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1. Introduction 
	
It is well known that agricultural soils are a significant source of greenhouse gasses (GHGs) such as carbon dioxide (CO2) and nitrous oxide (N2O; Oertel et al., 2016; US EPA, 2007), with the rate of these emissions being highly dependent on soil management practices (Alvarez, 2005; Flach et al., 1997; Plaza-Bonilla et al., 2014; Wang and Dalal, 2015). Intensive cropping systems and traditional cultivation methods have led to a 40 – 75% decrease in soil organic carbon (SOC; Lal, 2004), ultimately resulting in increased fluxes of carbon (C) to the atmosphere and decreased soil fertility (Houghton et al., 1983). Management of agricultural soils represented 76.7% of N2O emissions in the United States in 2016 (EPA, 2018), thereby demonstrating the direct relation between soil management practices and GHG emissions. The environmental impact of agriculture is likely to increase as more protein and calories will be required to sustain a predicted population of 9.1 billion people by 2050 (Beddington et al., 2012; Kastner et al., 2012; FAO, 2009; World Bank, 2008). Under traditional farming practices, pressure to provide increased food stability is likely to degrade soils, exacerbate nutrient pollution, and enhance GHG emissions by intensifying fertilizer inputs and land-use cultivation (Foley et al., 2011). Indeed, corn (Zea mays L.) cropping systems contribute to the largest proportion of GHG emissions by crop type, primarily due to the crop’s high nutrient requirements; corn grain results in ~ 2500 kg CO2e ha-1 y-1 and corn silage results in 3283 kg CO2e ha-1 y-1 (Camargo et al., 2013). As the demand for cereal grains, for both human consumption and silage, is expected to increase to 3 billion tonnes from today’s 2.1 billion tonnes by 2050 (FAO, 2009), there is a pressing matter to develop sustainable farming practices, especially in corn cropping systems. To avoid damaging ecological impacts associated with intensifying traditional farming practices, while simultaneously providing adequate food production for a growing global population, adopting best management practices (BMPs) creates the potential to build resilient farming systems without sacrificing productivity, profitability, or environmental viability.	Comment by Kyle Dittmer: Ag and GHGs

Food insecurities

Introducing the need for sustainable farming practices

While the primary goal of agricultural management is to increase crop productivity, many BMPs also aim to maintain or improve soil health and fertility and reduce GHG emissions. As the fate of C and N within agricultural soils is highly dependent on soil management and fertilizer amendment (Alvarez, 2005; Duncan et al., 2017; Lognoul et al., 2017; Mogge et al., 1999; Webb et al., 2010), there is potential for best management practices (BMPs) to retain nutrients in agricultural systems and mitigate nutrient losses via runoff, leaching, and gaseous losses (often as GHGs) from agricultural lands (Mangalassery et al., 2014; Ruidisch et al., 2013). Best management practices likely impact GHG emissions by altering soil microclimate, microbial activity and consortia, C and N substrate availability, or a combination of the latter. From soils, CO2 is a byproduct of aerobic microbial decomposition of organic matter and root respiration (Oertel et al., 2016). Nitrous oxide emissions are primarily a byproduct of autotrophic nitrification or an intermediate product of heterotrophic denitrification and are enhanced when mineral nitrogen (N) is greater than the crop’s nutrient demand, especially under wet conditions (Butterbach-Bahl et al., 2013; Firestone and Davidson, 1989). By understanding the mechanisms and soil conditions that promote GHG emissions from agricultural systems, an important question is therefore, are there BMPs that can attain multiple management goals (e.g., increasing yields and soil fertility) while suppressing nutrient losses as GHGs? 	Comment by Kyle Dittmer [2]: First mention of BMPs as a sustainable solution for nutrient retention

