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Abstract
1. Introduction
Cropping practices affect GHG emissions from agricultural soils; these practices include crop type/rotation, tillage, residue management, and the type, timing, and method of fertilizer application (Aulakh et al., 1984; MacKenzie et al., 1997, 1998; Mulvaney et al., 1997; Wagner-Riddle et al., 1997; Gregorich et al. 2005; Helgason et al., 2005). Direct modification of the soil water status through irrigation or agricultural drainage management will also govern the degree of soil GHG emissions via promotion of the transport and cycling of nutrients in the vadose zone, and alteration of soil oxygen status and soil temperature (Sass et al., 1992; Kliewer and Gilliam, 1995; Ellert and Janzen, 2008). These factors largely govern soil respiration processes (Davidson et al., 1998), the transformations of soil NO3- to N2O (Gregorich et al., 2006), and whether a soil will act as a methane sink or source (Topp and Pattey, 1997).
Artificial subsurface drainage systems (e.g. tile drainage) are ubiquitous in the lowlands of Quebec and Ontario, Canada, and other humid regions around the world where annual precipitation exceeds evapotranspiration (Skaggs et al., 1994). Tile drainage systems are often required to drain crop land in order to increase the crop growing season and augment soil conditions favourable for field trafficability. In 2001 in Ontario Canada alone, it has been estimated that around 43% of the cropland is tile drained (Fraser and Fleming, 2001). Nevertheless, tile drains are also efficient pathways by which agricultural contaminants leave the field and enter the broader surface water environment (Lapen et al., 2008; Nangia et al., 2010).
There is increasing attention regarding the general impact of agricultural drainage on water quality; and in parallel, there is increasing attention on a suite of drainage management practices that can potentially reduce the export of nutrients and other agricultural pollutants to surface water resources (Mitsch et al., 2001; Dinnes et al., 2002). Controlled tile drainage (CTD) is a management practice that regulates the amount of tile drainage waters that can leave a field (Gilliam et al., 1979). This practice can increase water table elevations and soil water contents in the field, thus allowing for crops to more readily access water and nutrients during critical crop growth stages (Madramootoo et al., 1993; Evans et al., 1995; Lalonde et al., 1996; Sunohara et al., 2010). Controlled tile drainage has been shown to improve surface water quality of adjacent water resources by virtue of reducing the net export of nutrients, and other agriculturally derived contaminants, via tile drainage systems (Drury et al., 1996; Wesström and Messing, 2007, Sunohara et al., 2010). In many temperate regions, tile drains are allowed to drain to various degrees for a time in spring in order to facilitate normal and timely spring field operations, and often at or just after planting, tile drainage is restricted by a water flow control structure. Overall, CTD is a flexible management system that can be set to accommodate specific crop, topographic, and field soil characteristics (ASABE, 1990; Madramootoo et al., 1993; Evans et al., 1995; Drury et al., 1996; Paasonen-Kivekas et al., 1996). Controlled tile drainage meets key goals of a water quality Best Management Practice (BMP): it is relatively inexpensive, does not reduce productive land and can augment yield (Cicek et al., 2010), and has been shown to improve surface water quality (Evans et al., 1995; Drury et al., 1996; Sunohara et al., 2010). However, given that this practice is designed to reduce soil and groundwater drainage, it therefore has the potential to augment soil conditions favourable for denitrification (Knowles, 1982), soil methane emissions (Sass et al., 1994), and soil CO2 fluxes (Davidson et al., 2000). To date, only a few studies have quantified the relationship between drainage management practices and associated impacts on soil GHG emissions, and most often for N gas production under plot and laboratory situations (Kliewer and Gilliam, 1995; Elmi et al., 2005; Dobbie and Smith, 2006). Overall, these studies found that reducing soil drainage augmented total denitrification. There is less research regarding CO2 fluxes and agricultural drainage management, but a vast majority of the research on soil is suggestive that increased soil water contents in agricultural field soils will be promotive of increased soil CO2 fluxes (Davidson et al., 2000), and therefore it is inferred that CTD could enhance CO2 fluxes rather than reduce them. Soil CH4 fluxes in non-saturated agricultural soils are expected to be small (Robertson et al., 2000); however, significant CH4 fluxes have been observed in association with grasslands (Chadwick et al., 2000) and in adequately drained agricultural soils (Chadwick and Pain, 1997; Chan and Parkin, 2001). Thus, there is potential for soil CH4 emissions to be augmented by imposition of a drainage management practice.

Direct measurement of GHG emissions from soils can be expensive, time consuming and labour intensive; moreover, high degrees of spatial and temporal variability of soil GHG fluxes can augment these logistical constraints (Folorunso and Rolston, 1984; Parkin, 1987; Smith et al., 2008). The capacity to predict the effects of a mitigating practice (e.g. BMP) on an environmental endpoint (e.g. contaminant export) is the corner stone of risk management. Models that predict important GHG emissions are needed for estimating GHG inventories as well as for predicting the influence of management practices and climate change on emissions (IPCC, 2001). Frolking et al. (1997) compared different process-oriented models for soil N2O emission, including CENTURY-NGAS (Parton et al., 1998), DNDC (Li et al., 1992) and ExpertN (Engel and Priesack, 1993). The performance of each of these models was highly variable depending on data sets and environmental conditions. For all of these models, soil water content, temperature, N concentrations in the soil were considered as the most important determinant parameters controlling soil N2O emissions. Testing these models in the context of evaluating the effects of drainage management practice impacts on GHG emissions, will help inform how soil GHG emission models could be used in conjunction with drainage models (Youssef et al., 2005), to better estimate N mass balances and associated emission risks. Yet for many more applied applications, process-based models are cumbersome and require significant data inputs and learning effort on part of the modeller (Heinen, 2006). Use of simpler tools may therefore be desirable, as Smith et al. (2008) found that many process-based GHG emission models were deficient on many levels. 
Regarding water quality BMPs, it is important to ensure that improvements in water quality do not come at the critical expense of impairment to other environmental compartments (e.g., air quality). Given the likelihood that CTD will be more broadly employed in North America in the future (http://www.ag.ohio-state.edu/~usdasdru/ADMS/ADMSindex.htm), field-scale evaluations of soil GHG production where CTD is employed will be required to assess how this practice impacts both water and air quality, and ultimately the cycle of C and N in agricultural landscapes.
The overall objectives of this paper were to: i) compare measures of soil CH4, N2O, and CO2 emissions for fields under conventional and controlled tile drainage and different crop management practices, and ii) evaluate the utility of simple denitrification-nitrification models to predict soil N2O from fields under these drainage/crop management practices.
2. Materials and methods
2.1 Site characteristics
The study site is situated within ~950 ha of an experimental watershed system located in eastern Ontario, Canada (45.26 N, 75.18 W). Thirty year mean yearly precipitation in the area is 944 mm and mean annual minimum and maximum air temperatures are 1.1oC and 10.9oC , respectively (Environment Canada, 2010). The Bainsville silt loams (Orthic Dark Grey Gleysolic) are the dominant soils at the field site (Table 1; Wicklund and Richards, 1962). It should be noted that it was frequently observed, that the top of the Bmg horizon consisted of a thin (~cm thick), harder consistency soil layer that could have general impact on localized drainage. The fields have a flat topography (slope less then 1%) with a shallow impermeable (clay) layer situated at a depth of approximately 1.2m.  Local slope of the study area is generally <1%.  
2.2 Study fields, cropping practice, and controlled tile drainage (CTD)
The study was initialized in 2005 and systematic soil GHG measurements began in 2006. From 2006-08, soil GHG measurements were made from two field pairs (Field pair 1-2; and Field pair 5-6) with fields within each pair being of comparable size, soil type, and agronomic-cropping practice but differing only in how tile drainage was managed [e.g. CTD vs. uncontrolled tile drainage (UTD)] (Table 2). In 2009, GHG measurements from Fields (1 and 2) were conducted, but were not conducted on Fields 5 and 6. However, in 2009 two additional field pairs were examined that had a recent history of manure application (Field pair 11-12; Field pair 13-14). Tillage practices consisted of fall mouldboard ploughing, and spring cultivation using a chisel plough to a depth of approx. 30cm. The tile drainage system on the study site fields consist of lateral subsurface drains (102 mm in diameter) installed at an average depth of 100 cm and a spacing of 17 m with an average slope of 0.1%. The lateral drains are connected to header drainage systems which connect to a main outlet. In-line tile drainage control structures (Figure 1) were installed on the outlets to control tile drain flow (Agri Drain Corporation, Adair, IA). Water overflow depth (e.g. Figure 1) in the structures for CTD fields was set conservatively at a depth of 0.6 m below the soil surface from time of planting, and left closed until at least harvest (Cicek et al., 2010). This depth has been shown to augment root-water table interaction (ASABE, 1990). The water table depth was not managed in the UTD, and as such, there was free drain flow.
2.3. Measurement of CH4, CO2 and N2O emissions from soil
The measurements of the soil-atmosphere exchange of CH4, CO2 and N2O was carried out using a non-flow-through non-steady-state chamber method described in Rochette and Bertrand (2008). Briefly, clear lexan chambers (62cm in diameter for corn crops and 75cm x 15cm for soybean) were installed between crop rows at a depth of 10cm and left there for the study period. Typically, chambers were installed after planting with average head spaces of 5cm (head spaces were checked periodically). Lids used during air sampling were covered with reflective and insulating material. Five samples were collected from the chamber headspace (which was measured periodically over the course of the monitoring period) 0, 2, 4, 6 and 8 min after the chamber lids were attached to the inset chambers. Samples were collected from the chamber headspace by removing 25 mL of air with a 30–mL syringe fitted with a 26-gauge needle. The sampled air was subsequently injected into 12-mL glass vial exetainers (Labco Ltd., High Wycombe, UK), fitted with an extra PTFE/silicone septa on top of the rubber septum with the Teflon side facing up (Supelco, Bellefonte, PA). Each vial contained 2-3 mg of Mg(ClO4)2 (Rochette and Bertrand, 2008). The samples were then analyzed for CH4, CO2 and N2O using a gas chromatograph (Varian 3800, Varian Inc., Walnut Creek, CA).  Surface gas fluxes (
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where, 
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 (mol mol-1 min-1) is the rate of change of chamber gas concentration in dry air samples (when the slope of the rate of change in gas concentration as a function of time is greater than zero), 
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 (m3) is the chamber headspace volume, 
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 (m2) is the surface area covered by the chamber, 
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 (mg mol-1) is the molecular mass of the gas, 
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 (m3 mol-1) is the molecular volume of gas at pre-deployment air temperature, 
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 (k Pa) is the pre-deployment partial pressure of water vapor, 
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 (k Pa) is the barometric pressure at the time of sampling, the factor 60 converts min to h, and the factor 0.00001 converts μg to kg and m-2 to ha-1.

