

whether gas emissions were above detection limits. All gas emissions above 

detection limits were labeled as “1’, and emissions below detection limits were 

labeled as “0”, which were represented by y in Model 2. The class variables in 

Model 2 included t: soil temperature, n: soil NO3
- concentration, a: soil NH4

+ 

concentration, o: soil DOC concentration, w: WFPS, s: site, c: gas chamber, and 

d: date. α, β, γ, δ, and λ represent fixed effects and θ, η, and τ represent random 

effects from site, date, and gas chamber, respectively. R is the residual variation 

(Model 2).  

𝑦 = 𝜇 + 𝛼! + 𝛽! + 𝛾! + 𝛿! + 𝜆! + 𝜃!   +   𝜂!  +  𝜏! + 𝑅                    (Model 2)                       

For all gas fluxes above detection limits, the drivers of gas emissions were 

assessed by Model 3. All symbols were the same as in Model 2, except that y 

represented positive N2O fluxes from soils (Model 3).  

𝑦!"#$%$&' = 𝜇 + 𝛼! + 𝛽! + 𝛾! + 𝛿! + 𝜆! + 𝜃!   + 𝜂!   +  𝜏! + 𝑅             (Model 3)               
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PCA analysis was conducted with JMP software (SAS Institute Inc., Cary, 

NC). All other analyses were conducted using R software (R Development Core 

Team, 2010). 

Results 

Effect of Management Regime and Landscape Position on Soil Properties 

Management regimes and landscape positions impacted a range of soil properties, and 

their effects were distinguished clearly by PCA. The first three principal components 

(PC) explained a total of 67.4% of the variation in the soil variables (Table 2-2). PC1 

showed a clear separation of sites at two slope positions (Figure 2-3), and it was 

composed of variables that were impacted strongly by landscape positions (Table 2-2). 

WFPS had the strongest loading on PC1, followed by soil clay and sand content.  

Soils at shoulder slope positions were significantly less sandy and more clayey 

(shoulder slope: 52.2 % sand and 21.6 % clay compared to toeslope: sand 46.7% and 

24.8% clay). The seasonal average WFPS was consistently greater at toeslope 

positions compared to shoulder slopes across all management regimes (Table 2-5). 

The fPOM N content, fPOM, C:N ratio, soil C:N ratio, and pH also contributed to the 

separation along PC1. All these variables showed significant position effects based on 

univariate analysis. The fPOM N content was significantly lower at toeslope positions 

compared to shoulder positions, but the three other variables were significantly greater 

at toeslopes across management regimes (Table 2-3 and 2-4) 
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Figure 2-3. Bi-plot of principal component scores for each site and variable 
loadings (correlations between soil variables and PCs) for PC 1 and PC 2.  Fill 
indicates slope position: solid = shoulder slope, open = toeslope.  Color and shape 
indicate management history and rotation phase: blue square = CNV, bare fallow-
maize; green triangle = ORG, clover-maize; orange circle = ORG, spelt-clover. 
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Table 2-2. Principal component eigenvalues, variation explained, and loadings for 
three principal components. Variables that had sufficient loading to be considered 
significant (>0.4) were highlighted in bold. 

 

  PC1 PC2 PC3 
Eigenvalue 4.1 3.9 2.0 
Variation explained (%) 27.3 26.1 13.0 
Variable loadings    
  Bulk density 0.34 0.54 -0.66 
  Sand -0.77 0.46 -0.01 
  Clay 0.83 -0.06 0.33 
  pH 0.65 -0.35 -0.42 
  oPOM N content -0.33 -0.68 0.41 
  oPOM C:N ratio -0.02 0.92 -0.10 
  fPOM N content -0.70 -0.30 -0.38 
  fPOM C:N ratio 0.57 0.50 0.37 
  Total N 0.05 -0.91 0.20 
  Soil C:N ratio 0.67 0.29 0.33 
  Soil temperature 0.24 0.07 -0.31 

  Soil NO3

-
 -0.25 0.47 0.72 

  Soil NH4

+
 -0.08 0.66 0.09 

  WFPS 0.88 -0.28 -0.11 
  DOC -0.12 -0.01 0.05 
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Table 2-3. Means for soil texture, bulk density, pH, total N, C and C:N for each of the 
six sites, landscape positions and cropping systems. Double asterisks indicate 
significant at p<0.05, single asterisk indicates significant at p<0.1. Different letters 
within columns indicate significant difference according to Tukey test (p<0.05). 

Site 
Sand 
(%) 

Clay 
(%)  

Bulk 
Density 
(g/cm

3
) 

pH 
Total N 
(mg/g) 

Total C 
 (mg/g) 

C:N 
Ratio 

Bare-Corn, Shoulder 51.8 22.7 1.37 5.8 0.67 6.8 10.1 
Bare-Corn, Toeslope 49.8 24.2 1.36  6.8 0.97 9.8 10.1  
Clover-Corn, Shoulder 54.2 21.4 0.96 6.1 1.4 13.4  9.4     
Clover-Corn, Toeslope 46.3 24.9 1.03 6.1 1.9  18.8 9.7     
Spelt-Clover, Shoulder 50.7 20.6 1.26  6.8 1.4 12.7  9.1      
Spelt-Clover, Toeslope 44.0 25.1 1.19 7.3 1.7 18.1    10.3  

  Position ** ** NS ** ** ** * 
Shoulder 52.2 21.6 1.20 6.2 1.2 11.0  9.5 
Toeslope 46.7 24.7 1.19 6.7 1.5 15.6 10.0 

        Cropping System/ 
Rotation Phase NS NS ** ** ** ** NS 

Bare-Corn 50.8 23.5 1.37 a 6.3 a 0.8 a  8.3 a 10.1 
Clover-Corn 50.3 23.2 1.00 b 6.1 a 1.7 b 16.1 b 9.6 
Spelt-Clover 47.4 22.9 1.23 a 7.1 b 1.6 b 15.4 b 9.7 

 
 
 
 
 
 
 
PC2 captured the variables connected to the effects of management regime. Six of the 

eight variables that loaded significantly on PC2 described soil C and N properties and, 

therefore, the separation of the ORG and CNV sites indicated there were management-

induced differences. The oPOM C:N ratios and total N content had the strongest 
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loadings on PC2. The content of these two variables differed significantly between 

management regimes with lower oPOM C:N ratios and greater total N content at the 

ORG sites compared to the CNV sites (Table 2-3 and 2-4). Soil NH4
+, oPOM N 

content, and fPOM C:N ratios also loaded significantly on PC2 and differed between 

management regimes. The seasonal average NH4
+ concentrations were greater in CNV 

Br-M sites compared to Cl-M and Sp-Cl sites in the ORG fields, with no significant 

difference between the latter two. The oPOM N content was lower at Br-M sites 

compared to ORG sites, but fPOM C:N ratios were lower at ORG sites compared to 

Br-M sites. Soil bulk density also contributed significantly to the separation. The mean 

bulk densities were 1.37 g cm-3 for the CNV sites, 1.23 g cm-3 for the Sp-Cl sites, and 

1.0 for Cl-M sites.  

PC3 explained an additional 13% of the variation, with soil NO3
- concentration having 

the largest loading, followed by bulk density, pH, and oPOM N content. PC3 probably 

signified the difference between rotation phases in the ORG fields. The Sp-Cl sites 

had significantly lower seasonal, average concentrations of soil NO3
- and greater pH 

compared to the other sites. In addition, the Cl-M sites had significantly lower bulk 

density compared to other sites (Table 2-3), and the Br-M sites had lower oPOM 

content compared to other sites (Table 2-4). 
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Table 2-4. Means for C and N contents of free particulate organic matter (fPOM) 
and oPOM (occluded POM) at 0-20cm for each of the six sites, landscape positions 
and cropping systems (unit: ug/g Dry Soil). Asterisks indicate significant at p<0.05. 
Different letters within columns indicate significant difference according to Tukey test 
(p<0.05). 