GHG mechanisms 

Introducing the purpose of the study

	Two important BMPs include reduced tillage (RT) and alternative fertilizer application methods. One form of RT gaining popularity in New England is vertical-tillage (VT) where approximately 7 cm of the soil profile is tilled (in comparison to 25 - 33 cm with conventional tillage; CT) without inverting the soil profile (Ziegler, personal communications). Other farmers have adopted no-till (NT) practices; the lack of disturbance from a NT practice can improve soil structure, enhance soil biological activity (key for nutrient cycling and therefore nutrient liberation for crop uptake), and water retention (Six et al., 2002; Verhulst et al., 2010; FAO, 2011). These benefits of NT ultimately lead to increased soil health over time, which can potentially be translated to improved crop yields, as found by Kassam et al. (2014); however, there tends to be a transitionary period where crop yields can decrease for the first 5-10 years when converting from CT to NT systems (Rusinamhodzi et al., 2011; Derpsch et al; 2014). 	Comment by Kyle Dittmer [2]: Introducing both BMPs

Benefits of RT with respect to yields/soil characteristics 
As RT practices can alleviate SOC losses, it is probable that RT can mitigate CO2 emissions via atmospheric C sequestration within photosynthetic crop biomass, eventually contributing to the SOC stock (Giller et al., 2015). Furthermore, the lack of soil mixing also protects labile organic matter from microbial decomposition and impedes the rate at which O2, a thermodynamically favorable terminal electron acceptor for aerobic metabolism, enters the soil profile (Wu et al., 2015). Alvarez (2005) reported in a meta-analysis consisting of 161 contrasting tillage systems that NT and RT increased SOC stocks by approximately 2.1 t ha-1 and 2.2 t ha-1 in comparison to CT, with greater C sequestration rates from long term (> 10 years) NT sites. In all, total SOC sequestration from NT practices has been estimated between 2.9 and 3.5 t C ha-1 (Paustian et al. 1997; Six et al., 2002). However, other studies have raised awareness that increased observations in soil bulk density, as a result of NT, may lead to erroneous estimations of SOC measurements, and thus overestimating CO2 mitigation potentials (Wendt and Hauser, 2013; Olsen et al., 2014; Powlson et al., 2014). At this time, it is unclear whether RT reduces CO2 emissions via C capture and sequestration within the soil profile. Furthermore, NT practices may have a clearer, yet adverse, impact on N2O production (Ball et al., 1999; Duncan et al., 2017) as a result of increased soil aggregate size combined with low gas diffusivity due to greater water retention (Holland, 2003), ultimately creating the anaerobic conditions needed for denitrification to occur. 	Comment by Kyle Dittmer [2]: RT on GHG mitigation

Uncertainties with RT on GHG mitigation

A second BMP with potential to improve nutrient management and uptake is to alter how fertilizer is applied to the soil. As N is the primary limiting nutrient in agricultural systems, supplementing soils with cattle manure has proven to be an economically sustainable solution to improving crop yield by increasing SOM and other necessary micronutrients (Bouwman, 1996; Loro, 2005). Livestock manure is a substantial source of N for crop production, specifically ammonium (NH4+) and nitrate (NO3-). Additionally, much of the nutrients within manure is tied up in the organic fraction and must undergo decomposition to bioavailable forms, thereby slowly releasing nutrients to the system for crop uptake (Loro, 2005). With the goal of applying nutrients directly to the rooting zone, technological advances in manure application allows farmers to inject liquid manure into soils, regardless of tillage method. Sutton et al. (1982) found that injecting liquid manure increased corn grain yield by an average of 2130 kg ha-1 each year for three years compared to broadcast application.	Comment by Kyle Dittmer [2]: Benefits of manure to ag systems/soils 

Benefits of manure injection with respect to yields 
Despite the benefits of manure as a source of fertilizer, manure application methods still pose concerns with NT systems as more than 50 % of manure-N can be lost through volatilization if not immediately incorporated into the soil profile (Maguire et al., 2011; Powell et al., 2011). By switching from broadcast application to manure injection, a substantial portion of ammoniacal-N can be retained within soils (Duncan et al., 2017). However, at this time, the results regarding manure injection on GHG mitigation are highly variable. For example, Lovanh et al. (2010) found that CO2 emissions ranged from 4357 mg m−2 h−1 for broadcast application to 60 mg m−2 h−1 for manure injection, and N2O ranged from 0.89 mg m−2 h−1 for broadcast application to 0.22 mg m−2 h−1 for manure injection. In contrast, other studies have found that switching from broadcast to injection significantly increased N2O emissions (Chadwick et al., 2000; Dell et al., 2011; Duncan et al., 2017). As further evidence, a laboratory incubation conducted by Flessa and Besse (2000) found that simulated injection of liquid manure resulted in N2O emissions equal to 3.3% of the slurry N added; surface application emitted only 0.2% of the added N as N2O. 	Comment by Kyle Dittmer [2]: Addressing uncertainties with manure application on GHG mitigation

