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ABSTRACT 

 

NITROUS OXIDE EMISSIONS AND NITRATE LEACHING FROM SPRING- AND FALL-
APPLIED DIGESTATE, RAW DAIRY MANURE AND UREA  

 

Emily Ann Schwager      Advisors: 
University of Guelph, 2015     C. Wagner-Riddle 
         A.VanderZaag  
          
     

 
The effect of N source (digestate and raw dairy manure) and application timing (spring- and 

fall-applied) on nitrous oxide (N2O) emissions and nitrate (NO3) leaching was evaluated. These 

N sources, as well as urea, were incorporated into plots with contrasting soil textures (sandy-

loam vs. clay). Measurements of leached NO3 and N2O fluxes were collected using a tile 

drainage system, zero-tension lysimeters, and chambers, respectively. N2O flux measurements 

were also used to validate the agro-ecosystem model, DAYCENT. 

Overall, there was no difference in N2O emissions between N sources in the clay field but 

digestate had significantly higher N2O emissions than raw dairy manure in the sandy-loam field. 

Treatments with lower N2O emissions tended to have higher NO3 leaching. There was no 

overall effect of timing on N2O emissions, but fall applications had higher NO3 leaching. 

DAYCENT’s effectiveness at simulating N2O fluxes could be improved to better assess 

management practices. 
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Chapter 1 Introduction and Literature Review  

1.1 Introduction 

Dairy livestock cropping systems involve the land application of nitrogen (N), in the form of 

manure or inorganic fertilizers. Nitrogen is an essential macronutrient for plant growth and is 

therefore required for high-yielding field crops (Delorit et al. 1974).  A corn crop for example may 

require 150-200 kg of N ha-1  depending on the soil texture, tillage practices, previous crop and 

climate characteristics (OMAFRA 2009). However, approximately 50% of the N applied to 

agricultural soils is unused by plants (Beauchamp 1997) and can be lost through its downward 

movement in soil water and its conversion to gaseous forms (nitric oxide (NO), nitrous oxide 

(N2O) and nitrogen gas (N2)). Reducing the amount of N loss from the soil increases crop 

nutrient use efficiency (NUE) thus maintaining farm profits and preventing harmful 

environmental impacts such as groundwater contamination and atmospheric pollution caused 

by nitrate (NO3) and N2O respectively.  

Of the gaseous N losses associated with agricultural systems, N2O emissions are especially 

of concern. Nitrous oxide, carbon dioxide (CO2) and methane (CH4) are greenhouse gases 

(GHG). However, N2O is exceptionally potent with a global warming potential that is 298 times 

more powerful than CO2 (IPCC 2007) and it is considered the number one anthropogenic ozone 

depleting substance (Ravishankara et al. 2009).  In Canada, N2O emissions account for 7% of 

the total annual GHG emissions, 72% of which are attributed to the agricultural activities 

(Environment Canada 2013).  

Approximately 30% of the Canadian dairy industry’s carbon footprint is from N2O emissions 

and 55% is from CH4 emissions (Verge et al. 2007). The dominant sources of these GHGs are 

fertilized soils, enteric fermentation and manure storage (Verge et al. 2007). Reducing N losses 

from N amended soils, in addition to CH4 emissions from manure storage requires 

improvements in agricultural management practices. Indeed, the Intergovernmental Panel on 

Climate Change (IPCC) considers some of the most important GHG mitigation strategies in 

agriculture to be (1) improved cropland management, which includes the adoption of better 

nutrient management practices such as the use of organic fertilizers and timing N applications 

with crop demands and (2) improved manure management which can potentially be achieved 

through the adoption of anaerobic digestion (AD) technology (IPCC 2007).  

The AD of manure involves the microbial breakdown of organic matter from the raw manure 

inputs in an enclosed vessel to produce biogas (CH4 and CO2). The biogas is then captured and 
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used to generate heat and electricity providing an economic opportunity for farmers as well as a 

reduction in atmospheric CH4 emissions from manure storage (VanderZaag et al. 2011). As 

such, the AD of manure is a potential GHG mitigation strategy, not only through its capture of 

GHG emissions from manure storage but also from its capacity to offset energy use from other, 

non-renewable sources.  

Although better management practices (BMPs), such as the AD of manure, have the 

potential to substantially reduce GHG emissions through improved manure management, most 

agricultural practices involve emission trade-offs due to the complexity of agro-ecosystems 

(IPCC 2007). For example, the AD of manure has been predicted to reduce CH4 emissions from 

manure storage (Sommer et al. 2004), but the land application of digestate (the left over 

material from AD of manure) could potentially lead to increased soil N2O emissions. Conversely, 

co-benefits are also possible, where a reduction in GHG emissions from one area of an 

agricultural system leads to additional reductions in other areas. For example, in the case of the 

AD of manure, digestate application could lead to reductions in N2O emissions in addition to the 

CH4 reductions from manure storage. If however, such reductions in soil N2O emissions were 

observed, the substitution of one environmental pollutant for another could still be involved as 

reductions in direct N2O emissions could be at the cost of increased N-leaching. 

The validation of BMPs for the reduction of GHG emissions from agricultural systems 

requires extensive research to determine the capacity of such practices to reduce trace gas 

emissions in addition to evaluating the potential trade-offs and/or co-benefits. This study 

investigates two potential BMPs aimed at reducing soil N2O emissions, which will be discussed 

further in the following sections: (1) the land application of digestate compared to 

conventionally-applied raw dairy manure and inorganic fertilizer and (2) the application of 

organic N sources in the spring, when timing is closer to crop demand, compared to the fall, 

when farmers have more time to spread manure. To account for the N losses associated with 

these potential BMPs and the potential for pollution swapping, both direct N2O emissions and N-

leaching were measured.  