Site fPOM N fPOM C 
fPOM 
C:N 
Ratio 

oPOM N oPOM C oPOM 
C:N Ratio 

Bare-Corn, Shoulder 16.9 446 26.7 24.5 527 21.5 
Bare-Corn, Toeslope 15.1 441 27.8 28.4 555 19.4 
Clover-Corn, Shoulder 18.1 550 24.4 85.7 1412 16.6 
Clover-Corn, Toeslope 16.6 421 26.5 83.7 1241 14.9 
Spelt-Clover, Shoulder 25.3 425 22 59.9 942 15.8 
Spelt-Clover, Toeslope 14.1 357 25.4 61.4 933 15.1 

 Position ** ** ** NS NS ** 
Shoulder 20.1  473.7 24.4  56.7 960.3 18.0 
Toeslope 15.3 406.3 26.6 57.8 909.7 16.5 

       Cropping System/ 
Rotation Phase NS NS ** ** ** ** 
Bare- Corn 16.0 443.5 27.3 a 26.5 a 541.0 a  20.5 a  
Clover- Corn 17.4 485.5 25.5 ab 84.7 b 1326.5 b 15.8 b 
Spelt- Clover 19.7 391.0 23.7 b 60.7 b 937.5 ab 15.5 b 
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Table 2-5. Seasonal average soil ephemeral variables for each of the six sites, 
landscape positions and cropping systems. Asterisks indicate significant at p<0.05. 
Different letters within columns indicate significant difference according to Tukey test 
(p<0.05). 

Site 
NO3

- 
(ug N/g soil) 

NH4
+ 

(ug N/g soil) 

Soil 
Temperature 

(°C) 

WFPS 
(%) 

GWC 
(%) 

DOC 
(mg/ g soil) 

Bare-Corn, Shoulder 10.7 4.8 17.7 26.0 10.5 0.04 
Bare-Corn, Toeslope 12.5 3 16.2 31.0 11.8 0.04 
Clover-Corn, Shoulder 14.1 2.1 16.7 22.6 11.9 0.08 
Clover-Corn, Toeslope 11.4 2 17.2 30.9 14.7 0.05 
Spelt-Clover, Shoulder 3.8 1.6 17.2 27.9 12.1 0.06 
Spelt-Clover, Toeslope 3.8 1.4 17.3 35.5 13.1 0.06 

 Position NS NS NS ** ** NS 
Shoulder 9.5 2.8 17.2 25.5 11.5 0.06 
Toeslope 9.2 2.1 16.9 32.5 13.2 0.05 

       Cropping System/ 
Rotation Phase ** ** NS ** ** ** 

Bare-Corn 11.6 a 3.9 a 17.0 28.5 a 11.2 a 0.04 a 
Clover-Corn 12.8 a 2.1 b 17.0 26.8 a 13.3 b 0.07 b 
Spelt-Clover 3.8 b 1.5 b 17.3 31.7 b 12.6 b 0.06 b 

 

Seasonal Variation in Physical and Chemical Properties of Soil 

Overall, soils had the lowest moisture content and highest temperatures during June to 

early July 2012 (Figure 2-4). The frequency of greater moisture differences between 

toeslope and shoulder slope soils was greater in ORG compared to CNV, probably due 

to steeper slopes that increased the tendency for soil water to flow downslope. At the 

CNV sites, there were only four sampling dates where the WFPS differences between 



 

 80 

slope positions were greater than 6%, but for the ORG sites, all but one sampling date 

(for both Sp-Cl and Cl-M) showed more than a 6% difference in WFPS between slope 

positions.   

 

Figure 2-4. Seasonal dynamics of soil temperature at 12 cm (a, b) and WFPS at 0-
20 cm (c, d) Error bars represent standard errors (n=3). Line style indicates slope 
position: solid = shoulder slope, dashed = toeslope. Color and shape indicate 
management history and rotation phase: blue square = CNV, bare fallow-maize; green 
triangle = ORG, clover-maize; orange circle = ORG, spelt-clover.  

 

Soil NO3
- showed different temporal patterns at Sp-Cl, Cl-M, and Br-M sites (Figure 

2-5a, 2-5b). At Br-M sites, soil NO3
- concentrations increased greatly after fertilizer 

application and they stayed elevated until the end of the maize growing season. During 

this period, soil NO3
- concentrations tended to be greater in toeslope sites compared to 

shoulder slope sites. The NO3
- peak for toeslope sites was observed on Sep 17th.  At 
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Cl-M sites, there were elevated soil NO3
- concentrations after clover incorporation that 

persisted for ~9 weeks, and the peaks were greater in shoulder slope positions 

compared to toeslope positions. The NO3
- peaks at both Br-M and Cl-M sites 

corresponded with dry periods during the summer when dry soils limited the mobility 

of soil NO3
-. The soil NO3

- concentrations at the Sp-Cl sites, which did not receive 

additions of N, were significantly lower compared to Cl-M and Br-M sites throughout 

the season, and they exhibited little seasonal variation. 

The soil NH4
+ concentrations also shower greater seasonal variation at Br-M and Cl-M 

sites compared to Sp-Cl sites due to large inputs of N (Figure 2-5c, 2-5d). At Cl-M 

sites, there was an increase in NH4
+ concentrations that lasted for two weeks after 

clover incorporation. At Br-M sites, soil NH4
+ concentrations increased greatly after 

fertilizer application.  

DOC concentrations at the ORG sites were greater than at Br-M sites throughout the 

study (Figure 2-5e, 2-5f). At Cl-M sites, DOC tended to be greater at the shoulder 

positions compared to the toeslope positions. This corresponded with the pattern of 

fPOM and could be attributed to the greater clover biomass at shoulder positions at the 

Cl-M sites. Although sampling of clover biomass was not conducted at Cl-M sites 

before incorporation in May 2012, the biomass of clover that we sampled at the Sp-Cl 

in Oct 2012 supported our hypothesis that clover biomass was greater at shoulder 

slope positions compared to toeslope positions. The clover biomass in Oct 2012 was 

1742 ± 318 kg/ha for shoulder slopes and 1337 ± 121 kg/ha for toeslopes (p= 0.26). 
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Figure 2-5. Seasonal dynamics of soil DOC at 0- 20 cm (a, b), soil NO3
- at 0- 20 

cm (c, d) and soil NH4
+ at 0- 20 cm (e, f). Error bars represent standard errors (n=3). 

Solid arrows indicate clover incorporation in the ORG clover- maize sites. Dashed 
arrows represent fertilizer application at the CNV bare fallow- maize sites. Line style 
indicates slope position: solid = shoulder slope, dashed = toeslope. Color and shape 
indicate management history and rotation phase: blue square = CNV, bare fallow-
maize; green triangle = ORG, clover-maize; orange circle = ORG, spelt-clover.  

 

N2O Emissions 

 At the Cl-M sites, N2O emissions peaked shortly after clover incorporation (Figure 2-

6). The emission peak corresponded with a peak in soil NH4
+ concentration, and 

preceded a peak in soil NO3
- concentrations.  
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Figure 2-6. Seasonal dynamics of N2O emissions (in mg/ m2 day). Error bars 
represent standard errors (n=3). Solid arrows indicate clover incorporation in the ORG, 
clover- maize sites. Dashed arrows represent fertilizer application the CNV sites. Line 
style indicates slope position: solid = shoulder slope, dashed = toeslope. Color and 
shape indicate management history and rotation phase: blue square = CNV, bare 
fallow-maize; green triangle = ORG, clover-maize; orange circle = ORG, spelt-clover.  

 

 At the Br-M sites, N2O emissions increased after fertilizer application, but the 

emission peak was much smaller compared to the emission immediately after 

incorporation of clover.  After fertilizer application, the N2O remained greater at Br-

M sites compared to Cl-M and Sp-Cl sites in the ORG field (Figure 2-6). Furthermore, 

the difference in N2O fluxes between shoulder and toeslope positions at Br-M sites 

became more pronounced, and the N2O fluxes were consistently larger from shoulder 

slopes.  

Both management regimes/rotation phases and landscape positions impacted the 

seasonal average N2O emissions significantly, and there were significant interactions 

between the two factors (Table 2-6). The seasonal average N2O emissions from the 



 

 84 

two maize fields (Cl-M and Br-M sites) were not significantly different from each 

other, but they were significantly greater than N2O emissions from Sp-Cl sites.  The 

seasonal average for N2O emissions was impacted significantly by slope only in the 

CNV field (greater at the shoulder slope positions, 17.7± 0.9 g N ha-2 day-1, compared 

to toeslope positions, 7.8 ± 0.8 g N ha-2 day-1). Average N2O emissions for the first 

three measurements in April and May, when clover was still growing  at the Cl-M 

site, but the Br-M site was still  bare fallow, showed a trend of greater emissions 

from the CNV field compared to the two ORG fields (Cl-M and Sp-Cl). The average 

N2O emissions during the rest of the measurement period  (the maize growing phase 

for Cl-M and Br-M) showed a pattern similar to the seasonal average N2O emissions.  