	It becomes apparent that there will be tradeoffs when considering BMPs (i.e., RT or fertilizer management) in the context of mitigating gaseous nutrient losses. It is also clear that these BMPs have been well studied as individual entities. However, few studies have observed the interacting effects of combining these two BMPs, and even fewer have quantified GHG emissions and crop yields as a result of adopting these BMPs. The studies that have observed the relationship between RT or NT and fertilizer management have typically done so in the framework of increasing crop yield, soil health, C sequestration, or a combination of the latter (Maltas et al., 2012; Rusinamhodzi et al., 2011; Zavattaro et al., 2015). Furthermore, as soils are highly heterogeneous in nature, and as climate is a major variable driving GHG emissions and crop yields, it is critical to gain insight as to how these BMPs interact within a specific climatic regime; in this context, New England. The objective of this study was, therefore, to determine the effects of a combination of BMPs (i.e., VT, NT, broadcast manure, and manure injection) on CO2 and N2O emissions in addition to corn yield and corn protein content. We expected that injecting manure in a NT system will increase the amount of N substrates available for microbial transformations and therefore promote the greatest losses N2O yet lessen CO2 emissions by minimally disturbing the soil profile; the same treatment combination is also expected to positively impact crop yield and protein content. This study will give us one of the first looks at how these BMPs combine to affect multiple management goals (i.e., improve crop yield and maintain soil fertility via nutrient retention) with an important co-benefit of potential climate change mitigation.	Comment by Kyle Dittmer [2]: Addressing tradeoffs and knowledge gaps


2. Methods 

2.1 Site Description
	
The Manure Injection No Till (MINT) field trial is located within Borderview Farms in Alburgh, Vermont (lat. 45.005°, long. -73.308°) and was established in May of 2013 (Figure 1). This trial is a continuous corn (Zea mays L.) silage system with winter rye (Secale cereal) crop during the off season. Prior to the trial, the field was continuous corn with a winter rye cover crop under conventional tillage with no manure application. Soils at this site are classified as a Benson rocky silt loam (Soil Survey Staff, 2017). Soils in the MINT trial (0-10 cm) are sandy loam with a bulk density of 1.2 g cm-3, pH of 6.3, and 4% organic matter (June 2015).  Total C and N (0-10 cm) averaged 2.4 and 0.2%, respectively (July 2015).
The experimental design is a randomized complete block with a split-split plot arrangement (three blocks, two main plot treatments, two subplot treatments). Within each block the main plot treatments are tillage treatments: NT and VT. Vertical tillage was performed to a depth of 7.6 cm with a blade spacing of 18.4 cm (2623VT; John Deere, Moline, IL, USA). Main plot treatments were 36.6 m wide by 7.4 m long. The block included a 12.2 m buffer strip between tillage. Within each block, there were two subplot manure application treatments – injected manure and broadcast manure without incorporation. Each subplot was 3.7 by 12.2 m. Manure was injected to a depth of 15-20 cm, but injection lines were typically filled to the soil surface or just under the soil surface (2-3 cm) with manure. Injection bands were approximately 10 cm wide, with 75 cm spacing between bands. Each manure by tillage treatment combination was replicated three times (once in each of the three blocks). Details for manure characteristics, cropping, fertilization, and harvest are listed in Table 1. 
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Figure 1: Location of Borderview Farm in Alburgh, VT with the MINT field trial. 
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2.2 Gas Measurements 