The GHG measurements were conducted on all fields for each field pair. All measurements were made directly between tile lines, except in 2009, where measurements were made both between and over tile. During 2006, GHG measurements for Field pair (1-2) and (5-6) were made at four locations down the middle of each field in roughly a equidistant manner so that the upper field (where tiles were shallowest), upper middle field, lower middle, and lower fields (where tiles were deepest), were represented by a measurement chamber. In 2007-08, for these fields, only the upper middle and lower middle sites were monitored, and in 2009, Field pair (1-2) was monitored in same manner as that for 2006 except that chamber site locations alternated between “over” and “between” tile lines. For Field pairs (11-12), and (13-14) measurements were made in the upper and lower sections of each field both over (two sites), and directly between (two sites) tile laterals so that each field had a total of four GHG measurement sites. Soil gas emissions were most frequently made between planting to harvest at set times during the day (1000 to 1400hr). A total of 649, 649, and 617 CO2, N2O, and CH4 measurements were made from 2006-2009 in this study.  Although it was desirable to measure GHG emissions at planting time to harvest, it was not always logistically possible to do so, and in some years, GHG measurements began weeks after planting (but in relative manner, all measurements were temporally collocated among drainage treatments)
2.4. Soil physical, plant, hydrological, and soil/water NO3- measurements
A weather station (HOBO Weather Station Data Logger, Onset Computer Corp., MA) located near the experimental fields measured precipitation (Onset Rain Gauge Smart Sensor, Onset Computer Corp., MA), air temperature (Onset Temperature Smart Sensor, Onset Computer Corp., MA), soil temperature (15cm depth) (Onset Temperature Smart Sensor, Onset Computer Corp., MA), and soil water content (15cm and 30cm depth) (SMA Soil Moisture Smart Sensor, Onset Computer Corp., MA). Groundwater wells composed of perforated PVC pipe (50 mm inside diameter) were installed midway between tile drain laterals at the lower and upper measurement locations, to a depth of 3 m, to measure water table elevations. Pressure transducer water level loggers (Global Water Instruments, Inc., Gold River, CA) were used to record water table elevations on 15 minute intervals. In close proximity to each GHG monitoring site, soil temperature (0-0.10 m depth) was measured at time of sampling using a Fluke 52-2 thermocouple thermometer and temperature probe (Optimum Energy Products Ltd., Calgary, AB). Additionally, at each GHG monitoring site, volumetric water content of the soil was measured using the ESI (Environmental Sensors Inc., Victoria, BC) time domain reflectometry (TDR) system and twin wave guides of 0.3 m length. For all field pairs, at the upper and lower GHG monitoring sites, soil water contents were also measured via the TDR moisture profiling probes described in Akhand et al. (2006). The lower field site had one probe installed with 5 sensing sections, 0-0.30, 0.30-0.60, 0.60-0.90, 0.90-0.120 and 0.120-0.150 m. For the upper field site, the TDR profiling probe had sensing lengths of 0-0.15, 0.15-0.30, 0.30-0.45, 0.45-0.60 and 0.60-0.90 m. Both probes were installed midway between tile drain laterals. 
Additionally, at these respective monitoring sites, 2 bar ceramic cup suction lysimeters (Soilmoisture Equip. Incorp., Santa Barbara, CA) were installed at 0.25-0.30m and 0.55-0.60m depth (4.8cm outside diameter, 6.0cm length, 0.4cm thickness). These lysimeters were used to extract soil water for soil water NO3- concentrations over the course of the yearly study periods to supplement, if necessary, soil sample NO3- concentrations. Soil samples (50mm ID), for soil bulk density and NO3- and NH4+ concentration measurement, were collected with a Giddings hydraulic soil sampling and coring machine (Giddings Machine Co, Windsor, CO) at all monitoring locations in spring prior to spring field cultivation and fertilization (spring residual N) and in fall after harvest but before ploughing (fall residual N) at depths of 0-0.30, 0.30-0.60, 0.60-0.90, and 0.90-1.2m. Periodically over the course of the growing season additional soil samples were collected with a hand auger (76 mm length and 47 mm ID  cores) at (3 composited replicate samples per site) 0-0.30m depth for soil N and bulk density analyses. 

KCl extractable NO3- and NH4+ was extracted from soil samples by shaking 5 g of field-moist soil with 50 mL of 2 M KCl for 1 h followed by filtration on KCl-washed filter papers (Whatman no. 42). Soil NO3- and NH4+ in these extracts, as well as the water extracted from the lysimeters, were analyzed colorimetrically using a TRAACS 800 Autoanalyzer (Bran-Luebbe Analyzing Technologies, Elmsford, NY) (Keeney and Nelson, 1982). Sub samples of soil were oven-dried at 105°C for 24 hours to determine gravimetric moisture contents.
Just prior to harvest, above ground plant samples were randomly collected in close proximity to each GHG monitoring site (N=4 per site). The plants (all but rooting system) were dried at 80ºC to determine total dry matter yields. Sub samples of plant material were finely ground (<100 mesh) and total C and N contents were determined on a Carlo Erba NA1500 Elemental Analyzer (Carlo Erba, Milan, Italy). Annual grain yield for each field was acquired with a combine harvester equipped with a grain yield monitoring system.  