1.2 Pathways for N Loss 

While N leaching is simply the result of the downward movement of soil nitrogen through the 

soil profile to groundwater or surface water (via tile drainage systems) there are two more 

complex processes that contribute to the amount of N2O emissions produced from soils: 
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nitrification and denitrification. These processes are ultimately controlled by the activity of soil 

microorganisms (Firestone and Davidson 1989).  

Nitrification is the conversion of ammonium (NH4) to nitrate (NO3) and is carried out by 

nitrifying bacteria that require aerobic conditions to convert NH4 to hydroxylamine (NH2OH) (an 

intermediate step before being converted into NO3) (Ferguson et al. 2007). During this 

conversion, N2O is produced as a by-product (Kebreab et al. 2006). Denitrification occurs 

primarily under anaerobic soil conditions and involves the conversions of NO-
3 to nitrogen 

dioxide (NO2), NO-
2 to nitric oxide (NO), NO to N2O and N2O to nitrogen gas (N2).  As such, the 

conversion of NO-
3 to N2 can result in N2O emissions if the reduction is incomplete (Kebreab et 

al. 2006). Direct N2O emissions result from these processes at the soil surface which are usually 

increased by the availability of N (Rochette et al. 2008c).  

Indirect N2O emissions result via two main pathways: volatilization of ammonia (NH3) and 

the leaching and/or runoff of NO3 (IPCC 2006). The volatilization of NH3 results in the re-

deposition of NH4 to other areas and the leaching of leaching of NO3 results in the movement to 

ground and surface waters.  When these forms of N (NH4 and NO3) are deposited or moved 

from their source (e.g. into groundwater or agricultural ditches) they have the potential to be 

converted into N2O via nitrification or denitrification. Therefore, more complete estimates of total 

N2O emissions at specific field sites include measurements of both the direct and indirect losses 

from a soil system. 

1.3 Estimating N Loss (IPCC Emission Factors) 

It has been estimated by the IPCC that approximately 1% of the total N applied to the soil is 

emitted directly as N2O (IPCC 2006). This proportion is defined as an emission factor and is 

specifically referred to by the IPCC as EF1 (IPCC 2006) . The drawback to this emission factor is 

that it is used to estimate direct N2O losses regardless of interacting factors such as: N source, 

geographic location, soil type or land use impacts. To address this issue, the IPCC recommends 

that emission factors be country specific for estimating national N2O emissions inventories from 

agricultural soils (Rochette et al. 2008c).  As such, a study was conducted by Rochette et al. 

(2008c) to develop a regional fertilizer induced emission factors (EFreg) for specific ecodistricts 

within Canada. They found country specific values of EFreg ranging between 0.0016 and 0.008 

kg N2O-N per kg of total N applied.  
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Similarly, if measurements of total N leached are not collected, they can be estimated using 

the IPCC default factor for the proportion of N lost via leaching/runoff per kg of N applied 

(FracLEACH) which is 30%. However FracLEACH is based on national statistics and thus has a large 

range of uncertainty (0.1-0.8) associated with it (IPCC 2006). This uncertainty is due, not only to 

the differences among geographic locations, which can influence the proportions of N loss 

through variations in climate and soil type, but also to differences in crop type, rate, timing and 

source of N applied (Silgram et al. 2001). In addition, the amount of indirect N2O emissions from 

N leaching losses can be estimated using the IPCC's emission factor EF5 which is 0.75% of the 

total N leached (IPCC 2006).  

Studies investigating N losses from agricultural systems rarely measure the direct and 

indirect N2O emissions simultaneously (Venterea et al. 2011b). However, to obtain more 

location specific default factors for the fraction of N applied that is leached and volatilized as 

well as emitted as N2O indirectly, more studies in various geographic regions that obtain 

measurements of N losses via multiple pathways (such as leaching and volatilization) are 

required. Such data would aid in determining better estimates of the proportion of N lost per kg 

of N applied and may aid in improving the uncertainty range of the current IPCC default factors. 

In addition to improving the accuracy of emission factors, such studies could also provide more 

insight into the potential emission trade-offs that may be occurring in a specific agricultural 

system. For example, the application of digestate may have relatively lower direct N2O 

emissions compared to untreated manure but could potentially have higher rates of N leaching 

which can increase indirect N2O emissions. Thus, to accurately validate potential BMPs aimed 

at reducing N2O emissions and/or total N losses, measurements via multiple pathways (i.e. 

direct N2O emissions and indirect N2O emissions from leaching/runoff and volatilization) should 

be considered.  

1.4 Factors Influencing N2O Emissions and NO3 Leaching 

1.4.1 Nitrogen Source 

The land application of digestate is considered a potential N2O mitigation opportunity as the 

process of AD reduces the amount of easily decomposable organic matter and thus readily 

available carbon (C) – a requirement for microorganisms to carry out denitrification (Rubæk et 

al. 1996). This lack of C or “energy” for microbes—required for the formation of N2O— has been 

estimated to reduce N2O emissions by approximately less than 1% per unit of manure applied 

(Börjesson and Berglund 2007). Another convincing argument is that since digestate has more 



 

5 
 

stable organic matter than raw inputs,  the rate of oxygen consumption by microorganisms is 

reduced and thus fewer anoxic sites in the soil are formed where denitrification is more likely to 

occur (Möller and Stinner 2009). Moreover, there is a change in N form from organic N to 

mineral N (i.e. increase in NH4) during digestion, which, if applied based on available N may 

lead to less N loss because of the lower amount of total N applied. However, the N2O:N2 ratio of 

denitrification is complex and can be impacted by the combination of soil aeration, oxygen 

demand from soil organisms and the availability of N and carbon (Thomsen et al. 2010). As 

such, when trying to predict N2O emissions, manure characteristics as well as soil conditions 

(i.e. water filled pore space and compaction) must be taken into account (Petersen and Sommer 

2011).  