 

 

Table 2-6. Average N2O emissions for the measurement period, non-growing 
season and the corn growing season for each of the six sites and the ANOVA results 
by position, cropping system/rotation and their interaction. 

 

Site Seasonal 
Average 

Average for  
Non-Growing Season 

Average for 
Growing Season  

Bare-Corn, Shoulder 17.7 ±0.9 a 8.8 ±3.1 20.1 ±0.4 a 
Bare-Corn, Toeslope 7.8 ±0.8 b 3.6 ±0.2 9.1 ±1.1 b 
       Clover-Corn, Shoulder 16.4 ±1.4 a 2.7 ±1.6 21.0 ±2.3 a 
Clover-Corn, Toeslope 14.0 ±2.4 a 1.5 ±0.9 18.1 ±3.3 a 
       Spelt-Clover, Shoulder 3.9 ±0.7 b -- -- 
Spelt-Clover, Toeslope 4.0 ±0.4 b -- -- 

Statistics 
Position ** NS ** 
Cropping System/  
Rotation Phase ** ** ** 

Interaction ** NS * 
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The yield-scaled emissions (seasonal average N2O emissions divided by maize yields) 

were lower in toeslopes compared to shoulder slopes at both Br-M and Cl-M sites 

(p<0.1, Table 2-7). At the Br-M sites, the lower yield-scaled emissions at toeslopes 

were due to significantly lower emissions at the toeslope positions, but at the Cl-M 

sites, the lower yield-scaled emissions at toeslopes was due to slightly lower emissions 

and greater yields at the toeslopes (both not statistically significant). Maize yields 

tended to be greater at Br-M sites than at Cl-M sites, but the differences were not 

significant statistically. The N content in grains and aboveground uptake of N in maize 

were greater at the Br-M sites compare to the Cl-M sites (p<0.05, Table 2-7). 

 
Table 2-7. Maize yields, grain N content, aboveground N uptake and yield-scaled 

seasonal average emissions and the ANOVA results by position and cropping system. 
Double asterisk indicates significant at p<0.05. Single Asterisk indicate significant at 
p<0.1. 

 

 

Yield at 15.5% 
moisture 
  (kg/ha) 

Grain N 
Content  
(kg/ha) 

Aboveground  
N Uptake 
 (kg/ha) 

Yield-Scaled  
Seasonal Average 

Emissions 
(g N/ Mg dry mass 

per day) 
Bare-Corn, Shoulder 10098 118 134 1.76 
Bare-Corn, Toeslope 9902 111 130 0.79 
     Clover-Corn, Shoulder 8967 99.7 121 1.86 
Clover-Corn, Toeslope 9073 93.1 102 1.54 

         Statistics 
Position NS NS NS ** 
Cropping System NS ** * * 
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To estimate the cumulative N2O emissions during the measurement period, the daily 

N2O fluxes were estimated based on linear interpolation and integrated through time. 

Although the interpolated values were subject to errors, these numbers enabled us to 

compare treatments at a scale relevant for management decisions. The estimated 

cumulative N2O emissions from Br-M sites during the measurement period were 4.0 

and 1.8 kg N/ha at shoulder and toeslope positions, respectively. The estimated 

cumulative N2O emissions from Cl-M sites during the measurement period were 3.6 

and 3.0 kg N/ha at shoulder and toeslope positions, respectively. The cumulative N2O 

emissions from Sp-Cl sites during the measurement period were 0.82 and 0.84 kg N/ha 

at shoulder and toeslope positions, respectively. Averaging the three-phase rotation 

Sp-Cl-M in the ORG field resulted in 2.1 kg N/ha.  

Drivers of N2O emissions 

All three PCs correlated significantly with seasonal average N2O emissions (Figure 2-

7), which indicated that landscape positions and management regimes/ rotation phases  

impacted N2O emissions strongly, probably through their influences on soil properties. 

Based on the pairwise regression analyses, seasonal average NO3
- concentration and 

pH were the only factors that correlated significantly with seasonal average N2O 

emissions (Figure 2-8a, 2-8b), and the two factors correlated with each other (r=0.6). 

Given that the position effect was only significant in CNV, we conducted pairwise 

regression analysis between N2O emissions and soil variables for all 18 chambers at 

the Br-M sites at both landscape positions. The N2O emissions were correlated 
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significantly with WFPS and pH (Figure 2-8c, 2-8d), but not with other factors. WFPS 

and pH also co-varied (r=0.75, p<0.001).  

 

 

 

Figure 2-7. Correlation between seasonal average N2O emissions and PC1 (a), PC2 
(b), PC3 (c) for 54 chambers. Fill indicates slope position: solid = shoulder slope, 
open = toeslope.  Color and shape indicate management history and rotation phase: 
blue square = CNV, bare fallow-maize; green triangle = ORG, clover-maize; orange 
circle = ORG, spelt-clover.  

 

 

 

(a) (b) (c) 
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Figure 2-8. Correlation between seasonal average N2O emissions and (a) soil pH, 
(b) seasonal average soil NO3

- concentration for 18 sites. Correlation between seasonal 
average N2O and (c) soil pH and (d) WFPS for 18 chambers in the six bare fallow- 
maize sites. Fill indicates slope position: solid = shoulder slope, open = toeslope.  
Color and shape indicate management history and rotation phase: blue square = CNV, 
bare fallow-maize; green triangle = ORG, clover-maize; orange circle = ORG, spelt-
clover.  

 

We used N2O fluxes and soil ephemeral factors on all measurement dates (soil NO3
-, 

temperature, WFPS, and DOC, each with 54 measurements x 12 dates) and conducted 

a logistical regression model to identify the limiting factors that determined whether 

gas fluxes were above or below detection limits. Soil NO3
- and temperature were the 

only significant factors identified. This reflected the general pattern that all the high 

N2O emissions happened mid-season when the temperature was appropriately high 

enough to promote enhanced biological activity. Furthermore, the soil NO3
- peaks 

coincided with the largest N2O fluxes, and this was especially true at the CNV sites.  
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We also determined the drivers for positive N2O fluxes and found that soil NO3
-
, NH4

+, 

soil temperature, and DOC were significant in Model 3 (p<0.05). This revealed the 

complexity of N2O emissions and showed that different factors played major roles 

throughout different phases of the study period. WFPS was not significant due to 

correlation with soil temperature (Pearson correlation coefficient r = -0.54, 

p<0.00001). The marginal coefficient of determination (R2) for this model was 0.20, 

which means that only 20% of the variance was explained by the fixed factors that 

were included in the model. The conditional R2 was 0.62, which means that 62% of 

the variance was explained by both the fixed and random factors (Nakagawa and 

Schielzeth, 2013). 

Discussion 

N2O Production in the ORG System 

 At Cl-M sites, the co-occurrence of N2O peaks and soil NH4
+ peaks suggested that 

nitrification was the major process for N2O production immediately after clover 

incorporation. Clover biomass was broken down mechanically and mixed with soil 

during incorporation, which created ideal conditions for decomposition of clover. 

Clover biomass was mineralized quickly to NH4
+, and N2O was released during 

subsequent nitrification. Denitrification could be the dominant production process 

when microbial heterotrophic activities increased O2 consumption and created 

anaerobic microsites at WFPS 40-60% (Li et al., 2016). Based on a relatively low 

WFPS (28%- 39%) when the emissions occurred, nitrification was probably the 

predominant process that controlled N2O immediately after incorporation. The soil 
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NO3
- peaks that followed the peaks of soil NH4

+ and N2O probably resulted from 

continued decomposition of clover biomass. N2O emissions were low when there was 

high soil NO3
-, probably because N2O emissions were limited by low WFPS during 

June to July.  

The very low N2O fluxes during the clover growing period indicated that the N2O 

emission risk was associated mainly with clover incorporation and not with clover 

growth phase (Jensen et al., 2012). Therefore, it is essential to monitor N2O emission 

from all stages of the rotation, including the growth period for cover crops and cash 

crops to gain a holistic perspective on the impact of cover crops. Incorporation-

induced, N2O emissions could be managed by optimizing cover crop mixtures to 

increase C:N or lignin:N ratios  to delay N mineralization and, thus, to reduce N2O 

emissions (Gomes et al., 2009; Rosecrance et al., 2000). 

Interaction of Landscape Positions and Management Practices  

Our study demonstrated the importance of interactions among weather, landscape 

positions, and management practices in driving N cycling and N2O emissions. 

Ecosystem state factors (landscape and climate) induced similar patterns in soil 

properties between landscape positions across all sites (e.g., texture, soil moisture). 