Soybean and corn planting densities were measured on three plots of 4m2 and 9m2 respectively. Plant average N and C concentrations, plant weight, density and biomass were used to estimate plant carbon. Harvest indices of 0.50 (Gregorich et al., 2011) and 0.35 (Johnson et al., 2006) were assumed for corn and soybeans, respectively to calculate biomass. Daily CO2 emissions were estimated by: i) using multiple linear regression (MLR) and ii) simple linear interpolation methods for observed data.  For the MLR model, relationships between observed CO2 emissions, and soil water content at 0-30cm (SWC30), water table depth below surface (WTDBS), and soil temperature (ST) was generated in STATISTICA (v. 9.1, StatSoft, Inc.). Given that total soil respiration = rhizosphere respiration + soil respiration, the rhizosphere respiration and soil respiration for corn was estimated using daily respiration ratios derived from Rochette et al., (1999). The daily (post planting) ratios of rhizosphere respiration:total respiration in Rochette et al., 1999 was used to estimate rhizosphere contributions based on observed total respiration in this study during respective study periods.  The residual was considered soil respiration. This approach was only conducted for corn.
2.5 Statistical analysis

Differences in log-transformed (base 10) CH4, CO2 and N2O emissions from CTD and UTD Fields (1, 2, 5 and 6) were determined statistically using independent sample t-test analyses (STATISTICA v. 9.1, StatSoft, Inc.) for the years 2006-2008. Additionally, ANOVAs were used to compare emissions by management (CTD vs. UTD) and location (over tile vs. between tile) from Fields 11-14 and Fields 1 and 2, in 2009.

Classification and regression tree analysis (CART® Pro 6.0 Salford Systems, San Diego, CA) automated data mining was used to identify structural associations and interactions among GHG emissions (dependant variables included CO2 and N2O) and a suite of independent criteria (i.e., generate homogeneous dependent variable groups on the basis of independent variable data splitting criteria) (Wilkes et al., 2011). The independent variables included: SWC30, WTDBS, ST, crop type, previous crop type, N fertilizer application rate, soil NO3-, NH4+, and NO3-+NH4+ concentrations, rainfall, and tile drainage management. The CART approach was used in a regression tree least squares capacity as outlined in Wilkes et al. (2011).  In this study we constrained CART model growth to maximum of three independent variable definitions (three levels in the tree-structured model). Spearman Rank correlations (for Field pair 1-2 (2006-09) and Field pair 5-6 (2006-08)) were also examined among the individual gas emissions and SWC30, ST, and WTDBS (environmental variables potentially influenced significantly by drainage management practice).  A p value of 0.05 was considered a significance threshold.
2.6 NEMIS and NOE models
2.6.1. NEMIS


Total denitrification was predicted in this study using NEMIS (Henault and Germon, 2000), a multiplicative analytical model that predicts total denitrification from field soil information. NEMIS determines a relation between soil volumetric water content (using a water-content function
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where: WFPS is the water-filled pore space (vol.), TWFPS is a threshold, 
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 is gravimetric water content (g g-1), 
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is soil particle density (assumed to be 2.65 Mg m-3).
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As soil WFPS increases, diffusion of O2 into soil aggregates will decrease, and a rapidly increasing fraction of the soil volume will become anaerobic, causing increased N2O production by denitrification (Drury et al., 2003). Grundmann and Rolston (1987) developed the relation shown in Eq. (4) for 0.10m soil depth. They found TWFPS to be 0.62 m3 m-3. In NEMIS, the TWFPS parameter acts like a switch in the model turning “on-and–off” the NEMIS water-content function (Fw) depending on the WFPS of the soil for the day of simulation. If the WFPS is less than TWFPS, the modelled denitrification is also zero. 
2.6.2. NOE

The NOE model was used to predict daily nitrification and N2O emissions using soil information and for N2O, additional denitrification inputs from NEMIS (Hénault et al., 2005). The relationship between total denitrification (
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where 
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is the maximum ratio of accumulated N2O to denitrified NO3- under anaerobic incubations. In Hénault et al. (2001), the definition of parameter
[image: image26.wmf]max

r

 was derived in the laboratory experiments which examined the fraction of N2O emitted during anaerobic denitrification. 
The nitrification rate is calculated as follows:
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where 
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where 
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is the nitrification response function to soil water content (WC), 
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is expressed in kg N ha-1 day-1, and a and b are the slope and the Y-intercept, respectively, of the linear relationship between soil nitrification rate and the soil gravimetric water content, established in laboratory according to the procedure defined in Garrido et al. (2002).
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where 
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where 
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is the nitrification response factor to soil temperature, dimensionless. 

The quantities of N2O emitted during nitrification (N2Onit) are calculated as:
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where N2Onit is the emitted nitrous oxide produced through nitrification, kg N ha-1 day-1, and z is the proportion of nitrified nitrogen emitted as N2O. The NOE algorithm considers that under denitrification conditions (i.e. partial anaerobiosis in soils), the N2O produced through nitrification is denitrified at the same rate as that produced through denitrification.
2.6.3. Employment and calibration of NEMIS and NOE in this study
A daily modeling time step was employed in this study; therefore, input data such as soil temperature, soil water contents, and soil NO3- and NH4+ concentrations were linearly interpolated between sampling times in order to generate daily data for NEMIS and NOE.  The potential denitrification rate (
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) used in NEMIS was set to a constant of 3.0 kg N ha-1day-1, a value for soils similar to those in this study (Hénault et al., 2005). The TWFPS for NEMIS was set as a constant of 0.55 m3 m-3, rather than the NEMIS default value of 0.62 m3 m-3 for reasons discussed in the results section. The NEMIS and NOE were run separately on each site, using site data, where N2O was measured via chamber methods.  Given that there were two unknown parameters, rmax and z, we initially assumed an rmax value of 0.5, and fitted predicted with observed N2O emissions by adjusting z between values between 0.001-1.00. Focus was placed on fitting the model by adjusting z because denitrification conditions are much less common than conditions where nitrification was the dominant gas producing process (Gregorich et al., 2008). If predictions were not possible within this range of z values, rmax was adjusted so that predicted emissions matched observed emissions (1:1). We then fitted cubic polynomial models in Sigma Plot ver. 9.1 (Systat Software, Inc., Point Richmond, CA) to the calibrated z values against “days after planting”. Polynomial fits were generated for: CTD-corn, UTD-corn, CTD-soybeans and UTD-soybeans. We also calculated the average rmax values from all of the calibrated corn, and soybean N2O predictions. We then used the cubic polynomial models and the average rmax values to test the global performance of the model for each of the drainage-crop data sets above. We then applied the calibrated models to predict daily total nitrification, denitrification and associated N2O emissions from the date of planting to harvest for Field pairs 1-2, and 5-6. 
3. Results
3.1 Weather and soil conditions 
There was a substantial variation in the timing and amount of precipitation during the four years of study (Figure 3). Total seasonal (May-October) rainfall in 2006 was about 21% greater than the 30-year normal for that period (Table 3). As much as 40% of the seasonal rainfall in 2006 occurred during September-October. Rainfall in 2007 was 29% below the normal with minimal precipitation in August and September. For 2008, seasonal rainfall was approximately 3% higher than the normal (518mm), with July and September being the wettest and the driest months, respectively. Precipitation during 2009 was 21% below the normal (518mm) with June being the driest month (74% below normal for that month). Mean monthly temperatures were comparable to the normal mean monthly temperatures for all the four years of study (Table 3). In general, the field conditions were wetter than the normal during 2006 and 2008 and drier than the normal during 2007 and 2009.
Averaged by field monitoring site across the entire observation period (2006-2009 for Fields (1 and 2), and 2006-2008 for Fields (5 and 6)), soil temperature (ST) did not differ by tile management practice statistically (p>0.05). Average soil water contents (0-30cm) (SWC30) for CTD managed fields for Field pairs (1-2) and (5-6) were between 1-5% higher (p≤0.05) during the 4 year study period relative to UTD fields (Figure 3). There was no significant difference (p≤0.05) between average water table depths below surface (WTDBS) between all CTD vs. UTD field pairs for all years of study; yet as Figure 2 illustrates, there was, on average, greater water table residence time for depths shallower than ~1 m for CTD fields, relative to UTD fields. The average water table residence time, as percent of total amount of time at or above ~1 m depth below the surface, was on average over the 4-years study, 35% for CTD and 24% for UTD. For all data in this study, Pearson correlations among ST vs. SWC30, ST vs. WTDBS, and SWC30 vs. WTDBS were 0.12, 0.20, and 0.19 (all significant at 0.05 level).  Soil NO3- and NH4+ concentrations for 0-0.3m depth, are given in Figure 4 and indicate that there was, at a minimum, enough N in the soil for N emissions to occur. The data, representing all years of study represent mean, minimum, and maximum linearly interpolated daily values.
Average corn and soybean yields for CTD and UTD for years studied are given in Table 12.  Yield boosts from CTD were, on average 2.7% for corn, and 5.0% for soybean.
3.2. Measured soil GHG emissions
3.2.1. CH4
There was no statistical difference (p>0.05) in log-transformed soil CH4 emissions between controlled and uncontrolled tile drainage for all years and all field pairs-years given in (Table 4).  Yet emissions were higher (p<0.1) above tile for Fields (11, 13), relative to Fields (11, 13) between tile, and the UTD Fields (12, 14) above and between tile for 2009 (Table 5). The mean CH4 emissions for the yearly monitoring periods (2006-2008) ranged between 0.0003  and 0.0015 kg C ha-1 day-1. There were few significant correlations among CH4 emissions and WTDBS, SWC30, and ST (Table 6) (these are soil/hydrological variables that potentially affected by CTD management practices). Field 1 for 2009 had a significant correlation among WTDBS and CH4 emissions (R=0.56); however, this finding is at odds with the greater expectations that a shallower water table will be associated with higher soil methane emissions.  Overall, the soils were a source, not a sink for CH4.
3.2.2. CO2