It has been highlighted by Banks et al. (2009) that few studies have examined the impact of 

land applied digestate vs. raw manure on soil N2O emissions. Yet a growing interest in 

anaerobic digestion makes it an important area of research,  especially for the determination of 

accurate GHG inventories and carbon credits associated with reducing CH4 emissions (Chiyoka 

et al. 2011).  Of the studies that have evaluated the impacts of digestate compared to other 

fertilizers, contrasting results of higher vs. lower N2O emissions from digestate relative to other 

N source applications, have been reported (Massé et al. 2011). This inconsistency among 

studies has been attributed to the influence of a number of environmental and crop 

management factors including: soil microbial community, temperature, moisture content, AD 

manure characteristics, crop type and application methods (Massé et al. 2011). Application 

methods specifically, can vary among studies in terms of how the N rates are calculated. For 

example, both digestate and untreated raw manure could be applied based on equal volumes 

which would result in less total and inorganic N applied for the raw manure treatment compared 

to the digestate, due to their composition differences (i.e. more organic N and carbon in raw 

manure on a volume basis). Alternatively, treatments could be applied based on the same rate 

of crop available N in the first year (i.e. total ammonium nitrogen available after potential 

volatilization losses + organic nitrogen mineralized and available in the first year) which would 

result in a greater volume of raw manure applied compared to the digestate treatment. Nitrogen 

may also be applied based on the same rate of total N or the same rate of total ammonium N 

without the consideration of crop availability in the first year. Such variations in treatment 

application methodologies could account for the discrepancies among studies and consideration 

of these differences should be considered when making comparisons.  
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Contrasting results have also been shown from studies evaluating the impacts  of organic 

vs. inorganic fertilizers on N2O emissions (Rochette et al. 2008b). This uncertainty has been 

attributed to the fact that manure composition is highly variable as it is influenced by animal 

type, feed and manure management system (Rochette et al. 2008b). Thus, when analysing N2O 

emissions from different N sources (e.g. from digestate vs. untreated manure vs. inorganic 

fertilizer) documentation of such influential factors like manure characteristics is necessary to 

reveal the factors associated with the N source that impact N2O emissions. Also, the effect of 

environmental and cropping system management factors, such as: climate (precipitation, air 

temperature, soil moisture), soil type, tillage, application timing, crops planted and previous 

cropping history should also be thoroughly documented as they too can potentially play a 

significant role in the fate of N-losses and more specifically N2O emissions. Since these factors 

are continuously at play in actual agricultural systems, it is important that studies validating 

BMPs are occurring at the field scale, as it has been suggested by Odlare et al. (2012), more 

large scale field studies –that are representative of real agricultural systems—are needed.  

Similar to soil N2O emissions, rates of N leaching are dependent on a number of 

environmental and crop management variables including: precipitation, soil type, fertilizer type 

and cropping system (Börjesson and Berglund 2007). Some studies have examined the 

differences in N-leaching between organic and inorganic amendments. For example, a study by 

Basso et al. (2005) measured NO3 leaching from compost, manure and inorganic fertilizer which 

were all applied based on the same target rate of total N (120 kg N ha-1). Their results indicated 

that the application of manure increased nutrient leaching compared to inorganic amendments. 

These results can be explained by the additional N (in organic form) applied with manures 

compared to synthetic fertilizers. Other studies have also attributed higher NO3 loss from 

organic amendments to the asynchrony between N release and  time of crop requirement 

(Svoboda et al. 2013).  

Although some studies have examined the impacts of organic vs. inorganic fertilizers on N 

leaching, very few have examined the impact of digestate. Svoboda et al. (2013), hypothesized 

that digestate would be prone to more N leaching compared to animal slurry (pig and cattle) due 

to the relatively high amount of available N at the time of application when corn has a low N 

demand (Svoboda et al. 2013). However, they reported no difference in N loss between fertilizer 

types and suggested this could be due to their results being restricted to only short term effects 

(study was conducted for ~ 2.5 years). One theory that could explain potential differences in N 

leaching between untreated and digested manure could be the differences in organic matter 
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(OM) content. Since AD reduces the amount of OM in digestate, viscosity is then decreased 

(Svoboda et al. 2013) which leads to faster soil infiltration (a positive effect for decreasing 

ammonia volatilization). Such an effect could potentially increase the amount of N flowing 

downward to groundwater resources if not subjected to denitrification along the way.  Similarly, 

since the higher amounts of soluble organic carbon in raw manure potentially stimulate 

denitrification (Weier et al. 1993) less N would be available for leaching compared to digestate 

(Di and Cameron 2002).  