Management practices induced differences in environmental factors at both a short-

term scale (e.g., NO3
-, NH4

+, and fPOM) and a long-term scale (e.g., oPOM,  total 

soil N and C) across two management regimes. The interaction between these two 

sources of environmental variation resulted in different consequences for plant growth 

and the microbial processes that governed N cycling and N2O production.  
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Our PCA results confirmed the interactive effects of landscape positions and 

management practices in controlling soil properties. In fact, landscape-induced 

variation explained the greatest amount of variation in soil properties. Our results 

illustrated that the experiments conducted in flat, homogenized parts of the landscape 

will fail to account for an important source of biogeochemical variation, which in turn 

results in large differences in N2O emissions from soils that are under similar 

management regimes.  

The impact of slope position on N2O emissions was only significant in the CNV field, 

despite the fact that the ORG fields generally had greater slopes. The lower N2O 

emissions at the toeslopes in CNV was in contrast to previous studies that found 

greater N2O emissions at the lower slope positions (Corre et al., 1996; Sehy et al., 

2003; Vilain et al., 2010).  The lower N2O emissions at the toeslopes in our study are 

probably due to greater rates of complete denitrification to N2 in our study in 

association with greater soil moisture and NO3
- concentrations. The wetter soils in the 

lower slope positions probably had more numerous anaerobic microsites where 

complete denitrification could happen.  

Furthermore, the greater soil pH at the toeslopes at the Br-M sites could drive more 

complete denitrification, which resulted in greater release of N as N2 and, thus, 

reduced the N2O/(N2O + N2) product ratios. Russenes et al. (2016) reported that small-

scale spatial variation of pH in agricultural soils drove different off-season N2O 

emission rates by altering the denitrification product ratio. In their study, pH co-varied 

with other factors, but it held the strongest relationship with N2O fluxes. Our study 

suggested that the landscape-scale variation of pH could drive the pattern of N2O 
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emissions, but pH also co-varied with other factors like WFPS. Our results also stress 

the importance of assessing variation in both process rates and the product ratios to 

understand N2O emissions through denitrification. 

Interestingly, we did not observe a significant difference in N2O emissions between 

slope positions at the ORG sites, although slope effect on factors such as soil moisture 

was stronger in the ORG fields compared to the CNV field. This difference was 

probably due to the different processes that dominated N2O emissions in the two 

systems.  At the Br-M sites, seasonal average N2O emissions were determined by the 

elevated N2O fluxes after fertilizer application, especially towards the end of the 

season when soil moisture increased. As explained above, variation in soil moisture, 

pH, and N availability across the landscape resulted in significantly different N2O 

emissions spatially. At the Cl-M sites, seasonal average N2O emissions were 

determined mainly by the N2O peaks after incorporation. Better clover establishment 

resulted in a slightly larger N2O peak immediately after clover incorporation at the 

shoulder positions compared to the toeslope positions. Although clover biomass in 

May was not measured, accumulated evidence supported the assumption that clover 

was better established at shoulder positions. We observed consistently greater DOC, 

fPOM content, and greater clover biomass at shoulder positions at Sp-Cl sites.  

N2O fluxes from Cl-M sites were similar at two landscape positions towards the end of 

the season in spite of differences in soil moisture. This could be because soil NO3
- was 

similar between landscape positions, in contrast to Br-M sites where soil NO3
- was 

much greater in toeslopes. At Cl-M sites, N released from mineralization of cover 

crops was taken up quickly by the growing maize plants, which resulted in smaller 
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inorganic N pools compared to the CNV fields. A tighter N cycle resulted in a much 

smaller NO3
- pool that could be mobilized across the landscape, which led to similar 

NO3
- concentrations and, therefore, similar N2O fluxes across the landscape.   

Our results highlighted the importance of understanding how management practices 

will interact with landscape position and the corresponding variation in ecosystem 

state factors in designing N2O mitigation strategies. In the CNV management regimes, 

fertilizer rates could be adjusted to reflect different parts of the landscape to maximize 

yields and to reduce GHG emissions (Sehy et al., 2003). For cover crop-based 

systems, site-specific cover crop management could be used to balance the benefits of 

N from cover crops and the risk of N2O emissions (Ladoni et al., 2015). In our case, 

red clover performed better at shoulder positions and resulted in slightly greater N2O 

emissions, especially during the peak after incorporation, but maize yields were 

similar across slopes. Red clover density could be reduced potentially at shoulder 

positions to maintain similar N inputs at incorporation, reduce N2O emission peaks, 

and maintain similar yields. In addition, various ecosystem services provided by cover 

crops, such as reduction in leaching, accrual of SON and SOC reserves, weed 

suppression, etc. should be assessed together to design site-specific management 

strategies.  

Cover Crop-based compared to Fertilizer-based Systems 

We found comparable emissions from CNV Br-M and ORG Cl-M sites, which was 

consistent with the long-term data set at Kellogg Biological Station (Robertson et al., 

2000). In our study, this pattern was explained primarily by high N2O emissions after 
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clover incorporation at the ORG Cl-M sites and the sustained high emissions after 

fertilizer application at the CNV Br-M sites. It is possible that our infrequent sampling 

did not capture the elevated N2O emission peak due to fertilizer application, which 

could have underestimated the emissions from the CNV sites. 

Our study confirmed the central role of N inputs in controlling N2O emissions across 

management systems. Soil NO3
- was the best predictor for cropping-system-level N2O 

emissions. Ecologically-based Nutrient Management strategies reduced N surplus 

greatly at the agroecosystem-level and, therefore, they have great potential in reducing 

overall N2O emissions (Benoit et al., 2015; Jacinthe and Dick, 1997; Jantalia et al., 

2008). The lowest N2O emissions were observed in the Sp-Cl phase due to the low N 

availability during the growth periods for both spelt and clover. This result confirmed 

that winter grains could scavenge soil N actively and reduce soil availability of NO3
-  

and, thus, reduce N2O fluxes (Thorup-Kristensen et al., 2003).  

During the early spring freeze-thaw period, N2O emissions tended to be lower in the 

ORG fields compared to the CNV field, although measurements of environmental 

factors (greater N availability, DOC, and moisture) predicted better conditions for N2O 

production in the ORG fields. This suggests that microbial communities in the CNV 

fields were more adapted to convert inorganic N to N2O losses compared to the ORG 

fields.  Long-term management regimes could shape microbial communities to 

respond to the same environmental regulators differently and these regimes could 

potentially impact the pattern of in situ N2O emissions (Cavigelli and Robertson, 

2000; Morales et al., 2010).   

The study year, 2012, experienced drought-like conditions during June and early July 
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and, therefore, our dataset captured the response of two management regimes to a 

pseudo-climate extreme. The fact that we did not observe a high N2O peak after 

fertilizer application could be because that application overlapped with the unusual dry 

conditions. Climate change models predict increased frequency of summer heat waves 

and dry conditions in the northeastern US (Horton et al., 2014). Increased variability 

in precipitation and temperature can alter agricultural N cycles and N2O emission 

patterns substantially (Robertson et al., 2013). Climate variation makes it more 

difficult to manage N and to reduce N2O emissions consistently. For example, the 

response of N2O emissions from cover crop-based and fertilizer-based systems will be 

influenced greatly by the intensity, frequency, and timing of precipitation and 

temperature extremes and changes in farmers’ management practices; therefore, it will 

be difficult to predict a general pattern for N2O emissions. More research is needed to 

elucidate the resilience of those two management regimes in terms of N2O emissions 

in a changing climate. Process-based models could be especially helpful in predicting 

the responses of management regimes under various climate scenarios.   

It is important to note that the N2O emissions from soils represent an important but 

incomplete assessment of the impacts of global warming on management regimes. 

GHG emissions generated from manufacture and transport of inputs such as fertilizer 

need to be added to the field emissions to produce an accurate estimate of total GHG. 

Long-term monitoring combined with life cycle analysis will provide a more robust 

comparison. Gelfand and Robertson (2015) conducted a comprehensive cropping-

system level analysis and discovered that the 20-year net impact of global warming on 

cover crops-based systems was negative due to its capacity to sequester C and their 
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need for no fertilizer, but the conventional system had a net positive global warming 

impact.  

Conclusion 

Our study demonstrated that ecosystem factors of landscape position and management 

interacted to influence N dynamics and N2O emissions in agricultural landscapes. The 

impact of landscape position on soil inorganic N and N2O emissions was reduced in 

the ORG legume-based systems compared to the fertilizer-based management regime 

despite larger differences in soil moisture. Fertilizer-based management regimes 

maintained a high inorganic N pool that was transported easily and accumulated at 

toeslope positions. Greater soil moisture, N availability, and soil pH at toeslopes led to 

greater denitrification and a greater proportion of complete denitrification to N2. 