	Greenhouse gasses (N2O and CO2) emissions from soils were measured every two weeks from the manure injection and broadcast without incorporation treatments, within all three blocks from June 6, 2015 through November 26, 2017, but more frequently after manure application (every other day for a week after application, then once a week for a month). Measurements were not taken while soils were frozen. Sampling events were also determined by climatic events such as rainfall. 
Greenhouse gas measurements were analyzed using static flux chambers and an infrared photoacoustic spectroscopy (PAS) gas analyzer (Model 1412i, Innova Air Tech Instruments, Ballerup, Denmark; calibrated as in Iqbal et al. (2013). Static flux chamber collars were white, polyvinyl chloride (PVC), piping with an inner diameter of 30 cm and a height of 15 cm. Collars were installed to a depth of 12 cm so that the height of the collar above the soil surface was ~ 3 cm as in Parkin and Venterea (2010). Gas concentrations were recorded every minute for a duration of ten minutes at each treatment by placing a vented PVC lid (30 cm inner diameter and 9.5 cm inner height) on the chamber collar with an air-tight elastic seal that is connected in a closed-loop system with the PAS gas analyzer. The PAS measures gas concentrations non-destructively so any gas that is passed through the detector is returned to the chamber unaltered. Gas concentrations are recorded by the PAS as μl L-1 at a standard temperature of 20 °C and a standard pressure of 101.33 kPa. All vegetation within the chamber collars was cut to ground-level to avoid erroneous measurements due to plant respiration.
	Gas fluxes (N2O and CO2) were calculated by fitting a linear regression of gas concentration against time after chamber closure. There is concern that small chambers and long measurement times can lead to greater gas accumulation in the chamber’s headspace that alters soil-atmosphere diffusion gradients; however, our chamber size and gas measurement duration was sufficient to promote low gas accumulation with linear increases. The change in N2O and CO2 were calculated as:


where F is the gas production rate for CO2 (mg CO2–C m−2 h−1) or N2O (mg N2O-N m−2 h−1), ΔC/Δt is the change in gas concentration in the chamber (106 mol−1 h-1), V is the chamber volume (0.00954 m3), A is the chamber surface area (0.0707 m2), M is the molecular weight of CO2 or N2O (mg mol-1), ρ is the density of gas at 20 °C and 0.101 MPa (1 mole per 24.04 m3), and α is a conversion coefficient (28/44 for N2O and 12/44 for CO2). 


2.3 Soil Sampling and Analysis
	
	Soil samples were collected no further than a meter behind the chamber to a depth of 15 cm for each GHG sampling event at all treatments. Samples were placed in polyethelyne bags, homogonized in the field, and kept on ice until trasnported back to the lab for further analysis. Additionally, at the time of GHG sampling, soil temperature was recoded twice on each side of the chamber base and the average was reported. All sampling occured adjacent to the chamber base as to not disturb soil within the chamber. 
	Within 24 hours, a 5 g subsample was extracted with 2 M KCl for determination of inorganic-N (i.e., NO3- and NH4+) via colometric analysis (BioTek Synergy HTX; BioTek Instruments, Inc., Winooski, VT, USA). Gravemetric soil moisture was determined using a 5 g subsample dried at 60 °C to constant weight. 


2.4 Crop Analysis	Comment by Kyle Dittmer [2]: Need to reach out to Heather for clarification on this. 

	Corn was harvested with a two-row corn chopper into a modified silage wagon equipped with scales. A 500 g sample of harvested material from each plot was collected and used for determining dry matter content (gravemetric procedure) and forage quality analysis. Samples for forage analysis were dried at 60 °C and ground to pass a 1 mm sieve. Dried and ground samples were analyzed for forage quality using Near Infrared Reflectance Spectroscopy (NIRS) according to the procedure developed by the NIRS Consortium (NIRSC, Hillsboro, WI) program of the National Forage Testing Association (NFTA, Avoca, NE). Calibrations were constructed using in-house laboratory forage analysis when NIRSC calibrations are not appropriate. Forage components included in wet chemistry calibrations included CP (combustion), water soluble carbohydrate (Dubois et al., 1956), neutral and acid detergent fiber (NDF, ADF, Ankom Technology, Macedon, NY), digestible NDF (Daisy Digester, Ankton Technology, Macedon, NY), ether extract, and ash (AOAC, 1990). 