1.4.2 Application Timing 

Dairy farms apply 67% of their manure in the spring and summer and 29% in the fall 

(Beaulieu 2004). Manure is applied in the fall rather than, or in addition to, the spring for various 

reasons, including: lack of time and access to equipment near planting, risk of soil compaction 

following spring thaw and limited manure storage capacity. The timing of manure applications is 

also considered an area for potential N2O mitigation in dairy livestock cropping systems. Fall 

applications potentially lead to significant N2O losses since the N is applied up to 7 or 8 months 

before being taken up by a crop and conditions during that time may be favourable for 

denitrification (Rochette et al. 2004). Perhaps more importantly, N losses may be greater from 

fall applications because N2O emissions during the winter months have been shown to 

significantly contribute to annual emission budgets (Wagner-Riddle et al. 1997; Röver et al. 

1998; Wagner-Riddle et al. 2008). There are many hypotheses for these peak winter emissions 

including: reduced gas diffusion from snow cover and ice leading to bursts during thaw, 

additional organic C from microbes that die from frost contributing to denitrification, or the 

sensitivity of the N2O reductase enzyme to lower temperatures (de Bruijn et al. 2009). However, 

year-round studies are limited, which results in less N2O emission data collected during winter 

when peak emissions can potentially arise due to freeze and thaw cycles (Christensen and 

Tiedje 1990). Thus, annual N2O emissions may be underestimated (Gregorich et al. 2005).  

In annual cropping systems, N application in the fall compared to the spring can also 

enhance NO3 leaching (van Es et al. 2006), potentially leading to more indirect N2O emissions. 

Of the studies that have examined the effect of application timing on NO3 leaching, spring 

applications have been shown to decrease N loss via subsurface drainage compared to fall 

applications (Randall et al. 2003). The impact of application timing is largely related to a number 

of environmental factors including: annual precipitation, evapotranspiration rates, soil texture 

and crop type (Randall et al. 2003). Generally, one of the most important factors affecting N-
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leaching is the total amount of soil drainage which is usually impacted by seasons (Di and 

Cameron 2002). In temperate regions, early spring and late fall are often associated with higher 

amounts of precipitation and lower rates of evapotranspiration which can increase drainage 

flow. Subsequently, N applied in the fall may be more susceptible to losses because of the 

greater amount of drainage moving the NO3 through the soil system compared to N applied in 

the late spring which is often followed by less precipitation and higher evapotranspiration in the 

summer. For example, a study conducted in New Zealand  by Di et al. (1999) found that 15-19% 

of the N applied in the fall was leached compared to 8-11% from the spring application.  

1.4.3 Soil Texture 

Soil texture is considered a regulating environmental variable of N2O emissions from 

agricultural cropping systems (Beauchamp 1997).  Soil texture can influence soil water retention 

and thus oxygen supply which has been described as the main driver of high N2O:N2 production 

from denitrification (Petersen and Sommer 2011). More specifically, finer textured soils have a 

greater potential for higher water filled pore space, and thus a greater capacity to create 

anaerobic sites ideal for denitrification (Groffman and Tiedje 1989). Previous studies indicate 

that on average, N2O emissions from finer textures soils are higher than from coarse textured 

soils (Rochette et al. 2008b). However, finer textured soils tend to be tile drained, leading to 

potentially fewer anaerobic sites where denitrification is likely to occur (Di and Cameron 2002). 

Although this is a common cropping system management practice, few studies have examined 

the effect of drainage management on N2O emissions (Nangia et al. 2013). Contrary to most 

studies that have examined the impacts of soil texture on N2O  emissions, Pain et al. (1990) 

found higher denitrification losses from a coarse textured soil compared to a clay soil, which 

was attributed to higher rates of nitrification that subsequently lead to more denitrification 

because more NO3 was available. This finding was elaborated on in a study by Rochette et al, 

(2008b) that also compared N2O  emissions from contrasting soil textures; their findings showed 

higher N2O emissions under a loam soil in a dry year but lower emissions in a wetter year 

compared to the clay soil,  suggesting nitrification was the main factor contributing to emissions 

in the loam soil while denitrification was the main factor contributing to emissions in the clay soil. 

Soil texture also affects N leaching losses by influencing water movement through the soil. 

More specifically, coarse textured soils will have a higher hydraulic conductivity and lower water 

retention than fine textured soils (van Es et al. 2006). As such, it has generally been found that 

clay soils will exhibit less NO3 leaching than sandy or loamy soils because of slower drainage 
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(van Es et al. 2006). van Es et al. (2006) attributed higher NO3 concentrations in leachate from 

coarse textured soils in part to potentially higher rates of manure mineralization (Magdoff 1978) 

and lower rates of denitrification since there are potentially fewer anoxic sites (Sogbedji et al. 

2001a; Sogbedji et al. 2001b). Also, fine textured soils potentially have higher rates of 

denitrification due to greater soil moisture which limits the amount of NO3 available for leaching 

(Di and Cameron 2002). Conversely, fine textured soils with tile drainage could potentially 

increase the amount of NO3 leached because the distance it would have to travel through the 

soil is shortened.  

According to Rochette et al. (2008c), there have been few Canadian studies comparing N2O 

emissions between different soil textures in Canada. Indeed, a literature search on field studies 

examining the effects of different agricultural practices on N2O and/or N-leaching, shows that 

most studies do not conduct research on contrasting soil types at the same site. For example, 

from a sample size of 50 peer reviewed journal articles conducted globally on the effects of 

agricultural practices on N2O emissions, only 7 (14%) conducted research on contrasting soils in 

the same study (Appendix A, Table A-1). Moreover the variation of sites among those studies 

was limited, with most Canadian studies taking place at Agriculture and Agri-Food Canada 

research stations in Quebec. Similarly, of the 31 studies sampled, examining the effects of 

agricultural practices on N-leaching, only 3 (10%) were conducted on contrasting soils in the 

same study site, two of which were conducted in the United States (Appendix A, Table A-2).   