Future studies should look further into the mechanisms of interactive effects between 

climate variability, management regimes, and landscape variation on greenhouse gas 

emissions in agricultural landscapes.  

Our results confirmed the high risk of N2O emissions following incorporation of 

legume cover crops rather than during their growth period. More research should be 

conducted to optimize cover crop mixtures to achieve better synchrony between N 

mineralization and crop assimilation. In addition, our study suggested the importance 

of understanding how microbial community composition and function under different 

management regimes and landscape positions might be altered.   
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CHAPTER 3 RECOVERY OF INCORPORATED RED CLOVER IN N2O: A 15N 

TRACER STUDY 

Abstract 

 Legume cover crops are important nitrogen sources. Legumes have the potential to 

reduce the application of inorganic fertilizers and the associated nitrogen pollution, 

and to improve soil structure and fertility. However, studies on nitrous oxide (N2O) 

emissions from legume cover crops, especially the relative contribution from 

aboveground and belowground residues, are very limited. We conducted a 15N crop-

residue-exchange experiment within a long-term, organic grain trial in upstate New 

York to measure the contribution of nitrogen from a clover cover crop to N2O 

emissions. Half of the red clover (Trifolium Pratense) plots were labeled in situ with 

15N-urea using the petiole-feeding technique and half were unlabeled. In May 2013, 

the aboveground biomass in labeled and unlabeled plots was exchanged prior to 

incorporation via tillage so that the fate of aboveground and belowground N could be 

traced separately. Before exchanging residues, about one third of the 15N tracer in the 

labeled plots was belowground suggesting that cover crops allocated a significant 

amount of N to soils. N2O emissions increased greatly after cover crop incorporation; 

93% of the total N2O production occurred during the first ten weeks after 

incorporation. For the first six weeks after incorporation, the dominant source of N2O 

was clover shoots. After week 7, belowground sources (root-derived N and soils) of 

N2O dominated. The proportion of N2O fluxes from the exchanged shoot biomass was 
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41% in Week 1 and decreased gradually to 2.5% in Week 10. The contribution from 

other shoot-derived sources, which included clover litter during spring growth, 

overwinter biomass, and fresh remnants from shoot biomass removal, was estimated to 

be similar to that of fresh clover biomass. The recovery of 15N in N2O emissions was 

slightly higher from aboveground sources compared to belowground sources, but this 

was not significant statistically. This study highlighted that root-derived N was a 

significant source of N2O emissions and, therefore, belowground sources in addition to 

standing root biomass should be considered when designing N2O mitigation strategies 

for cover crop-based cropping systems. 

Keywords: Nitrous Oxide, Legume, Cover Crop, Stable Isotope, Roots, Nitrogen 

Introduction 

Legume cover crops are important nitrogen (N) sources, with the potential to increase 

ecosystem-scale N retention, reduce inorganic fertilizer application, and reduce the 

associated N pollution (Drinkwater et al., 1998; Gardner and Drinkwater, 2009; 

Reganold et al., 1987; Thorup-Kristensen et al., 2003; Tonitto et al., 2006). In addition, 

using cover crops provides benefits such as improving soil structure (Hermawan and 

Bomke, 1997) and suppressing weeds (Gallandt et al., 1999; Lorin et al., 2015).  

Widespread use of cover crops can increase carbon (C) sequestration in agricultural 

soils (Poeplau and Don, 2015). However, a concern with legume cover crops is the 

potential for nitrous oxide (N2O) emissions, especially following incorporation, e.g., 

tillage (Baggs et al., 2000). N2O is a potent greenhouse gas, which is about 300 times 
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more potent than carbon dioxide on a 100-year time scale, and it is a strong ozone-

depleting substance (Forster et al., 2007). The impacts of cover crops on N2O differ 

significantly depending on quantity and quality of cover crops and on climate and soil 

conditions (Gomes et al., 2009; Li et al., 2015). 

Studies on the relative contribution from the above- and below- ground residues of 

legume cover crops to gaseous N-losses are very limited (Jensen et al., 2012). 

Previous studies have primarily focused on the relative contribution of above- and 

below-ground cover crop sources of nitrogen to soil pools or to the crops that were 

planted after the legume cover crops (Arcand et al., 2014; Glasener et al., 2002; Puget 

and Drinkwater, 2001), but studies have not focused on the gaseous losses. The few 

studies that examined how different chemical properties of shoots and roots impacted 

N2O emissions were conducted in laboratory settings (e.g., Begum et al., 2014; 

Shaaban et al., 2016). Field studies quantifying aboveground and belowground cover 

crop sources to N2O emissions are lacking and greatly needed.  

The development of stable isotope labeling approaches provided unique opportunities 

to trace the fate of legume cover crops derived N-sources and their contribution to 

N2O emissions in situ. This can be especially useful for understanding belowground 

processes. The objective of this study was to use in situ 15N labeling 1) to quantify the 

proportion of N from above- and belowground biomass of clover cover crops that was 

emitted as N2O emissions and 2) to partition N2O emissions into their specific sources. 

This project was a part of the long-term project to trace the fate of cover crop derived 

N to various soil pools, microbial pools, and loss pathways (Weiss et al. forthcoming).  
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Methods 

Four replicate plots were established in a long-term organic grain trial at Cornell 

Musgrave Research Farm (42°45′ N, 76°35′ W), which has a glacial till-derived 

Honeoye-Lima silt loam soil (Glossoboric Hapludalf, fine-loamy, mixed, mesic). Each 

replicate plot included three 1.98m by 1.98m micro-plots. In one of three micro-plots, 

red clover (Trifolium pratense) was labeled in situ using the petiole-feeding technique 

(Khan et al., 2002). We supplied 15N in the form of enriched urea (98% 15N) at a rate 

of 33 mg/m2. Urea was applied weekly seven times during August 17, 2012  - 

November 15, 2012, and six additional times during April 19, 2013 - May 9, 2013.  

On May 20, 2013, the aboveground biomass in labeled micro-plots was exchanged 

with the unlabeled aboveground biomass in adjacent unlabeled micro-plots (Figure 3-

1). Each micro-plot, therefore, had 15N-enriched clover tissues derived from only one 

source (aboveground or belowground) and the fate of 15N from the two sources could 

be followed separately. All micro-plots were hand-tilled to 20cm to incorporate clover 

cover crops and then they were seeded with corn on May 28th.  
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Figure 3-1. The layout of a replicate plot to determine the recovery of cover crop 
N in N2O emissions. Circles represent static chambers. The aboveground biomass in 
labeled micro-plots was exchanged with the unlabeled aboveground biomass in 
adjacent, unlabeled micro-plots. 

 

 

 

Before the incorporation, the above- and belowground clover biomass in each micro-

plot was sub-sampled and analyzed for biomass, moisture, and C and N content. To 

sample taproots, a shovel was used to collect approximately 15 kg of soil from each 

plot, which was collected as three replicates of approximately 5 kg per replicate. The 

exact mass of soil was recorded to calculate the amount of taproots per unit of soil 

mass. Soils were then sieved using an 8 mm mesh to separate soil from taproots. The 

soil that passed through the sieve was checked for errant taproots. Roots considered to 

be taproots were clover roots > 2 mm in diameter. Collected roots were rinsed in 



 

 109 

deionized water and stripped of fine roots. After removing taproots, soils were wet-

sieved through a 2 mm sieve to extract large organic matter and particulate organic 

matter (POM) fractions (hereafter, referred to as >2 mm POM). Samples for taproots, 

>2 mm POM, and sieved soils were dried, weighed, ground, and analyzed for %C, 

%N, 15N, and 13C using a continuous flow Isotope Ratio Mass Spectrometer at the 

Stable Isotope Facility at UC Davis. 

 

Gas sampling with static, vented chambers was conducted weekly after the clover 

incorporation for eight weeks, and then biweekly during the rest of the season. The 

design of the chamber base followed Molodovskaya et al. (2010). The removable 

chamber was re-designed by fitting a 5-gallon Screw Top Lid (Leaktite, Leominster, 

MA) over the top 22 cm of a 3.5-gallon (13.2-L) plastic bucket (Paragon 

Manufacturing, Melrose Park, IL). The coverage area and enclosed volume of the 

chamber were 0.07 m2 and 0.010 m3, respectively. Two chambers were installed in 

each micro-plot. Gas samples were taken at 0, 30, 60, and 120 min after chamber 

closure. Gas samples from the first ten weeks of sampling were sent to the UC Davis 

Stable Isotope Facility for isotopic analysis. Gas samples from the biweekly sampling 

were analyzed by ECD gas chromatography (GC, Agilent 6890N GC/ECD equipped 

with an HP 7694 headspace autosampler) (Molodovskaya et al. 2010).  