Mean study season soil CO2 emissions ranged between 20.4 (Field 6, 2007) and 38.9 (Field 6, 2006) kg C ha-1 day-1 (Table 4). Yearly log-transformed soil CO2 emissions differed statistically (p≤0.05) among the tile management practices during 2006 and 2007, where CTD fields in 2006 had statistically higher CO2 emissions than UTD fields, but in 2007, the reverse trends occurred but only for Fields 5 (UTD) and 6 (CTD) (UTD>CTD emissions). There were no significant differences among log-transformed CO2 emissions among the above and between-tile data in 2009 for Field pairs (11-12 and 13-14). Thirteen out of 14 WTDBS vs. CO2 emission correlations were significant at p≤0.05; and all but one of these were negative indicating that the shallower the water table, the greater the soil CO2 emissions (Table 7). In addition, most of the significant (p≤0.05) SWC30 vs. soil CO2 emissions were positive as well (5/14 comparisons were significant and 4/14 were in positive direction). Eighty six percent of the correlations among CO2 emissions vs. ST were significant at 0.05 level, and all but one of the correlations were positive. Overall, WTDBS was much more strongly and consistently associated with soil CO2 emissions relative to the other variables. Yet the importance of ST on CO2 emissions at the site was confirmed using CART to predict all CO2 observations from a suite of independent criteria. Table 9 indicates that the most important independent criteria delineating CO2 groups (at three tree levels) was ST (CO2 and ST were positively associated) and N fertilizer rates (the higher the rate the lower the emissions). The r2 of the CART results presented in Table 9 was 0.23.
3.2.3. Soil N2O emissions
Mean study season observed soil N2O emissions ranged from 0.003 (Field 5, 2008) to 0.028 (Field 1, 2006) kg N ha-1 day-1. For each year, the study season log-transformed soil N2O emissions did not differ statistically among CTD and UTD fields, but emissions were statistically higher between, relative to above tile for Fields (1-2) in 2009 (there was no drainage practice main effect) (Tables 4 and 5). 
Seasonal trends in soil N2O emissions are given in Figure 5. During 2006, Fields 1 and 2 were under corn cropping systems and measured soil N2O emissions trended similarly except for some higher peaks for the CTD field in June (Fields 1 and 2 were under soybean production in 2005). For Fields (5 and 6) which were under soybean, emissions were generally <0.02 kg N ha-1 day-1 over the study season. Interestingly, during the drier 2007 season, the UTD field N2O emissions tended to trend slightly higher than those for their CTD counterparts (consistently for both field pairs examined), but emissions were somewhat higher for Field pair (5-6), relative to Field pair (1-2) that had soybeans the year prior. For 2008, emissions among the fields in both field pairs were effectively similar, both in terms of average log-transformed/mean emissions as well as temporally trending. Fields 1 and 2 which were in soybean did tend to show modest increases in emissions over the season, relative to Fields 5 and 6 (corn) that demonstrated reverse temporal trends. During 2009, Fields 1 and 2 were under corn cropping system following soybean, and it was a relatively dry year compared to normals. Temporal trends in emission trends were similar among the CTD and UTD fields.
Significant correlations among N2O and WTDBS were not clearly consistent among years which might explain the vast majority of insignificant N2O emission results in Table 8.  Moreover, there were no systematic trends in SWC30 vs. N2O correlations either. However the CART results indicated that N2O was most strongly related (positively) to total N concentration in the soil (0-0.3m), not the physical factors (e.g., SWC30, WTDBS) deemed to be most directly influenced by CTD practices (Table 9).  The R2 of the resulting CART model in Table 9 was 0.33. 
3.3 Predicting soil N2O emissions using NEMIS-NOE models

Initially, use of the NEMIS TWFPS = 0.62 m3 m-3 provided poor emission results.  However, when the TWFPS was lowered to 0.55 m3 m-3, model fits improved.  Justification for lowering the TWFPS was contextualized on the basis that denitrification can occur at WFPS lower than 0.62 m3 m-3 (Davidson et al., 1986; Bollman and Conrad, 1998; Pihlatie et al., 2004). Water filled pore space >0.55 m3 m-3 only occurred during 35% of the N2O measurements.  The average of the final rmax used for corn and soybean were 0.52 and 0.48, respectively. It was found that the NOE z parameter tended to be highest early in the monitoring period, decreased during the summer and then increased slightly in fall. These temporal trends precluded use of a common z value for specific cropping and drainage management situations. The curve fitting procedure underscores the trend that there is a much greater proportion of N2O via nitrification that occurs earlier in the season compared to later in the season (Figure 6).  

Figure 7 compares field observed and model predicted soil N2O emissions for all of the measurements made for Fields 1-2 and 5-6, during 2006-2009. The r2, slope, and intercept of the relationships are 0.68, 0.90 and 0.01 for corn, and 0.50, 1.07 and 0.00 for soybeans, respectively. Subsequent to these measurement vs. prediction assessments, total observed and predicted cumulative N2O emissions, predicted total nitrification, and predicted total denitrification for the N2O monitoring periods were determined (Table 10). The total study period predicted total nitrification: total denitrification ratio was 2.7:1.0. The ratio of nitrification N2O to denitrification N2O, on average, was 0.3:1.0 and 0.53:1.0 for CTD and UTD, respectively. Comparison of linearly interpolated observed total study period N2O emissions and total study period NEMIS-NOE N2O emissions were 4.6 and 2.7 kg N ha. On average, the CTD emissions were 47% (NEMIS-NOE) and 19% (linearly interpolated) higher than UTD total study period emissions. If the very large percentage outlier for 2008 Field 1-2 soybean is removed, these respective percentages are 17% and -5%.
3.4. Plant carbon and estimated soil and rhizosphere C emissions
Plant C for all years averaged 9644 kg C ha-1 for CTD corn, 5612 kg C ha-1 for CTD soybean, 9379 kg C ha-1 for UTD corn, and 5318 kg C ha-1 UTD soybean (Table 11).  We used the following MLR model to predict total daily CO2 emissions during the study season (planting to harvest).

log10 CO2 = (0.003193 * SWC) + (0.040819 * ST) + (-0.077051 * WTDBS) + 0.665799

The r2, SEE are 0.23 and 0.22, respectively. Stepwise variance reduction contributions were ST~0.21, WTDBS~0.01, and SWC~0.00. MLR vs. linear interpolation (LI) of the observed data emissions were, overall, fairly consistent (avg. 3439±336 kg C ha-1, for MLR and 3553±693 kg C ha-1, respectively). On average, estimated total study period rhizosphere respiration for CTD was ~2% (MLR) and 0.02% (LI) higher, relative to UTD.  For soil respiration, these respective percentages are ~5% higher and -4% lower relative to UTD.