1.5 Modeling N Losses 

Due to the complexity of factors that can influence the evolution of N losses, short term field 

studies comparing management practices may not be long enough to draw firm 

recommendations. In other words, short term field studies may aim at evaluating management 

practices based on N2O emissions but can be limited in their ability to provide concrete 

conclusions because of inter annual variability or because such practices may have long term N 

losses that do not get captured over a 1-2 year field study. For example, Svoboda et al. (2013) 

compared biogas residues to animal slurry with respect to N leaching and found no differences 

between the two N sources in their 2 year study, they did acknowledge however, that the 

chemical and physical differences of the two N sources they studied could affect N flows in the 

long-term, which could be analyzed by means of a simulation study. Indeed, simulating the long-

term effects of management practices can help provide the additional information needed to 

recommend GHG management strategies in particular. Ecosystem models are thus a valuable 
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tool and can be used to simulate N losses, and N2O emissions over many years to help 

evaluate management practices more thoroughly for a specific environment. DAYCENT is an 

example of an ecosystem model that is used to estimate N2O emissions based on specific 

environmental factors and management decisions. However, to ensure the accuracy of 

simulations, testing against actual measurements collected from field studies is essential. Thus, 

the more field studies that can be used to test N2O emission or N loss models, the more robust 

and reliable such a tool will be in determining BMPs for agricultural producers.  

1.6 Research Objectives 

To date, few studies have examined the impact of digestate and the timing of manure 

application on both N-leaching and N2O emissions. As such, the first objective of this thesis was 

to compare the effect of three different N sources (digestate vs. raw dairy manure vs. an 

inorganic fertilizer) and two different application times (spring vs. fall) with respect to N2O losses 

and leached NO3. From these comparisons, practices within dairy livestock cropping systems 

that are considered to have some N2O mitigation potential—such as spring application and the 

use of digestate—but have not been extensively tested before, will be evaluated to shed light on 

potential BMPs for dairy farm systems. Comparisons will also be made between measured 

values and (1) the IPCC emission factor for direct N2O emissions per kg of total N applied (EF1) 

and (2) the IPCC fraction of N leached per kg of total N applied (FracLEACH).  In addition, the field 

measurements collected were used to meet the second objective of this thesis: to validate the 

DAYCENT model’s ability to effectively simulate measured N2O fluxes and environmental 

variables. Such testing will provide insight into the model’s ability to further evaluate the 

management practices outlined over many years. 

1.7 Thesis Structure 

This thesis is composed of five chapters. This chapter (Chapter 1) is an introduction that 

provides a general discussion of the importance and direction of this research as well as 

background information on important concepts used throughout this thesis. Chapter 2 and 3 

provide the site description, methods, results, discussion and conclusions of the NO3 leaching 

and N2O emissions experiments, respectively. Chapter 4 is an initial exploration of the 

biogeochemical model, DAYCENT, through the comparison of soil moisture, temperature, 

mineral N and N2O flux simulations against actual field measurements. Chapter 5 summarizes 



 

11 
 

the conclusions and/or recommendations relevant to this thesis and the chapters outlined 

above.   
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Chapter 2 Nitrate Leaching as Affected by N Source and Timing  

2.1 Introduction 

Fertilized agricultural fields are considered a major contributor of N contamination to ground 

and surface waters via leaching (the downward movement of soil water) and runoff (Chambers 

et al. 2002). Nitrogen is primarily leached in the form of nitrate (NO3) which is a negatively 

charged ion repelled by the predominately negatively charged soil colloids found in temperate 

regions (Di and Cameron 2002). Thus, unlike ammonium (NH4) which is positively charged and 

strongly held in the soil profile, most NO3 is not retained and is more easily leached. Since 

leaching results in a loss of plant available nutrients, the nutrient use efficiency (NUE) of 

cropping systems is decreased (i.e. nutrients applied to the soil that are leached are unavailable 

to the crop and are therefore wasted) when excessive leaching occurs.  Moreover, nitrogen 

excess in groundwater (>10 mg-N L-1) is considered a health risk (Health Canada 2012) and 

long term NO3-N concentrations greater than 13 mg L-1 in surface waters can threaten aquatic 

life (CCME 2012). In addition to these concerns, leached N can also contribute to global 

warming as an indirect source of N2O through the denitrification of NO3 deposited downstream 

of the N application site.   

According to Carpenter et al. (1998) 10-80% of the N applied to agricultural land can be 

moved from agricultural ecosystems to water sources depending on soil type. The approximate 

fraction of applied N lost to leaching and/or runoff (i.e. “FracLEACH” as it is referred to by the 

IPCC) is 0.3 (or 30%) as defined by the IPCC guidelines (IPCC 2006). Therefore, to estimate 

the amount of N leached from an agricultural system, the total amount of N applied from both 

fertilizer and organic sources can be multiplied by the FracLEACH factor (0.3). Although this 

default factor provides a basis for estimating the amount of N lost via leaching and/or runoff, 

there is a large range of uncertainty associated with it (i.e. 0.1-0.8 or 10-80% of N applied).  

The fraction of N leached is one of the most important components in estimating indirect 

N2O emissions (IPCC 2002) yet it is considered to be the source of highest uncertainty in 

calculating the total N2O emission estimate (Mosier et al. 1998). The uncertainty of the FracLEACH 

default factor is likely due to a combination of (1) the differences in N leaching between 

geographic locations and management practices and (2) the lack of research studies conducted 

over a range of climates, soil types and cropping systems aimed at collecting actual N-leaching 

measurements. Due to the number and complexity of factors that can impact the amount of N 

leached, one default value—such as FracLEACH—has a number of limitations. For instance, 
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FracLEACH could be affected by timing of application (e.g. spring vs. fall), soil and/or drainage 

type, precipitation (a wet year vs. a dry year); crop planted or source of fertilizer (organic vs. 

synthetic).  