Soil extractable N (ammonium, NH4
+, and nitrate, NO3

-), soil moisture, and 

temperature were measured as part of each gas sampling each field campaign. During 

each field campaign, soil temperature and volumetric water content at a depth of 12 

cm were measured with a thermometer (Taylor 6072 N Bio-Therm, Taylor Precision 
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Products, Oak Brook, IL) and a handheld time domain reflectometry probe 

(Hydrosense, Campbell Scientific, Logan, UT), respectively. 

N2O fluxes and 15N2O abundance of N2O 

The N2O fluxes were calculated by the change in N2O concentrations in the chamber  

over time. The N2O flux rates were calculated using the HMR package in R (Pedersen 

et al., 2010), which compared linear  and non-linear regressions for gas concentration 

with time, and then recommended the best fit.  The cumulative N2O emissions for the 

entire experimental period were calculated by extrapolating fluxes between sampling 

dates based on the trapezoid rule.  

The 15N2O abundance of the N2O that was emitted from the soils (δ15NN2O) was 

calculated by the Keeling-Plot Approach (Pataki et al., 2003; Yakir and Sternberg, 

2000). Model II regression (or geometric mean regression) was used as suggested by 

Pataki et al. (2003). δ15NN2O excess from the treatment chambers was calculated by 

subtracting the δ15NN2O value of control chambers from the treatment chambers 

(Eickenscheidt et al. 2011). 15N excess flux was calculated by multiplying the N2O 

fluxes with δ15NN2O excess.  

Sources of N2O fluxes 

In the shoot-labeled plots (SL), the only enriched source was the fresh clover 

aboveground biomass, and the percentage of N2O that was derived from aboveground 

biomass was calculated as in Nason and Myrold (1991): 

𝑝 % = ! !  !"   !"#!$$  !"  !!!
! !  !"   !"#!$$  !"  !"#$%&  !"##$!

x  100                                (1)                                                  
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 where δ15NN2O excess was the same as described above, and the δ15N excess in clover 

shoots was calculated by subtracting the 15N signature of clover shoots in the control 

plots (δ 15NS, C) from the 15N signature of clover shoots that were grown in root-labeled 

plots (RL) and incorporated in SL plots (δ15NS, SL).  

For the root-labeled plots (RL), the soil organic matter (SOM) pool consisted of a 

heterogeneous mixture of enriched and unenriched N sources. The total SOM reserve 

that was present in the soils prior to any clover inputs is referred to as “native SOM”. 

The δ15N signature of this pool was assumed to be the same as that of the bulk soils 

before any labeling.  In addition to the incorporated root biomass at the time of 

tillage, enriched N reserves included recent additions from clover rhizodeposition 

(root exudates) and from fine root turnover during fall growth, winter dormancy, and 

spring growth. We used the δ15N of taproots as the signature of root-derived N, and 

root-derived sources are represented as “R” in the formulas outlined below. In addition, 

red clover cover crops were left overwinter in 2012, and this enriched biomass could 

have been an additional source of N2O after spring tillage. The δ15N enrichment of red 

clover in Nov 2012 was similar to that of May 2013. Moreover, because it was 

impossible to remove all labeled aboveground biomass from the plots, there were 

small amounts of highly enriched sources including leaf litter that had been deposited 

during the cover crop fall/spring growth and leaf remnants that were left behind after 

biomass clipping. We assumed that these shoot-derived sources had the same δ15N 

signatures as the labeled shoots that were grown in RL plots. All sources (litter, 

overwinter biomass, and fresh remnants from shoot biomass removal) are referred to, 

hereafter, as “other shoot-derived sources”. The bulk of these materials were located 
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in the >2 mm POM and had a distinct 15N signature compared to the root-derived 

POM.  

Therefore, in RL plots there were four sources of N2O with different δ15N signatures 

among which two were unenriched: native SOM (denoted with OM) and fresh clover 

shoots (denoted with S). Two were enriched: other shoot-derived sources (denoted 

with L) and all root-derived N (denoted with R). A mixing model that partitioned the 

proportions of N2O coming from these four sources are expressed as Equations (2) and 

(3).   

x (δ 15NOM, RL) + y (δ 15NR, RL) + z (δ 15NL, RL) + p (δ 15NS, RL) = δ15NN2O, RL      (2)                    

x + y + z = 1- p   where x ≥ 0, y ≥ 0, z≥ 0 and p ≥ 0        (3)

                 

 where δ15NOM, RL, δ15NR, RL, δ15NL, RL, δ15NS, RL denote the δ15N enrichment of native 

SOM, root-derived sources, other shoot-derived sources, and the incorporated clover 

shoots in RL plots, respectively. δ15NL, RL was assumed to be equal to the enrichment 

of shoots that was incorporated into SL plots  (i.e., δ 15NS, SL). Fractionation was 

assumed to be negligible.  

Equations (2) and (3) cannot be explicitly solved, because there are three unknown 

variables, x, y, and z with only two constraint functions. Several scenarios for z were 

developed to estimate the possible ranges of x, y, and z:  
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1) If the 15N signatures of N2O (δ15NN2O, RL) were greater than the 15N signatures of 

roots (δ 15NR, RL) and the native SOM (δ 15NOM, RL) in RL plots, the contribution from 

the other shoot-derived sources (z) must be above zero to make Equation (2) valid. By 

assuming that roots or native SOM are the only other source in addition to other shoot-

derived sources, the maximum possible contribution of each source can be estimated. 

The true contribution of roots and SOM-derived sources should be below these 

maximum values.  

2) Before Week 7 of this experiment (July 17), δ15NN2O, RL was higher than that of 

roots and native SOM. From Week 7-10, δ15NN2O, RL was between that of root-derived 

sources and native SOM. The contribution of native SOM (x) must be above zero to 

make Equation (2) valid.  Therefore, we assumed that the only other source of N2O 

during Weeks 7-10 were either the root-derived sources or the other shoot-derived 

sources, and we calculated the maximum possible contribution from each source.  

Recovery of 15N tracers in N2O emissions 

The recovery of 15N tracers in emitted N2O was calculated as in Eickenscheidt et al. 

(2011):   

Recovery  of   N  !"   tracers  in  N!O % = ! !  !"   !!!
! !  !!   !"#$%"&  

  x  100               (4) 

 where m15N-N2O is the mass of emitted 15N-N2O excess, which was calculated by 

extrapolating 15N excess fluxes between sampling dates based on the trapezoid rule. 

m15N-tracers is the sum of the mass of 15N excess in labeled pools, which was 

calculated by multiplying the size of the investigated pools (e.g., clover aboveground 
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biomass, standing taproot biomass, >2 mm POM, and sieved bulk soils) with their 

respective 15N excess values.  

For SL plots, the enriched fresh clover was the only source of enrichment. The result 

of Equation (4) was equivalent to the emission factor (EF) of fresh clover shoots (i.e., 

the fraction of cover shoot N that was emitted as N2O). For the RL plots, several 

sources contributed to N2O emissions and, therefore, the recovery rate was a proxy for 

a composite EF for those sources. 

Statistics 

Prior to statistical analysis, the data were log-transformed (natural logarithms) when 

necessary to ensure a normal distribution. The model below was used to assess 

whether there were significant different N2O emissions between treatments:   

 

𝑦!"# = 𝜇 + 𝛼! +   𝜏! + 𝜂! + 𝑅!"#                                (5) 

          

where α represents fixed effects from treatment (denoted by t) and τ and η represent 

random effects from date and replicate plot, respectively. R is the residual variation. 