4. Discussion and conclusions
Generally speaking, there were no consistent and systematic drainage treatment effects on in-situ measured soil CH4 and N2O emissions over the 4 years of study. Yet, there were some significant differences of note with respect to CO2 emissions during 2006 (a wetter than normal year). It is important to note that a vast majority of GHG measurements were made between tile drain laterals, where there would likely be more parity in ‘water table’ elevations and soil water contents among the drainage treatments, relative to above tile drains where drawdown effects would be more strongly expressed for UTD (Madramootoo et al., 1993). We expected in this context, that emissions would be greater above tile for CTD, relative to UTD. But in 2009 for Fields (1-2), there were significantly higher emissions between tile, relative to above tile (but not between CTD and UTD treatments as main effects). But for CH4, the highest emissions occurred above tile for CTD, relative to other drainage-tile location combinations, which is in accordance with expectations. 

There is limited in-situ data on the influence of tile drainage management for agricultural soils on CH4 emissions, despite the potential effect CTD could have on increasing anaerobic conditions in the soil if CTD is managed aggressively. We expected to find higher CH4 emissions for CTD relative to UTD due to documented effects of the drainage practice on soil water and groundwater conditions. This was not the case in our study and even soil water content and water table depth relationships were, overall, small, multidirectional, and broadly insignificant at the 0.05 level; not unlike results from Hernandez-Ramirez et al. (2009). Moore and Dalva (1993) reported CH4 emissions from saturated cores of organic soils were on average 5 times greater than those when the ‘water table’ was at a depth of 40 cm below the surface. Flooded systems, such as rice paddies and wetlands are large contributors to the atmospheric CH4 pool (Stewart et al., 1989; Bouwman, 1990; Amstel and Swart, 1994; Topp and Pattey, 1997). Nevertheless CH4 emissions have been reported for irrigated lands (Moiser et al., 2006), natural grasslands (Chadwick et al., 2000) and well drained agricultural soils (Chadwick and Pain, 1997; Chan and Parkin, 2001). Non-flooded terrestrial systems may be either net producers or consumers of CH4 depending upon the land use, soil properties, and climatic conditions (Bronson and Mosier, 1993; Goulding et al., 1995; MacDonald et al., 1996; Chan and Parker, 2001; Hernandez-Ramirez et al., 2009). Only a few studies have been conducted in eastern Ontario to determine CH4 uptake, and most of these have involved manure amendment (Gregorich et al., 2005). Our fields were net producers of CH4, albeit emissions were very small. The soils at our experimental site had relatively low soil organic matter and are relatively ‘well drained’ relative to many wetland type soils (e.g., peat), yet our fields were net emitters of CH4. Data compiled by Gregorich et al. (2005) from various studies conducted in the region suggests that in general, soil CH4 emission from, and uptake by, cultivated soils play a minor role in atmospheric loading of greenhouse gases relative to other agricultural sources and sinks for CH4.  
A variety of processes affect soil respiration and chemical oxidation that can contribute to net soil CO2 emissions. Generally, soil CO2 emissions have been shown to decline as the soil water content falls below field capacity (Doran et al. 1991; Orchard & Cook 1983; Davidson et al., 2000). However, Oberbauer et al. (1992) found that soil respiration generally increased as the water table dropped, leaving the surface horizons better aerated. Linn and Doran (1984) indicated for very wet soils, O2 diffusion limitations could be imposed inhibiting respiration, and for very dry soils there would be limitations on diffusion of soluble organic-C substrates in water films. It would appear that CTD could have an impact on soil respiration processes via its affect on soil hydrology (as per generally higher emissions during elevated water tables and soil water contents). The significant correlations among WTDBS, SWC30 and soil CO2 emissions were, overall positive and supportive of potential CTD imposed increases on soil CO2 emissions. Also the 2006 data were consistent in terms of demonstrating higher CO2 emissions for CTD over UTD. If viewed in context of water table residence times for instance, there could be greater potential for CTD to augment soil CO2 emissions by virtue of increasing water table residence times near surface. In fact, CTD promotes at this site approximately 11% greater water table residence times in soils <1m depth below surface relative to UTD. However, the heuristic CART analyses clearly supported generalized temperature and fertilizer application controls as being more important than variables related to soil hydrology. Temperature controls on soil respiration are well documented (Kowalenko et al., 1978), and research has shown that increasing N fertilization can decrease soil CO2 emissions (Kowalenko et al., 1978; Fogg, 1988; Wilson and Al-Kaisi, 2008). Overall, however, our CO2 emissions from corn and soybean were similar in magnitude to emissions from other. For instance, Drury et al. (2008) found 3-yr average seasonal CO2 emissions from continuous corn fields to be 3910 kg C ha-1, from corn-soybean rotation between 4200 and 4940 kg C ha-1 and continuous soybean to be 3760 kg C ha-1, and Hernandez-Ramirez et al. (2009) report seasonal CO2 emissions in the range of 2880 to 4510 kg C ha-1 for continuous corn and 3560-3620 kg C ha-1 for corn in rotation with soybean. 
There is another possible explanation for the 2006 results, where during that year yields were consistently higher for CTD fields, relative to UTD fields (Table 12). For instance, the higher CO2 emissions associated with CTD could have resulted from a higher amount of rhizosphere respiration resulting from greater crop production. In fact, Cicek et al. (2010) found on average, CTD corn and soybeans had significantly higher NDVI and GNDVI values (i.e., greater greenness and biomass) relative to UTD, indicating that there could be potential for greater biomass resulting from CTD. Rochette et al. (1999) found CO2 emissions from soil planted with corn, tended to produce roughly between 1-2 g C m-2 d-1 more C than a control plot with no vegetation after establishment. Kuzyakov and Cheng (2001) found for unplanted soil CO2 efflux amounted to only 12% from planted soil. Raich and Schlesinger (1992) indicated root derived CO2 was roughly 50% of total CO2 fluxes. Root derived CO2 should not be considered part of the soil C loss in C sequestration studies (Kuzyakov and Cheng, 2001), thus ‘soil respiration’ is best representative of impact of CTD on atmospheric losses of CO2. On average there is ~5% (MLR) higher or ~4% lower (LI) estimated soil CO2 emissions from CTD, relative to UTD. Yet when viewed in terms of total CO2 emissions, there is on average ~7% higher (MLR) and ~14% higher (LI) emissions associated with CTD; hence, total CO2 emissions maybe misleading in context of assessing the effect of CTD on CO2 contributions to the atmosphere.
 Kliewer and Gilliam (1995) studied denitrification and N2O emissions from soil cores subjected to three static water table levels (15, 30, and 45 cm). Nitrous oxide emissions were positively correlated with soil temperature (10 cm depth) until low NO3- levels limited denitrification. Evolved N2O represented 2% of the denitrification in the soil core (0-54 cm) for each water table treatment. Elmi et al. (2005) collected soil samples (0-15cm depth) from plots under sub-irrigation and under freely draining conditions and found denitrification rates were higher from soil samples collected from sub-irrigated plots, relative to those collected from freely drained plots. Dobbie and Smith (2006) reported that rises in the water table were accompanied by exponential increases in N2O emissions, through the associated increases in the WFPS of the topsoil. Increasing WFPS up to a value of 0.95 m3 m-3 also decreases the proportion of gaseous N losses as N2O (i.e., reduces N2O: total denitrification (DA) ratio) (Weier et al., 1993; Bateman and Baggs., 2005; Gillam et al., 2008). Jacinthe et al. (2000) indicated, from laboratory soil column experiments, that water table management practices that promoted maintenance of a prolonged ‘high’ water table in the biologically active surface soils, resulted in optimal removal of soil NO3- and reduced the proportion of N2O gas emitted. Overall, Smith et al. (1997) indicated that managing the WFPS to <60 m3 m-3 will be prudent with respect to reducing overall N2O emissions. In this study, there were no systematically statistically significant differences in in situ N2O emissions among the drainage management practices. Management of CTD during the agronomically active season, can improve surface water quality (Sunohara et al., 2010), boost yields marginally (Cicek et al., 2010), and not impose an air quality liability with respect to enhanced N2O emissions. In this study, CTD was employed for the agronomic seasons, and in some regions CTD is practiced year round. Thus, early spring and early winter emissions were not examined here and could represent time periods where denitrification potential resulting from CTD (if managed during those periods) could be significantly higher. The average daily N2O emissions measured at our site (0.003-0.028 kg N ha-1 day-1) are comparable to values (0.003-0.020 kg N ha-1 day-1) reported by Gregorich et al. (2008) for a study conducted on same crop types and on similar type of soil at a location near to our study site. Drury et al. (2008) report values in the range of 0.005 to 0.025 kg N ha-1 day-1 for continuous corn, 0.002 to 0.008 kg N ha-1 day-1 for continuous soybean, 0.004 to 0.010 kg N ha-1 day-1 for soybean-corn rotation and 0.002 to 0.006 kg N ha-1 day-1 for corn-soybean rotation. 
Smith et al. (2008) indicated that process-based models used to predict N2O are deficient at many levels. Thus simpler models may be more germane in context of informing generalized effect of drainage management on GHG emissions (Li et al., 2006). In this study, we employed an analytical nitrification-denitrification N2O emission models (NEMIS and NOE) that utilized soil temperature, water content, and soil NO3- and NH4+ to estimate daily emissions for a defined study period. We found what we considered excellent fits between observed and predicted N2O emissions when measured field data were used to populate model input parameters. However it is realized that input parameters themselves can have significant degrees of variability. For instance, Lapen et al. (2004) found that soil water contents in the top few centimetres of soil on adjacent tillage induced soil micro-topographic high and low points, were on average different by ~0.05 m3 m-3 (low points had higher water contents). Fits were consistent with other studies (Gabrrielle et al., 2006; Valé et al., 2007; Cannavo et al., 2008; Bessou et al., 2010). 