2.5 Statistical Analysis

	Daily CO2 and N2O flux rates and soil ammonium and nitrate were analyzed using a linear mixed models that included (1) subplot as a random effect to account for non-independent measurements from the same subplot over time, (2) date as a factor to examine how treatment effects changed among days, (3) a constant variance function to account for heterogeneous errors among the tillage and/or manure application treatments (as needed to meet homogeneity of error assumptions), and (4) two and three way interactions among tillage, manure, and date. Flux and N data were transformed as needed to meet normality assumptions: N2O fluxes were cube root transformed; CO2 fluxes were Box-Cox transformed; and NH4+ and NO3- data were log transformed. Cumulative growing season CO2 and N2O and crop yield and protein content were analyzed using the same basic structure as above, but with year instead of date.  
	To examine the impact of hypothesized drivers on gas fluxes and crop yield and quality, including soil inorganic-N (NO3- and NH4+), soil temperature, and soil moisture, we added them as covariates without interactions (α = 0.05) to the above models. Akaike’s Information Criterion modified for small sample sizes (AICc) was used to select the best covariates for explaining each variable. To choose the best model(s) we considered models with dAICc ≤ 2 to have substantial support, where dAICc is the difference between the model under consideration and the model with the lowest AICc value (Burnham and Anderson, 2002). When no single model was best, we chose the simplest model with a dAICc < 2 (i.e., the model with the fewest independent variables). 
All linear mixed effects models were fit using the nlme package in R Studio (R Core Team 2018; RStudio Team 2015; Pinheiro et al., 2018). We calculated marginal and conditional R2 values using the piecewiseSEM package in R (Lefcheck, 2015). Marginal R2 describes the proportion of variance explained by fixed factors alone (i.e., Manure, Tillage, Date and interactions), while conditional R2 describes the proportion of variance explained by fixed and random factors (fixed factors plus subplot; Nakagawa and Schielzeth, 2013). Treatment significance was assessed using F tests.


3. Results

3.1 Daily GHG emissions

In general, manure injection increased N2O emissions, but not on all days (Figure 2a). In the repeated measures ANOVA (R2 = 54%), manure injection increased daily N2O emissions early in the growing season after manure application (May-June), but had little impact later in the growing season (July-December) when the difference between manure application treatments were negligible (significant manure and manure by date effects; Table 2; p < 0.05). On average, daily N2O emissions in the manure injection treatment were 160.79 ± 12.11 g N2O-N ha-1 d-1 and ranged from -39.34 ± 26.18 g N2O-N ha-1 d-1 on November 9, 2015 to 660.83 ± 146.87 g N2O-N ha-1 d-1 on June 3, 2015. In comparison, daily N2O emissions from broadcast soils averaged 44.95 ± 5.73 g N2O-N ha-1 d-1 and ranged from -43.06 ± 47.68 g N2O-N ha-1 d-1 on July 21, 2016 to 486.79 ± 163.39 g N2O-N ha-1 d-1 on June 25, 2015 (Figure 2a). Manure injection increased N2O emissions by 91 to 136% relative to broadcast application. There was also a significant tillage by date interaction for N2O emissions, but the effect of tillage was relatively small compared to manure application and varied by day (Figure 2b; Table 2). Daily N2O emissions from NT averaged 70.38 ± 8.25 g N2O-N ha-1 d-1 versus 81.28 ± 10.78 g N2O-N ha-1 d-1 from VT. Although emissions from VT were usually larger than those from NT, this effect was not consistent: on average, emissions from VT ranged from 35 times less to 18 times greater than emissions from NT (Figure 2b). The best repeated measures ANCOVA, which only included soil moisture as a covariate, explained 53% of the variation in N2O data. This was the only model with a dAICc less than 2. Including soil moisture as a covariate only changed the significance of manure application, which was no longer significant in the ANCOVA, indicating that the impact of manure application method on N2O emissions was mediated by soil moisture (Table 2). Gravimetric soil moisture was generally greatest from the manure injection treatment with an average of 16.29 ± 1.18% compared to 15.79 ± 0.77% from the broadcast treatment (Figure to show linear increase with SM & N2O; appendix figure?).