 

The drivers of N2O fluxes were assessed by the following model:   

𝑦!"#$%&' = 𝜇 + 𝛼! + 𝛽! + 𝛾! + 𝛿! + 𝜆!+  𝜏! + 𝜂! + 𝑅!"#$%&'   (6)       

 

The class variables in model 2 included t: treatment, n: soil NO3
- concentration, a: soil 

NH4
+ concentration, s: soil temperature, w: WFPS, d: date, and r: replicate plot. α, β, γ, 
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λ, and δ represent fixed effects and τ and η represent random effects from date and 

replicate plot, respectively. R is the residual variation. All analyses were conducted 

using R software (R Development Core Team, 2010) 

Results  

Enrichment of Plant and Soil Pools 

The labeled clover was highly enriched compared to the unlabeled plants. The δ15N 

signatures of shoots and taproots were 1,839 ‰ and 649 ‰, respectively (Table 3-1), 

compared to -0.024 and 0.48 ‰ for their unlabeled counterparts. The 3-fold greater 

enrichment of shoots relative to roots reflected our labeling methodology and 

suggested that the 15N provided was incorporated preferentially into shoots rather than 

being transported to roots.  

 

The 15N signature of bulk soils (after removing >2 mm POM) increased from 7 ± 0.3 

‰ before any labeling to 43 ± 5 ‰ before incorporation. The six-fold increase 

indicated that enriched cover crops contributed a large amount of N to the bulk soils.  

 

The 15N signature of >2 mm POM was 868 ± 137 ‰, which represented the composite 

signatures of root-derived N and other shoot-derived N. By assuming that all >2 mm 

POM was from cover crops, the contribution of root-derived and shoot-derived N 

to >2 mm POM could be estimated based on a mixing model. The proportion of root-

derived N was 82.5 ± 6.8% of the total >2 mm POM, with the remaining 17.5% 

coming from the other shoot-derived sources.   
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Table 3-1. The 15N signatures of enriched clover shoots, taproots, >2mm POM, 
and bulk soils at incorporation on 20 May 2013, and the 15N signature of background 
bulk soils that were sampled before the addition of tracer. 

   15N Enrichment  
   (‰) (δ15N) C: N ratios 

SL plots Shoots  1.033  ± 0.0245 1839±135 13.6± 0.1 
     

 
 
 
RL plots 

Bulk soils  0.3820± 0.0017 43±5 10.3± 0.4 
Bulk soils (background) 
without clover inputs  
 

0.3689± 0.0001 7±0.3 10.1 ± 0.4 

Taproots  0.6027± 0.0362 641±127 21.7± 0.7 
>2mm POM  0.6819± 0.0498 868±137 38.1± 5.6 

 

Distribution of 15N Tracers and Cover Crop-derived N Inputs 

The amount of 15N excess in shoots was 165.5 ± 0.7 mg/m2 (35.5%), leaving 64.5% in 

belowground sources (Table 3-1). The majority (96.3%) of the belowground 15N 

excess was in bulk soils and >2 mm POM (Table 3-2).  

 

The distribution of legume-derived N confirmed that red clover allocated a significant 

amount of N to belowground sources. Half of all cover crop-derived N was allocated 

to bulk soils, followed by 26% in >2 mm POM and 18% in shoots. N in standing 

taproot biomass accounted for only 4% of the total cover crop-derived N (Table 3-2).  
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Table 3-2. The mass and relative distribution of 15N excess and the amount and 
relative distribution of cover crop-derived N in each plant and soil pool before 
incorporation. 

N Pools 
Mass of 15N excess 

(m15N-tracers, 
mg/m2) 

Distribution 
of 15N excess 

(%) 

Cover crop-derived 
N (kg/N)* 

Distribution of 
cover crop-

derived N (%) 
* 

 Shoots  58.6± 3.8 35.5± 2.8 72.1 ±18.5 18.8 ± 1.0 
Bulk soils 65.3± 7.5 39.4± 4.3 246.2±40.0 51.3 ± 5.1 

Taproots 3.9± 0.7 2.4± 0.4 17.4±1.8 3.7 ± 0.3 

>2mm POM 37.7± 6.4 22.7± 3.6 121.7±19.4 26.3 ±4.6 

Total 165.5 ± 5.8 100 473.5 ±38.0 100.0 
* Results based on Weiss et al. (forthcoming) 

 

Dynamics of Environmental Variables 

The water-filled pore space (WFPS) ranged from 26.6% to 63.9% during the 

experimental period. From mid- June to mid-July (Week 3-7), the experimental site 

experienced a high frequency of precipitation. The WFPS stayed above 48% during 

this period, with the maximum observed in Week 6 (Figure 3-2a). Soil temperature 

ranged from 5.0 to 24.5°C, with the highest temperature in mid-July (Figure 3-2b). 

Both soil NO3
- and soil NH4

+ increased after cover crop incorporation. Soil NO3
- 

ranged from 0.28~8.6 µg/g soil, with highest concentrations observed during Weeks 

2-5 after incorporation. Soil NH4
+ was higher than NO3

- in the first week after 

incorporation and it remained lower than soil NO3
- from Weeks 2-5. Starting from 

Week 6, soil NH4
+ remained higher than soil NO3

- until the end of the measurement 

(Figure 3-2c). The highest soil NH4
+ concentration occurred on Oct 22 at 8.2 µg/g soil. 



 

 118 

 

 

 

Figure 3-2. Seasonal dynamics of (a) WFPS, (b) soil temperature, (c) soil 
extractable NH4

+ and NO3
-. Error bars represent standard errors (n=12). 

N2O Fluxes  

As expected, N2O fluxes and the total cumulative N2O emissions were not 

significantly different across control, RL plots, or SL plots. On average, N2O fluxes 

ranged from 0.016 to 2.56 mg N-N2O m-2 day-1, with the maximum flux observed in 

Week 1 after clover incorporation (Figure 3-3). N2O fluxes stayed elevated and fell 

back to background emissions in mid-August (Week 14). The cumulative N2O 

(a) 

(b) 

(c) 
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emissions were 0.74 ± 0.05 N-N2O kg ha-1, and the majority of N2O (93%) was 

emitted during the first ten weeks following clover incorporation (0.68 ± 0.05 N-N2O 

kg ha-1).   

 

Based on model 2, which was used to assess drivers of N2O emissions, soil 

temperature and NO3
- were the significant factors that drove N2O emissions 

throughout the entire measurement period (p<0.05). During the first ten weeks when 

N2O emissions were elevated, soil NO3
- was the only significant driver of N2O 

emissions, and NH4
+ was marginally significant (p= 0.06).  

 

Figure 3-3. Seasonal dynamics of N2O fluxes for 24 weeks following 
incorporation. Error bars represent standard errors (n=12). 

 

Enrichment and Sources of N2O Fluxes, Emission Factors 

The 15N2O abundance of the N2O emitted from the soils (δ15NN2O) for ten weeks after 

tillage ranged from 117 to 788 for SL plots and from 8 to 712 for RL plots (Figure 3-
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4). After ten weeks, the amount of N2O was too small to be analyzed for N2O 

signatures, so our analysis of sources was limited to the first ten weeks following 

clover incorporation, which is when 93% of the N2O emissions occurred. 

 

Figure 3-4. The 15N abundance of N2O fluxes for ten weeks after tillage. Error bars 
represent standard errors (n= 4). 

 

Estimating the contribution of clover shoot to N2O fluxes was relatively 

straightforward, because we harvested aboveground biomass from labeled plots and 

distributed that biomass in plots that had not received 15N. This enabled us to obtain 

accurate measurements of total N and δ15N signatures of clover shoots. The δ15NN2O 

from SL plots peaked in Week 1 after incorporation and decreased gradually for the 

following weeks. Based on Equation (1), the contribution of fresh clover shoots 

(standing biomass before incorporation) to N2O fluxes decreased steadily from 41% 
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±11% in Week 1 to 2.5 % ± 0.7% in Week 10, as the shoots decomposed quickly 

(Figure 3-5a).  

In the RL plots, for the first six weeks following incorporation, δ15NN2O was higher 

compared to the signatures of native SOM and taproots and, therefore, the contribution 

of shoot-derived sources (clover litter or leaves, z in Equation (3)) must have been 

above 0%. With three variables and only two constraints (Equation (2) and (3)), the 

specific contribution of each source could not be explicitly solved. The estimated 

ranges of the contribution of other shoot-derived sources were 21- 40% in Week 1 and 

20 - 42% in Week 6, which was similar to those of standing shoots (Figure 3-5a). The 

absolute contribution of roots and native SOM to N2O fluxes during this period could 

not be solved, and a wide range was estimated for both sources (Figure 3-5b).  