While most studies examining the impacts of cropping system practices on N2O emissions 

do not include measurements of N leached—which can be used to estimate indirect N2O 

emissions—it is an important approach, especially when researching mitigation strategies that 

avoid pollution swapping. For instance, a mitigation strategy that reduces direct emissions of 

N2O may actually lead to more N leached or vice versa. For example, a study by Mkhabela et al. 

(2008b) compared no till (NT) vs. conventional tillage (CT) on N2O emissions and N-leaching, 

and found that NT had comparatively lower NO3
--N concentrations in drainage water but higher 

denitrification rates and N2O fluxes. Another study by Zhou et al. (2012), concluded that the 

impact of N loss mitigation strategies on all of the pathways involved in the entire N cycle must 

be considered in order to develop sustainable N management strategies. Ideally, management 

practices aimed at reducing N loss would lead to reductions in both N2O emissions and N 

leaching, thus improving the NUE of cropping systems and avoiding pollution swapping between 

N2O and NO3. An example of such a management practice was described in a study by Pappa 

et al. (2011) where they found a specific cultivar of legume intercropped with cereals 

significantly lowered N loss by both N2O emissions and N-leaching.  

According to Svoboda et al. (2013) data on N leaching following the application of biogas 

residue is limited. Their study, conducted in Germany, evaluated the impacts of biogas residue 

compared to untreated animal slurry—applied based on the same rate of total N—on N-leaching 

and found no significant difference between the two treatments. However, as Svoboda et al. 

(2013) points out, the application of biogas residue has been shown to both reduce and 

increase N-leaching among German studies. In Canada, few studies have evaluated the effect 

of digestate compared to untreated manure on N-leaching. Although a multi-year field study was 

conducted in Alfred, ON, Canada to evaluate the effects of digestate compared to raw dairy 

manure on NO3-N leaching to tile drainage (Crolla et al. 2011), this study has not yet been 

published and did not incorporate application timing or the effects of contrasting soil textures.  

Both timing and soil texture have been shown to significantly impact N leaching 

concentrations (van Es et al. 2006) and thus may also have an impact on the effect of N source. 

According to Crolla et al. (2013), further studies conducted under various climatic and soil 

conditions are needed to determine the long term effects of land applied digestate on NO3-N 
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leaching. Moreover, few studies in Canada have directly compared a measured fraction of 

fertilizer N-leached to the FracLEACH default factor provided by the IPCC, even though the IPCC 

ranks this indirect N2O emission source as an area of high priority in national greenhouse gas 

inventories (Nevison 2000).  

To address these knowledge gaps, the objective of this study was to compare the amount of 

N leached from (1) different N sources, including digestate (DG) vs. raw dairy manure (RM) vs. 

inorganic fertilizer (IS) and (2) different application times (spring vs. fall) from a tile drainage 

system in a clay field and from lysimeters in both a sandy-loam and clay field. Once quantified, 

the fraction of N-leached per total N applied was compared with the IPCC default factor for 

leaching and runoff (FracLEACH) whereby the fraction of runoff was assumed to be minimal 

because of the flat topography of the field sites. 

2.2 Materials and Methods 

2.2.1 Site Description and Experimental Design 

This experiment was established on October 28, 2011 (the first manure application date) 

and continued until May 20, 2014 (the last date of lysimeter NO3 data collection) resulting in 

over 2.5 years of data collection. Treatments were applied on two field sites with contrasting soil 

textures: a sandy-loam soil (73% sand, 22% silt, 5% clay; soil classification unknown because 

soil maps of the area are not representative of the actual soil texture measured) and a tile 

drained Bearbrook clay soil (47% clay, 35% sand, 18% silt), at the University of Guelph’s 

Campus d’Alfred (45.34°N, 74.55°W, 70 m elevation) in Alfred, ON, located approximately 70 

km east of Ottawa, ON. Average soil properties for each field site including pH, total carbon, 

mineral N and total N are shown in Table 2-1 and average soil characteristics for each plot are 

provided in Appendix B, Table B-3. Based on 30 year (1981-2010) climate normals, collected 

from the Central Experimental Farm Weather Station in Ottawa ON, the average annual air 

temperature is 6.6°C and average annual precipitation is 920 mm  (Environment Canada 2013). 

During the 2011 growing season (before the onset of the experiment) crop management 

practices for both fields included: zero N applied and a spring planted cover crop (composed of 

oily raddish, buckwheat and white peas) and spring fertilizer applications cropped to corn in 

2010 and 2009. As such, the last fertilizer N application on both fields was 1.5 years prior to the 

start of the present study.  
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Nitrate leaching was monitored from October 25, 2011 to April 30, 2014 using the 

subsurface tile drainage collection system and from May 17, 2013 to May 20, 2014 for the 

lysimeters in the spring applied treatment plots (see lysimeter installation dates in Table 2-2). N-

leaching measurements were collected through the tile drainage collection system (1 m) in the 

clay field and zero-tension lysimeters (0.3 m) installed between the fall of 2012 and spring of 

2013 in both fields (see section 2.2.7 for more detail on leaching measurement methods and 

Table 2-2 for a schedule of lysimeter installation dates in each plot). The following treatments 

were arranged in a randomized complete block design: raw dairy manure applied in the fall 