Similar to N2O, CO2 emissions were generally greatest from the manure injection plots, although the impact of manure application treatment varied somewhat by day (significant manure and manure by date effects; Table 2). Again, the between treatment differences were largest early in the growing season after manure application (Figure 3a). Daily CO2 emissions from injected soils averaged 39145 ± 1713 g CO2-C ha-1 d-1, while emissions from broadcast soils averaged 31664 ± 1115 g CO2-C ha-1 d-1. The difference between tillage treatments was somewhat larger for CO2 emissions than for N2O emissions, with the largest emissions from VT plots, although this difference varied by date: N2O emissions from VT ranged from 0.45 of NT emissions to 2.13 times NT emissions, but were on average 1.19 times NT emissions (Figure 3b). The best ANCOVA included soil temperature as a covariate. This was the only model with a dAICc < 2. Both the repeated measures ANOVA and the best ANCOVA explained 86% of the variation in CO2 emissions (Table 2). For the manure application treatments, injection promoted the highest CO2 flux rates which ranged from 1269.90 ± 829.32 g CO2 -C ha-1 d-1 from the broadcast without incorporation treatment on March 11, 2016 to 171901.02 ± 14293.38 g CO2 -C ha-1 d-1 on May 17, 2017 from the manure injection treatment (Figure 3a). Relative to broadcast application, manure injection increased CO2 emissions by 125 to 270%. With respect to the tillage treatments, CO2 production ranged from 1245.28 ± 569.09 g CO2 -C ha-1 d-1 on March 11, 2016 to 136412.1 ± 25856.91 g CO2 -C ha-1 d-1 on May 17, 2017, both from VT plots (Figure 3b). Overall, VT increased CO2 emissions by 77 to 143% relative to NT. Soil temperature ranged from -0.27 ± 0.03 °C in the NT with broadcast plots on March 3, 2016 to 23.0 ± 0.16 °C in the VT plots from the broadcast plots on July 7, 2016 (Appendix figure for temp and CO2 production?).

	Table 2: ANOVA and ANCOVA results for daily N2O and CO2 models. Asterisk denotes significance (p < 0.05).

	
	Daily N2O 
	Daily CO2

	
	ANOVA
	ANCOVA
	ANOVA
	ANCOVA

	Treatment
	F-value
	p-value
	F-value
	p-value
	F-value
	p-value
	F-value
	p-value

	Manure
	6.62
	0.033*
	4.71
	0.06
	8.91
	0.0175*
	8.48
	0.0195*

	Tillage
	0.14
	0.72
	0.09
	0.77
	12.34
	0.0079*
	11.78
	0.0089*

	Date
	11.73
	<0.0001*
	10.26
	<0.0001*
	59.08
	<0.0001*
	60.31
	<0.0001*

	Manure*Tillage
	0.02
	0.89
	0.04
	0.84
	0.07
	0.80
	0.04
	0.85

	Manure*Date
	2.10
	<0.0001*
	1.83
	0.0006*
	2.61
	<0.0001*
	2.68
	<0.0001*

	Tillage*Date
	1.65
	0.0032*
	1.60
	0.0061*
	3.17
	<0.0001*
	2.24
	<0.0001*

	Manure*Tillage*Date
	0.99
	0.51
	1.06
	0.36
	1.01
	0.45
	1.01
	0.47

	Soil Moisture
	NA
	NA
	22.27
	<0.0001*
	NA
	NA
	NA
	NA

	Soil Temperature
	NA
	NA
	NA
	NA
	NA
	NA
	67.95
	<0.001*

	Marginal R2
	0.52
	0.51
	0.85
	0.86

	Conditional R2
	0.54
	0.53
	0.86
	0.86

	nobservations
	683
	658
	681
	681

	ngroups
	12
	12
	12
	12






















Figure 2: Daily N2O fluxes by manure application method (a) and tillage regime (b). Error bars represent standard errors of the mean. Vertical dashed lines represent dates in which management events occurred (i.e., manure application and tillage). 
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Figure 3: Daily CO2 fluxes by manure application method (a) and tillage regime (b). Error bars represent standard errors of the mean. Vertical dashed lines represent dates in which management events occurred (i.e., manure application and tillage). 