Figure 3-5. The proportion of N2O fluxes from aboveground (a) and belowground 
sources (b) for ten weeks after tillage. The average for the proportion of N2O fluxes 
from shoots were shown in (a). The ranges of possible values were shown for the 
percent of N2O from shoot-derived sources (a), root-derived sources (b), and native 
SOM (b) for the first six weeks after tillage. Error bars represent standard errors (n=4). 
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From Weeks 7-10, the maximum possible contribution of shoot-derived sources 

ranged from 12% (Week 10) to 27% (Week 8) (Figure 3-5a). Considering the fact that 

the contribution of shoots was below 20% after Week 7, the remaining N2O should 

have come from belowground sources. Therefore, our results showed that the 

dominant sources of N2O shifted from aboveground biomass-derived N (fresh clover 

shoots and other shoot-derived sources that included litter, overwinter biomass, and 

fresh remnants from shoot biomass removal) to belowground sources (roots and native 

SOM) after Week 7.  

The recovery of 15N tracers in 15N-N2O (for ten weeks after tillage) was lower in the 

RL plots (0.14% ± 0.03%) than in the SL plots (0.26% ± 0.08%), but it was not 

significant statistically.  

Discussion 

Soil N Dynamics and Major Processes Controlling N2O 

The pattern of increased soil inorganic N and N2O emissions was consistent with 

many previous studies that examined N dynamics after incorporating crop residues 

with low C:N ratios (Baggs et al., 2000; Millar et al., 2004; Sarkodie-Addo et al., 

2003). We speculate that both nitrification and denitrication contributed to the 

increased N2O emissions during the first ten weeks after incorporation. The WFPS 

from this period ranged from 36-63%, which was within a range where both 

nitrification and denitrification could generate N2O (Firestone and Davidson, 1989). 
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Nitrification was shown to be the dominant N2O production pathway at 35-60% 

WFPS (Bateman and Baggs, 2005). The increase in NO3
- that we observed was 

probably due to nitrification of NH4
+, which was mineralized from the incorporated 

cover crops. However, increased anaerobic conditions that resulted from the enhanced 

decomposer activity after residue incorporation could have created favorable 

conditions for denitrificaton. An incubation study by Li et al. (2016) suggested that 

after amending crop residues, denitrification was the major source of N2O, even with 

WFPS ranging from 40 to 60%. Therefore, we cannot exclude denitrification as a 

source for N2O emissions. The significant correlation between both NH4
+ and NO3

- 

and N2O fluxes during the first ten weeks after incorporation further supported our 

hypothesis that nitrification and denitritication both contributed to N2O emissions.  

NO3
- peaked 2-5 weeks after incorporation, which was consistent with previous studies 

at the same experimental sites. However, soil NO3
- was significantly lower compared 

to a previous long-term averages (Ketterings et al., 2012). This could be attributed to 

the increased leaching loss due to the unusual frequent precipitation during the 2013 

growing season. In contrast, continuous decomposition of clover biomass drove 

increased NH4
+, which became higher compared to NO3

- after Week 6.  

Contribution of Shoot- and Root-derived Sources to N2O  

Our results highlighted the significant contribution of root-derived N to N2O fluxes 

after incorporation of the cover crop. In particular, our results revealed that the 

dominant source of N2O shifted to belowground sources. Cover crops allocated a 

substantial amount of N into soils through root exudates and fine root turnover during 
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growth. Studies that traced the distribution of N in legumes with isotopic tools found a 

greater amount of root-derived N compared to N recovered in standing root biomass 

(Arcand et al., 2013; Mayer et al., 2003).  Root-derived N could be mineralized at 

tillage and became a significant source for N2O fluxes. Studies that measured N2O 

fluxes after adding root residues to soils overlooked the inputs from root-derived N 

and, therefore, underestimated the contribution of belowground sources (e.g., Begum 

et al., 2014; Shaaban et al., 2016). 

We were unable to partition the contribution from root-derived N and from native soil 

organic N due to insufficient information. However, based on the relatively low C:N 

ratios of roots (22 for taproots and 15 for fine roots) and the lower biochemical 

recalcitrance compared to the SOM pools, the dominant source of N2O fluxes during 

the first several weeks after incorporation was probably the decomposing standing root 

biomass or root-derived N, rather than native soil organic N. Based on Jackson (2000), 

the cover crop residue-derived N contributed to half of soil NH4
+ pools three days 

after incorporation and contributed 30% of NH4
+ and NO3

- pools two  weeks after 

incorporation. Furthermore, fine roots decomposed faster than coarse roots (Jani et al. 

2015). Therefore, we postulate that fine roots and fine root-derived N contributed to a 

greater proportion of N2O fluxes for the first six weeks after incorporation compared 

to the coarser roots.  

The overall EF of aboveground sources tended to be higher compared to the 

belowground sources. In contrast, Shaaban et al. (2016) added the same amount of 

root nodule residues and aboveground biomass of green beans to soils in a laboratory 
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incubation study and they found higher N2O from root nodule residues compared to 

aboveground sources. Their results were attributed to a lower C:N ratio of root nodule 

residues compared to the aboveground residues. With a similar experimental setup, 

Begum et al. (2014) found higher N2O emissions from added root litters of wheat and 

sorghum compared to their aboveground sources, despite the more inert properties of  

root litters. Their results were attributed to the initially high mineral N content of the 

incubated soils that created a C-limited environment. Therefore, the relative 

contribution of above- and below-ground sources to N2O depend on both plant residue 

properties and the background soil conditions, and this should be analyzed case-by-

case. 

The recovery of cover crops in N2O emissions in this study tended to be lower 

compared to previous field studies, which could be due to the fact that our calculation 

for belowground N inputs included not only standing biomass, but also root-derived N. 

For example, Li et al. (2015) found that 0.30% for red clover derived N was emitted as 

N2O after spring incorporation in a Danish organic cropping system. Alluvione et al. 

(2010) found an EF of 1.34% after incorporating vetch before planting corn. Both 

studies calculated total N inputs based only on standing biomass. Although the EFs in 

this study were calculated based on the first ten weeks after incorporation, they were 

reasonable proxies for the EFs for the entire growing season, because 93% of the N2O 

emissions happened during the first ten weeks after incorporation. Taken together, 

lower EFs found in this study further illustrated the importance of examining the 

contribution of root-derived N to N2O emissions.  
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Management Implications  

Our study found that N2O emission factors of aboveground and belowground biomass 

of the incorporated cover crops were significantly smaller compared to that of the 

inorganic fertilizers. The emission factors for inorganic fertilizers were on average 1% 

of N inputs based on the IPCC Tier 1 guideline. Arable systems based on cover crops 

led to a much smaller overall carbon footprint when taking into account the upstream 

greenhouse gas emissions (e.g., Gelfand and Robertson, 2015).  

Our study also highlights the importance of taking belowground sources of cover 

crops into consideration when designing N2O mitigation strategies. Given a slightly 

higher emission factor and a higher N input from shoot-derived sources compared to 

the root-derived sources, a partial harvest of the aboveground biomass of cover crops 

for feed or bioenergy production is a potential strategy to reduce soil N2O emissions. 

However, its impact on N2O emissions, and on crop yields and soil N pools, should be 

examined at the same time to avoid the tradeoffs between multiple outcomes. In 

addition, using cover crop mixtures provided a unique opportunity to control the rate 

of net N mineralization for both above- and belowground sources. More studies are 

needed to quantify the fate of aboveground and belowground biomass of cover crop 

mixtures into various pathways to better optimize those mixtures.  
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Conclusions 

This study provided a novel data set to understand the contribution of legume 

cover crops to N2O fluxes from organic cash grain cropping systems. N2O emissions 

remained elevated for ten weeks after cover crop incorporation. Eighty percent of 

cover crop-derived N was allocated belowground, which was a significant source of 

N2O emissions, especially later in the growing season. Starting from Week 6 after 

incorporation, the dominant sources of N2O fluxes shifted from shoots and shoot-

derived sources to belowground sources (standing taproots, root-derived N sources, 

and native SOM). Our results showed that the soil particulate organic matter from 

shoots or roots was the major source to N2O fluxes during different stages after 

incorporation. This was probably due to the different C and N contents and the 

biochemical recalcitrance of the POM from aboveground and belowground sources. In 

addition, multiple above- and belowground sources made it difficult to calculate the 

contributions from native SOM and from root-derived N to N2O fluxes. Future 

methodological development for in-situ labeling is needed to better distinguish the 

contributions of these two sources. Furthermore, this experiment suggested that 

partially harvesting cover crops might be a useful strategy to reduce N2O emissions 

due to the relatively higher N inputs and higher emission factors of aboveground 

biomass compared to belowground sources. However, further examination is needed 

on the balance between the multiple potential benefits of cover crops while reducing 

its climate impacts.   
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