The modeling indicated that the largest proportion of N2O was produced during denitrifying conditions. Overall, N2O production during the study period was, on average, ~47% (NEMIS-NOE) and ~19% (LI) (Table 10) higher for CTD, relative to UTD (2008 soybean does skew average higher). Weier et al. (1993) indicated that an average N2:N2O ratio cannot be used to convert N2O measurements in the field to estimates of total denitrification because of the variability in the environmental factors that control the denitrifying process. Ryden et al., (1979) noted that constancy of the N2:N2O ratio is important in estimating denitrification losses from field soils where only N2O emissions into the atmosphere are measured. Notwithstanding potentially significant degrees of spatial and temporal variability in GHG emissions from soil (Del Grosso et al., 2005), our average rmax was ~0.5.  This was broadly consistent with N2:N2O ratios found in Weier et al. (1993) for similar type silt loam soils when WFPS was ≥0.75 m3 m-3.  
In addition, Helgason et al. (2005) noted that for fertilizer-induced emission of N2O, 1.18% of N applied to non-manured soils was emitted as N2O; a value comparable to that of the Intergovernmental Panel on Climate Change (IPCC) (1.25% of N applied).  Our NEMIS-NOE daily cumulative predictions of N2O emissions for the agronomically active study period for corn-CTD, corn-UTD, as a percentage of total N fertilizer applied, were 3.1% and 2.6%, respectively.
In summary and conclusion: While there were no significant differences (p>0.05) in observed N2O and CH4 emissions among conventionally drained and controlled tile drained fields, it is noteworthy that we only examined emissions during the agronomic season (planting to harvest) when tile drain managmement was consistently and fully employed. By managing field drainage, there is potential for higher water tables and higher soil water contents to augment conditions favourable for N2O and CH4 production; yet tile drain management, which can boost crop yields and improve surface water quality, does not appear to be a significant environmental liability with respect to N2O and CH4 emissions during a majority of the agronomically active season.
This study found that irrespective of field drainage management practice, CH4 emissions were small sources, not sinks, yet correlations among CH4 and soil temperature, water table depth below surface, and soil water content (0-0.3m) were largely insignificant at 0.05 level. Regarding N2O emissions, total soil N concentration (0-0.3m), relative to a vast array of cropping and soil hydrological data, was the variable most strongly (and positively) associated with low, medium, and high relative emission groupings; further supporting contentions that N2O emissions, during the crop growing season, were not significantly influenced by tile drainage management practices.

There were some significantly higher (p≤0.05) total CO2 emissions associated with controlled tile drainage relative to conventional tile drainage during some years of study. While total CO2 emissions were generally 7% (MLR) to 14% (LI) higher for controlled tile drained fields, partitioning out the soil respiration component (excluding rhizosphere contributions) of total emissions indicated, on average, 4.8 to -3.9% higher CO2 emissions for controlled tile drainage fields. There was, for one year of observation, significantly higher (p ≤0.01) emissions associated with between, relative to above, tile drains for both types of drainage practice systems. Hence, chamber studies should be considerate of the location relative to tile drains, since tiles can impart strong local controls on soil hydrological factors (especially above them) that govern GHG emissions from field soils. Overall, there were much stronger and significant positive correlations among CO2 and soil temperature, relative to other variables like water table and soil water content variables. It was also found additionally, in accordance with some literature that CO2 tended to be lower where N fertilizer rates were generally greater for soil temperature conditions less than ~ 20oC.

The NEMIS-NOE model was evaluated to predict denitrification, nitrification and soil N2O from fields under drainage/crop management practices using daily soil temperature, water content, and soil NO3- and NH4+ concentration data sets. There were good fits between observed and predicted N2O emissions. The modeling underscores attempts to account for total N emissions from a field continuously, and that temporally discrete point measurement approaches may miss important emitting, or non-emitting events. Predicted N2O emissions were higher for controlled tile drainage for approximately 70% of the paired-field study periods suggesting largely that soil physical factors, such as water filled pore space, imposed by controlled drainage has potentially strong impact on net N emissions (observed soil water contents were marginally, but statistically higher for controlled drained fields).  Hence, analytical models like NEMIS-NOE could be used in drainage soil water models to help further account for N losses imposed by drainage water management.
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Table 1. Selected soil physical and chemical properties for field soils examined.

	Horizon
	Top Depth 
(cm)
	Bottom Depth 
(cm)
	Bulk density
(g cm-3)
	% sand*
	%

silt*
	%

clay*
	pH in H2O
	% OM
	Water Retention (g g-1)
	High
Hydr. Cond
(cm s-1)&
	Low
Hydr. Cond
(cm s-1%)&

	
	
	
	
	
	
	
	
	
	0 kPa
	5 kPa
	1500 kPa
	
	

	Ap
	0
	24
	1.24
	24
	57
	19
	6.8
	3.38
	40.9
	38.2
	21.3
	1.0E-02
	5.0E-04

	Aeg
	24
	31
	1.49
	28
	51
	21
	6.7
	4.04
	34.5
	28.0
	3.3
	1.0E-02
	5.0E-04

	Bmg
	31
	58
	1.47
	55
	36
	9
	6.9
	1.17
	33.4
	26.6
	5.4
	1.0E-02
	5.0E-04

	BCg
	58
	93
	1.32
	50
	31
	19
	7.4
	1.06
	33.5
	28.9
	16.2
	1.5E-04
	1.5E-06


%, determined via pressure infiltrometer (Turpin et al., 2007).
Table 2. Area and tile drainage management practices at the study fields. CTD = controlled tile drainage, UTD = conventional tile drainage
	Field
Pair
	Field: Drainage Practice (hectares)
	Planting Date (crop type, urea application rate kg N ha-1))
	Harvest Date
	Period of GHG Monitoring

	1-2
	Field 1: CTD (2.0)
Field 2: UTD (2.3)
	May 5, 2006 (Corn, ~170)
May 7, 2007 (Corn, ~150)
May 10, 2008 (Soy, ~11)
May 25, 2009 (Corn,~170)
	Oct 17, 2006
Oct 13, 2007
Oct 4, 2008
Nov 9, 2009
	April 19-Sept. 18, 2006
June 19-Sept. 18, 2007
June 10-Oct 10, 2008
June 4-Oct 16, 2009

	5-6
	Field 5: UTD (5.2)
Field 6: CTD (7.8)
	May 12, 2006 (Soy, ~3)
May 7, 2007 (Corn, ~150)
May 7, 2008 (Corn, ~170)
	Sept 27, 2006
Oct 13, 2007
Nov 4, 2008
	June 15-Sept. 18, 2006
June 15-Sept. 18, 2007
May 30-Oct 10, 2008

	11-12
	Field 11: CTD (4.2)
Field 12: UTD (5.0)
	May 25, 2009 (Corn, ~166)
	Nov 9, 2009
	Jun 16-Oct 28, 2009