3.3 Cumulative Emissions 

	Cumulative N2O emissions over the study period were significantly affected by manure application, year, cumulative CO2 fluxes, soil moisture, extractable NH4+, and by an interaction with soil moisture and soil temperature (p < 0.05). The repeated measures ANOVA and ANCOVA explained 42 and 41% of the variation in N2O emissions during the study duration, respectively (Table 3). Cumulative emissions of N2O were on average 2.17 times greater in the manure injection treatment relative to the broadcast treatment and ranged from 171.04 ± 49.05 g N2O-N ha-1 d-1 in 2016 from the broadcast without incorporation treatment to 866.56 ± 151.96 g N2O-N ha-1 d-1 in 2017 from the manure injection treatment (Figure 4a). 

Cumulative CO2 emissions were significantly affected by tillage treatments, year, manure by year, tillage by year, cumulative N2O fluxes, soil temperature, extractable NH4+, extractable NO3-, and by an interaction between soil moisture and soil temperature (p < 0.05). The repeated measures ANOVA explained 47% of the variation in CO2 emissions, whereas the repeated measures ANCOVA explained 65% of the variation (Table 3). For the manure application treatments, cumulative emissions of CO2 were on average 1.14 times greater with manure injection relative to broadcast without incorporation. Cumulative CO2 fluxes from the manure treatments ranged from 215473.5 ± 12890.69 g CO2 -C ha-1 d-1 in the broadcast without incorporation treatment in 2015 to 339132.4 ± 28072.55 g CO2 -C ha-1 d-1 in the manure injection treatment in 2017 (Figure 4c). From the tillage treatments, cumulative CO2 emissions were on average 1.15 times greater in the VT plots compared to the NT plots. Cumulative CO2 fluxes from the tillage treatments ranged from 236437.1 ± 13136.71 g CO2 -C ha-1 d-1 in the NT plots in 2015 to 355525.6 ± 25964.82 g CO2 -C ha-1 d-1 in the VT plots (Figure 4d). 
[image: ]Figure 4: Cumulative emissions of N2O with manure application method (a) and tillage regime (b). Cumulative emissions of CO2 with manure application method (c) and tillage regime (d).


	Table 3: ANOVA results for cumulative N2O and CO2 models. Asterisk denotes significance (p < 0.05). Ext. refers to ‘extractable’.

	 
	Cumulative N2O
	Cumulative CO2

	
	ANOVA
	ANCOVA
	ANOVA
	ANCOVA

	Treatment
	F-value
	p-value
	F-value
	p-value
	F-value
	p-value
	F-value
	p-value