(RF), raw dairy manure applied in the spring (RS), digestate applied in the fall (DF), digestate 

applied in the spring (DS), inorganic fertilizer applied in the spring (IS) and unfertilized control 

(C) (Figure 2.1). The treatment associated with each plot is outlined in Table 2-2. Since one tile 

drain was situated in the center of each clay field plot there were 2 replicates of each treatment 

for tile drainage NO3-N results. Comparatively, two lysimeters were installed in each plot of both 

fields resulting in 4 replicates of each treatment for lysimeter NO3-N results. All plots were 

seeded to silage corn (Pioneer Hybrid P8906HR) at 33000 seeds/ac (76 cm row spacing) and a 

herbicide (Roundup®) was sprayed at the sixth leaf stage of crop growth (see Table 2-3 for a 

summary of the schedule of management activities).  

Table 2-1 Soil properties (0-15 cm) at each field site. Including average pH, total carbon, 
organic carbon and estimated soil organic matter (SOM) from samples collected throughout the 
entire study period on control plots and total N and mineral N collected before the onset of the 
experiment in October 2011. SOM was estimated by multiplying the organic carbon 
concentration (%) by a factor of 2 as suggested by Nelson and Sommers (1996). The cation 
exchange capacity (CEC) presented is based on 3 soil samples (from a C,DS and RS plot) 
collected in each field on July 31, 2013, the standard deviation is shown in brackets. 

Soil Properties Sandy-loam Field Clay Field 

pH 6.23 7.10 

Organic C (%) 1.96 2.72 

Total C (%) 1.96 3.0 

Total C (kg ha-1) 43,200 58,000  

SOM (%) 3.91 5.44 

Total N (kg ha-1) 2,375  2,741  

Mineral N (kg ha-1) 77  93  

Cation exchange capacity (CEC) (MEQ/100g) 10.3 (1.06) 30.1 (1.87) 
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Figure 2.1 Site location and experimental design diagram. Each plot is numbered from 201-212 
in the clay field and 101-111 in the sandy-loam field. Approximate locations of the lysimeters are 
shown as well as the tile drainage collection system in the clay field. The randomized complete 
block design of treatments is shown for each field and treatments are indicated by their 
abbreviation (see Table 2-2). 

 

Table 2-2 Treatments associated with each plot in the sandy-loam and clay field.  Note there is 
only one control plot in the sandy-loam field due to a limited number of plots available at the 
start of the study. 

  Treatment Lysimeter Installation 
Date Field Plot N source Timing Abbreviation 

Sandy-loam 101 Zero N (Control) Control C October 20, 2012 

 102 Digestate Spring DS May 17, 2013 

 103 Raw Spring RS May 17, 2013 

 104 Inorganic Spring IS May 17, 2013 

 105 Raw Fall RF October 20, 2012 

 106 Digestate Fall DF October 20, 2012 

 107 Raw Fall RF May 17, 2013 

 108 Inorganic Spring IS May 17, 2013 

 109 Digestate Fall DF May 17, 2013 

 110 Raw Spring RS May 17, 2013 

 111 Digestate  Spring DS May 17, 2013 

Clay 201 Zero N (Control) Control C May 18, 2013 

 202 Zero N (Control) Control C May 18, 2013 

 203 Inorganic Spring IS May 18, 2013 
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 204 Raw Spring RS May 18, 2013 

 205 Digestate Fall DF May 18, 2013 

 206 Digestate Spring DS May 18, 2013 

 207 Raw Fall RF May 18, 2013 

 208 Digestate Fall DF May 18, 2013 

 209 Raw Spring RS May 18, 2013 

 210 Digestate Spring DS May 18, 2013 

 211 Raw Fall RF May 18, 2013 

 212 Inorganic Spring IS May 18, 2013 

 

Table 2-3 Schedule of management activities during the study years. 

Field operations 2011 2012 2013 

Fall manure applications October 28 October 30  

Tillage following fall applications October 29 October 30  

Spring manure applications  May 23 May 27 

Tillage following spring applications  May 24 May 28 

Corn planting  May 25 May 28 

Crop emergence  June 1-5 June 6-11 

Corn plant sampling  October 2 October 10 

Corn harvest  October 13 and 17 October 12 

 

2.2.2 Nitrogen Applications 

Both the raw (untreated) liquid dairy manure (RM) and digestate (DG) used in this study 

were obtained from a local dairy livestock operation, Terryland Farms (150 lactating cows), 

located in St. Eugene, Ontario (approx. 50 km from the research site). On the farm, a barn 

equipped with a slatted floor collects the raw manure where it is stored in the barn’s holding pit. 

The raw manure used for applications in this study was collected directly from this pit using a 

tanker truck. A 1000 m3 mesophilic digester (37 °C), is used on the farm to treat the RM (co-

digested with grease from a bacon rendering plant), for the production of electricity (sold to the 

grid) and heat (used on the farm). More specifically, the digester was fed 13 m3 d-1 of raw 

manure and 13 m3 d-1 of grease waste. For the first fall application (October 2011), DG was 

collected from an earthen basin lagoon and mixed in the lagoon before being pumped into the 

tank truck using a recirculating pump connected to a tractor. For the rest of the applications 

included in this study, DG was collected directly from the digester equipped with two mixers that 

blend the digested manure and off-farm material periodically. Thus, unlike a batch digester 

whereby a retention time for inputs is required for digestion, inputs are continuously added and 

removed.  
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All manure treatments were surface-applied by broadcast using a splash plate on a spreader 

truck. All treatments (organic and inorganic) were applied based on the same target rate of crop 

available N (140 kg N ha-1) within the first year of application. The target rate for both the DG 

and RM treatments were calculated using the Ontario Ministry of Agriculture’s Agronomy Guide 

for Field Crops (2009) estimated percentage of total ammoniacal N (TAN) and organic N (Org-