	13-14
	Field 13: CTD (4.2)
Field 14: UTD (4.1)
	May 25, 2009 (Corn, ~166)
	Nov 9, 2009
	Jun 16-Oct 28, 2009


Table 3.  Monthly observed mean air temperature and total rain precipitation measured at the study site meteorological station. Also provided are 30-year climate normal data from Russell weather station (roughly 8 km from study site) (Environment Canada, 2010).
	Month
	Air temperature (oC)
	Rain precipitation (mm)

	
	2006
	2007
	2008
	2009
	1971-2000*
	2006
	2007
	2008
	2009
	1971-2000*

	May
	14
	13
	12
	12
	13
	105
	59
	110
	99
	78

	June
	19
	19
	19
	18
	18
	95
	54
	98
	23
	91

	July
	22
	19
	20
	18
	21
	84
	69
	148
	94
	90

	August
	18
	19
	19
	19
	19
	94
	31
	55
	38
	90

	September
	14
	16
	15
	13
	14
	114
	32
	36
	54
	94

	October
	7
	11
	7
	6
	8
	133
	72
	89
	98
	77

	Total
	 
	 
	 
	 
	 
	625
	316
	536
	407
	518

	Mean
	16
	16
	15
	14
	16
	 
	 
	 
	 
	 


 

 * From Environment Canada, 2010
Table 4: Mean study period (Table 2) daily GHG emissions for field pairs (all measurements made between tile laterals).  T-tests were conducted among field pair emissions and significance levels are dented ? for treatment that had significantly higher emissions than its drainage treatment counterpart. Shading denotes field pairs.
	
	Drainage Management
	Crop
	Average emission

	
	
	
	CH4 (±S.E.)
	CO2 (±S.E.)
	N2O (±S.E.)

	
	
	
	kg C ha-1day-1
	kg C ha-1day-1
	kg N ha-1day-1

	2006
	
	
	
	
	

	Field 1
	CTD
	Corn
	0.000633341 (0.000120559)
	26.81050588***

(1.139935916)
	0.028297541 (0.004477392)

	Field 2
	UTD
	Corn
	0.000876214 (0.000170348)
	23.07490982 

(1.13173634)
	0.020075011 (0.002951024)

	Field 5
	UTD
	Soybean
	0.001017661 (0.000268306)
	25.13679887 (2.146652849)
	0.00621458

 (0.001250586)

	Field 6
	CTD
	Soybean
	0.00063 

(0.000129152)
	38.97929***

(2.055842165)
	0.00437 

(0.000576609)

	2007
	
	
	
	
	

	Field 1
	CTD
	Corn
	0.00033 

(0.000151993)
	33.86222 

(2.600720938)
	0.01070 

(0.001279727)

	Field 2
	UTD
	Corn
	0.00125 

(0.000959619)
	30.49551 

(3.124412748)
	0.00946 

(0.001253473)

	Field 5
	UTD
	Corn
	0.00054 

(0.000250258)
	27.15387**

(2.053634622)
	0.01442 

(0.00175034)

	Field 6
	CTD
	Corn
	0.00065 

(0.000240778)
	20.36274 

(1.563051142)
	0.01457 

(0.002091521)

	2008
	
	
	
	
	

	Field 1
	CTD
	Soybean
	0.00057 

(0.000209993)
	24.52056 

(3.318775444)
	0.00514 

0.001307686)

	Field 2
	UTD
	Soybean
	0.00146 

(0.000855775)
	21.76218 

(2.426163928)
	0.00460 

(0.000664693)

	Field 5
	UTD
	Corn
	0.00098 

(0.000394803)
	22.31558 

(2.365897801)
	0.00305 

(0.000926482)

	Field 6
	CTD
	Corn
	0.00099 

(0.000397472)
	22.18306 

(2.527154066)
	0.00617 

(0.002127659)


*≤0.1-0.05; **≤0.05-0.01 ***≤0.01 

	
	Drainage Management
	Tile

Location
	Crop
	Average emission

	
	
	
	
	CH4 (±S.E.)
	CO2 (±S.E.)
	N2O (±S.E.)

	
	
	
	
	kg C ha-1day-1
	kg C ha-1day-1
	kg N ha-1day-1

	2009
	
	
	
	
	
	

	Field 11-13
	CTD
	Above
	Corn
	0.0021 

(0.000444853)
	33.6336 

(6.144123974)
	0.0040*$

(0.00301323)

	Field 12-14
	UTD
	Above
	Corn
	0.0002 

(0.000113328)
	34.2835 

(6.600037013)
	0.0004 

(0.000238768)

	Field 11-13
	CTD
	Between
	Corn
	0.0037 

(0.001010078)
	40.9659 

(5.471659702)
	0.0005

 (0.000294093)

	Field 12-14
	UTD
	Between
	Corn
	0.0062

 (0.004235287)
	25.7300 

(4.579333246)
	0.0001 

(5.01086E-05)

	Field 1
	CTD
	Above
	Corn
	0.0069

 (0.001410041)
	26.3184 

(3.349679982)
	0.0006

 (0.000292173)

	Field 2
	UTD
	Above
	Corn
	0.0079

 (0.0021058)
	20.9837

 (3.654674368)
	0.0003

 (0.000271763)

	Field 1
	CTD
	Between
	Corn
	0.0182***&

(0.003502868)
	21.5840 

(2.214166842)
	0.0015

 (0.000663972)

	Field 2
	UTD
	Between
	Corn
	0.0182***&

(0.003974559)
	23.3666 

(2.347931803)
	0.0007 

(0.000357482)


Table 5: Mean study period (Table 2) daily GHG emissions for field pairs during 2009 (measurements were made between and directly above tile laterals).

*p≤0.1-0.05; **p≤0.05-0.01 ***p≤0.01 
$ = CTD above tile significantly higher than CTD between tile, UTD above tile, and UTD between tile emissions

&= CTD and UTD between tile significantly higher than CTD and UTD above tile; but no significant drainage practice main effect.

Table 6: Spearman rank correlations among: WTDBS vs. soil CH4 emissions (bold), SWC30 vs. CH4 emissions (not bolded), and ST vs. soil CH4 emissions (italic).

 

	 
	Spearman rank correlation coefficients

	Year
	Field 1 (CTD)
	Field 2 (UTD)
	Field 5 (UTD)
	Field 6 (CTD)

	2006
	-0.04, 0.07, -0.15
	-0.04, 0.01, -0.03
	0.01, 0.04, 0.06
	-0.02, 0.16, -0.12

	2007
	-0.08, 0.26, -0.15
	0.02, 0.27, -0.23
	0.28, -0.10, -0.16
	-0.01, -0.18, -0.10

	2008
	0.04, 0.18, 0.05
	0.44*, 0.24, -0.41*
	-0.02, 0.47*, -0.31
	0.01, -0.13, 0.11

	2009
	0.56***, 0.20, 0.01
	0.45*, 0.09, -0.28
	NA
	NA


 *, p=0.1-0.05; **, p=0.05-0.01; ***p<0.01; NA not applicable.
 Table 7.  Spearman rank correlations among: WTDBS vs. soil CO2 emissions (bold), SWC30 vs. CO2 emissions (not bolded), and ST vs. soil CO2 emissions (italic).

 

	 
	Spearman rank correlation coefficients

	Year
	Field 1 (CTD)
	Field 2 (UTD)
	Field 5 (UTD)
	Field 6 (CTD)

	2006
	-0.52***, 0.07, 0.51***
	-0.26**, -0.03, 0.25**
	0.28**, 0.33**, -0.42***
	-0.34**, -0.41***, 0.22

	2007
	-0.27, 0.17, 0.61***
	-0.43**, 0.31*, 0.56***
	-0.40**, 0.55***, 0.50***
	-0.46***, 0.45**, 0.47***

	2008
	-0.84***, 0.51**, 0.42*
	-0.81***, 0.19, 0.49**
	-0.57***, 0.27, 0.65***
	-0.50**, -0.13, 0.70***

	2009
	-0.44***, -0.07, 0.80***
	-0.76***, -0.22, 0.62***
	NA
	NA


  *, p=0.1-0.05; **, p=0.05-0.01; ***p<0.01; NA not applicable.
Table 8.  Spearman rank correlations among: WTDBS vs. soil N2O emissions (bold), SWC30 vs. N2O emissions (not bolded), and ST vs. soil N2O emissions (italic).