	Manure
	12.60
	0.0075*
	21.95
	0.0016*
	6.71
	0.0321*
	2.78
	0.13

	Tillage
	0.05
	0.82
	0.08
	0.78
	7.33
	0.0268*
	8.86
	0.0177*

	Year
	9.54
	0.0019*
	17.41
	0.0009*
	7.16
	0.006*
	52.18
	<0.0001*

	Manure*Tillage
	0.01
	0.91
	0.66
	0.44
	0.07
	0.80
	0.27
	0.62

	Manure*Year
	1.35
	0.29
	1.44
	0.25
	0.34
	0.72
	5.85
	0.0287*

	Tillage*Year
	0.41
	0.67
	0.74
	0.40
	2.44
	0.12
	8.89
	0.0093*

	Manure*Tillage*Year
	1.11
	0.35
	1.07
	0.32
	0.78
	0.48
	0.06
	0.81

	Cumulative CO2 flux
	NA
	NA
	11.96
	0.0038*
	NA
	NA
	NA
	NA

	Cumulative N2O flux
	NA
	NA
	NA
	NA
	NA
	NA
	30.99
	0.0001*

	Soil Moisture
	NA
	NA
	46.88
	<0.0001*
	NA
	NA
	2.13
	0.16

	Soil Temperature
	NA
	NA
	0.15
	0.70
	NA
	NA
	16.40
	0.001*

	Ext. NO3- mg-N kg-1
	NA
	NA
	0.002
	0.96
	NA
	NA
	21.05
	0.0004*

	Ext. NH4+ mg-N kg-1
	NA
	NA
	6.73
	0.0212*
	NA
	NA
	28.91
	0.0001*

	Soil Moisture*
Soil Temperature
	NA
	NA
	8.18
	0.0126*
	NA
	NA
	14.25
	0.0018*

	Marginal R2
	0.35
	0.39
	0.47
	0.60

	Conditional R2
	0.42
	0.41
	0.47
	0.65

	nobservations
	36
	36
	36
	36

	ngroups
	12
	12
	12
	12




3.4 Corn Yield and Protein Content

The repeated measures ANOVA explained 57% of the variation in corn yield and predicted that there were no significant treatments or interactions amongst treatments (Table 4). However, there tended to be general increases in corn yield in the NT with manure injection plots, except for 2016 (Figure 5). The measured covariates did not significantly affect corn yield and therefore the repeated measures ANCOVA results are not reported or further discussed.

[bookmark: _GoBack]The repeated measures ANOVA explained 77% of the variation in corn protein content and predicted that year (p < 0.0001) and tillage by year (p = 0.0173; Table 4) were significant predictor variables. Corn protein content ranged from 6.75 ± 0.25% of dry matter in the VT plots in 2015 to 9.57 ± 0.32% of dry matter in the VT plots in 2016 (Figure 5). After adding covariates to the model, the repeated measures ANCOVA predicted that tillage by year no longer had a significant effect (p = 0.43); although, soil moisture and soil temperature were significant covariates affecting corn protein content (p < 0.05) with an interaction between soil moisture and soil temperature having a marginally significant effect (p = 0.056; Table 4) suggesting that the impacts of tillage regime on corn protein content is driven by soil moisture and soil temperature. 


	Table 4: ANOVA results for corn yield. ANOVA and ANCOVA results for corn protein. Asterisk denotes significance. 

	 
	Yield ANOVA
	Protein ANOVA
	Protein ANCOVA

	Treatment
	F-value
	p-value
	F-value
	p-value
	F-value
	p-value

	Manure
	0.73
	0.42
	0.93
	0.36
	0.003
	0.96

	Tillage
	0.28
	0.61
	1.80
	0.22
	0.34
	0.57

	Year
	1.22
	0.32
	102.24
	<0.0001*
	134.29
	<0.0001*

	Manure*Tillage
	3.39
	0.10
	1.19
	0.31
	1.00
	0.35

	Manure*Year
	0.68
	0.61
	0.68
	0.61
	1.08
	0.32

	Tillage*Year
	1.96
	0.12
	3.55
	0.0173*
	0.65
	0.43

	Manure*Tillage*Year
	0.88
	0.49
	0.10
	0.98
	0.04
	0.85

	Soil Moisture
	NA
	NA
	NA
	NA
	31.12
	0.0001*

	Soil Temperature
	NA
	NA
	NA
	NA
	26.73
	0.0002*

	Soil Moisture*Soil Temperature
	NA
	NA
	NA
	NA
	4.38
	0.056

	Marginal R2
	0.48
	0.76
	0.83

	Conditional R2
	0.57
	0.77
	0.83

	nobservations
	60
	58
	34

	ngroups
	12
	12
	12



[image: ]
Figure 6: Corn yield (a) and corn protein content (b) for 2015 to 2017 with both manure application method and tillage regime. 
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Tillage Harvest



Year Date Date
Rate            



(L ha-1)
Dry Matter 



(%)
Organic-N       



(g kg 
-1)



NH4-N        
(g kg-1)



Total-N       
(g kg-1)



Planting
Rate     



(seeds ha-1)
Date



Rate     
(kg/ha)



Date



2015 15-May 15-May 58929 8 2.65 1.25 3.9 18-May 83980 18-May 280 30 Sept.
2016 17-May 17-May 56123 3.84 1.35 0.95 2.3 19-May 83980 19-May 224 21-Sept.
2017 12-May 12-May 57994 4.7 1.6 0.95 2.6 18-May 83980 18-May 224 20-21 Sept.



Table 1: Dates, manure characteristics/events, and cropping events for 2015-2017.
Manure Events and Characteristics Planting Date Starter fertilizer (10-20-20)
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