 
	 
	Spearman rank correlation coefficients

	Year
	Field 1 (CTD)
	Field 2 (UTD)
	Field 5 (UTD)
	Field 6 (CTD)

	2006
	-0.27**, 0.27***, -0.46***
	-0.57***, 0.29***, -0.51***
	0.64***, 0.25*, -0.01
	0.43***, 0.64***, -0.13

	2007
	-0.42**, 0.06, 0.23
	-0.29, 0.29, -0.09
	-0.17, 0.18, 0.15
	-0.51***, 0.14, 0.44**

	2008
	0.49**, -0.14, 0.07
	0.16, 0.10, 0.48**
	-0.53**, -0.18, -0.04
	-0.51**,  -0.05, -0.04

	2009
	-0.64***, -0.35**, 0.14
	-0.60***, -0.45***, 0.11
	NA
	NA


   *, p=0.1-0.05; **, p=0.05-0.01; ***p<0.01; NA not applicable.

Table 9. Optimal CART results (expressed as mean±SD of emissions), up to the third split criteria, predicting emissions from a suite of independent variables given in Section 2.5.  All emission data from all years and treatments were used in these analyses.
	Greenhouse gas (total number of samples)
	CART Criteria
	Mean value±standard deviation  
(total number of samples in group)
kg N or C ha-1 day-1

	N2O (605)
	Total soil N > 153.5 kg N ha-1
	NA
	NA
	 0.058±0.053 (40)

	
	Total soil N ≤ 153.5 kg N ha-1
	Total soil N ≤ 82.8 kg N ha-1
	NA
	0.008±0.015 (410) 

	
	Total soil N ≤ 153.5 kg N ha-1
	Total soil N > 82.8 kg N ha-1
	NA
	 0.021±0.023 (155)

	CO2 (602)
	Soil temperature ≤ 15.4oC
	NA
	NA
	15.8±9.3 (116)

	
	Soil temperature > 15.4oC
	Soil temperature ≤ 18.9oC
	N application  ≤ 168  kg  N ha-1
	 29.2±12.0 (192)

	
	Soil temperature > 15.4oC
	Soil temperature ≤ 18.9oC
	N application  > 168  kg  N ha-1
	21.5±8.3 (115)

	
	Soil temperature > 15.4oC
	Soil temperature > 18.9oC
	NA
	 33.0±15.3 (179)


NA = no tree splitting at this level
Table 10: Predicted study period (Table 2) total nitrification, total denitrification, N2O emissions via denitrification, and total predicted N2O emissions. Also, linearly interpolated N2O emission observations are presented. Values within brackets are percent differences between N2Ototal emitted from CTD versus corresponding UTD field in the same year.  Positive percentages mean CTD had higher emissions, relative to UTD.

	 
	 
	 
	 
	-------------------------NEMIS-NOE -------------------------
	Using interpolation method (observed data)

	
	 
	Drainage 

Management
	Crop
	Total nitrification
	Total denitrification
	N2Odenit
	N2Ototal*
	N2Ototal*

	2006 
	 
	 
	 
	-------------------------------------------------------(kg N ha-1)-------------------------------------------------------

	 
	Field 1
	CTD
	Corn
	29.73
	15.96
	4.83
	5.92 (26)
	3.21 (-23)

	 
	Field 2
	UTD
	Corn
	28.16
	6.70
	3.09
	4.71
	4.16

	 
	Field 5
	UTD
	Soybean
	22.68
	2.71
	1.04
	1.51
	1.47

	 
	Field 6
	CTD
	Soybean
	23.88
	3.75
	1.51
	1.73 (15)
	2.09 (42)

	2007
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Field 1
	CTD
	Corn
	20.86
	0.40
	0.00
	2.52 (-12)
	2.65 (-15)

	 
	Field 2
	UTD
	Corn
	22.31
	0.01
	0.00
	2.86
	3.12

	 
	Field 5
	UTD
	Corn
	31.55
	8.16
	3.09
	4.69
	5.41

	 
	Field 6
	CTD
	Corn
	28.32
	9.83
	4.49
	6.06 (29)
	5.95 (10)

	2008
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Field 1
	CTD
	Soybean
	27.47
	22.32
	6.40
	6.92 (223)
	2.44 (157)

	 
	Field 2
	UTD
	Soybean
	22.99
	3.92
	1.72
	2.14
	0.95

	 
	Field 5
	UTD
	Corn
	18.37
	7.09
	2.89
	3.59
	1.16

	 
	Field 6
	CTD
	Corn
	19.45
	11.24
	5.33
	6.06 (69)
	1.19 (3)

	2009$
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Field 1
	CTD
	Corn
	13.99
	11.98
	2.42
	3.61 (-23)
	1.36 (-44)

	 
	Field 2
	UTD
	Corn
	12.72
	8.10
	3.96
	4.66
	2.45


Table 11: Total plant carbon, predicted total CO2 emissions determined via summing daily values via MLR and LI, total rhizosphere CO2 emissions taken as a ratio of daily total emissions:rhizosphere emissions (as per Rochette et al. (1999)), and estimated soil CO2 emissions taken as a residual (total emissions = rhizosphere emissions + soil emissions).
	 
	Drainage Management
	Crop
	Plant carbon
	Total CO2 emissions
	Rhizosphere CO2
	Soil CO2

	 
	
	
	kg C ha-1
	kg C ha-1
	kg C ha-1
	kg C ha-1

	2006
	
	
	Measured 
	MLR
	LI
	MLR
	LI
	MLR
	LI

	Field 1
	CTD
	Corn
	10825
	4054
	4052
	1181
	1191
	2873
	2862

	Field 2
	UTD
	Corn
	10319
	3968
	3182
	1152
	838
	2816
	2344

	Field 5
	UTD
	Soybean
	5376
	3217
	2429
	ND
	ND
	ND
	ND

	Field 6
	CTD
	Soybean
	5755
	3291
	5081
	ND
	ND
	ND
	ND

	2007
	
	
	 
	 
	 
	 
	 
	 
	 

	Field 1
	CTD
	Corn
	10108
	3421
	4391
	987
	1387
	2434
	3003

	Field 2
	UTD
	Corn
	9532
	3393
	3903
	973
	1202
	2420
	2701

	Field 5
	UTD
	Corn
	11266
	3421
	3876
	974
	1131
	2447
	2745

	Field 6
	CTD
	Corn
	10630
	3500
	2740
	989
	707
	2511
	2034

	2008
	
	
	 
	 
	 
	 
	 
	 
	 

	Field 1
	CTD
	Soybean
	5469
	3998
	3521
	ND
	ND
	ND
	ND

	Field 2
	UTD
	Soybean
	5259
	3149
	3441
	ND
	ND
	ND
	ND

	Field 5
	UTD
	Corn
	8008
	3119
	3244
	909
	1026
	2210
	2217

	Field 6
	CTD
	Corn
	8963
	3162
	2988
	924
	911
	2238
	2077

	2009
	
	
	 
	 
	 
	 
	 
	 
	 

	Field 1
	CTD
	Corn
	7695
	3412
	3116
	921
	928
	2492
	2187

	Field 2
	UTD
	Corn
	7771
	3039
	3772
	916
	1015
	2123
	2758


 
Table 12: Field average crop grain yield for CTD and UTD fields. Field pairs have similar agronomic practices. 

	
	
	Drainage Management
	Crop
	Yield (kg ha-1)

	2006
	Field 1
	CTD
	Corn
	11241

	
	Field 2
	UTD
	Corn
	10964

	
	Field 5
	UTD
	Soybean
	3633

	
	Field 6
	CTD
	Soybean
	3889

	2007
	Field 1
	CTD
	Corn
	10474

	
	Field 2
	UTD
	Corn
	9972

	
	Field 5
	UTD
	Corn
	11774

	
	Field 6
	CTD
	Corn
	11009

	2008
	Field 1
	CTD
	Soybean
	3836

	
	Field 2
	UTD
	Soybean
	3725

	
	Field 5
	UTD
	Corn
	8881

	
	Field 6
	CTD
	Corn
	10065

	2009
	Field 1
	CTD
	Corn
	8506

	
	Field 2
	UTD
	Corn
	8572
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