N) available in the year of application. The retention factor for the amount of Org-N mineralized 

to crop available forms was 0.25 (25%) (Government of Alberta 2008; OMAFRA 2009). As such, 

it was assumed that the % of organic N mineralized was the same for DG and RM. The TAN 

retention factor, accounting for expected volatilization losses occurring between application and 

incorporation, was 0.85 (85%) and 0.75 (75%) for fall and spring applications respectively. The 

inorganic fertilizer treatment (25.1-11.7-16.7, % N-P-K), also applied by surface broadcast, was 

urea based consisting of 25.1% N in granular form and applied without the calculation of a TAN 

retention factor.  

Treatments were incorporated (0-15 cm) using a cultivator within 24 hrs of application. N 

source applications were performed for two consecutive seasons (see Table 2-3 for application 

dates). Manure characterization was conducted prior to application for the determination of 

manure volumes required to reach the target N rate on each plot by collecting samples on the 

farm. Samples were also collected on the day of application to determine the actual amount of 

manure (L ha-1) and N (kg ha-1) applied (see Table 2-4 for manure characteristics and Table 2-5 

for manure application rates applied in each field). These samples and the measurement of 

manure volume applied for each treatment were collected by placing a container of a known 

size under the manure spreader as it drove down each plot.  As a quality control measure, 

another sub-sample of the manure, used for a comparison with the sample collected during the 

actual spreading, was collected during the transfer of manure from the tanker truck to the 

spreader truck.  

2.2.3 Manure Analysis 

The manure analysis for pH, total solids (TS), volatile solids (VS), NO3, NH4, total kjeldahl 

nitrogen (TKN), and Org-N was conducted on site at the Ontario Rural Wastewater Centre 

(ORWC) laboratory. The method of analysis for TS and VS was adapted from Standard 

Methods 2540B and 2540E respectively (Eaton et al. 2005). Total solids (the sum of suspended 

and dissolved solids; volatile and fixed) were determined by oven drying a sample at 103-105°C 

and dividing the final TS weight by the volume of the sample (See Appendix C Equation 
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C-1).This method also yielded a % moisture value by subtracting the final TS weight from the 

initial wet weight, divided by the sample volume (see Appendix C Equation C-2). Volatile solids 

were determined by igniting the TS sample in a muffle furnace at 550 °C to burn off the organic 

compounds and subtracting the final VS weight from the TS weight divided by the sample 

volume (see Appendix C Equation C-3).  

Nitrate was analyzed following the ORWC’s standard operating procedure (SOP) adapted 

from Standard Methods for the Examination of Water and Wastewater, Method 4500-NO3 

(Nitrate Electrode Method) where a nitrate ion electrode (Orion™ 9300B NWP, Thermo Fisher 

Scientific Inc.) was used to respond to NO3 ion activity (Eaton et al. 2005) by outputting a 

millivolt reading. Total nitrates were defined as NO3 + nitrite (NO2). A minimum of 6 standards 

were used to create a standard curve with concentrations ranging between 1-100 ppm 

(depending on the expected concentrations of the samples). Starting with the lowest nitrate 

concentration standard solution, a nitrate electrode was inserted into the mixing solution and 10 

ml of a buffer solution was added. Once stabilized, the millivolt (mV) readings from the nitrate 

electrode for each standard were recorded to obtain a standard curve (nitrate concentrations 

plotted against the mV readings fitted with a trend line and a correlation coefficient (R2)). The 

standard curve equation was used if the R2 was 0.996 or higher. Nitrate concentrations of 

samples were determined using the same electrode procedure using 10 mL of sample (either 

diluted or taken directly from sample bottle). Once mV readings were recorded from sample 

solutions, calculations to obtain the actual nitrate concentration (mg L-1) were conducted using 

the calibration curve equation obtained from the standard curve. 

Total Kjeldahl nitrogen (TKN), the combination of NH4, free ammonia (NH3) and Org-N was 

measured using an adapted version of the Standard Method 4500-Norg B. Macro-Kjeldahl 

method where NH3 and Org-N is converted to NH4 through digestion and the total NH4 is 

converted to NH3 through distillation. The Macro Kjedldahl method involved the digestion of a 

diluted manure sample (10 g of sample + 90 ml of distilled water, i.e. 10-fold dilution) mixed with 

2 Kjeldahl tablets (composed of 3.5 g Potassium Sulfate (K2SO4) and 0.4 g of Copper Sulfate 

(CuSO4) (Fisher Scientific CAS # 7778-80-5,7758-98-7)) and 7 ml of concentrated Sulfuric Acid 

(H2SO4) (Fisher Scientific, CAS3 7664-93-9) in a Kjeldahl digestion tube placed under high 

temperatures (380-400° C) for 1 hour  to convert the Org-N to NH4. After digestion tubes cooled 

and 50 ml of distilled water was added to each tube, the distillation procedure –designed to 

convert the NH4 to NH3 by increasing the pH—was conducted using a distillation unit 

(Kjeltec™1002 System Distilling unit, FOSS Tecator™) that captures the distillate (volatilized 
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NH3) from the digestion tube (250 ml), into a receiving Erlenmeyer flask filled with 50 ml of 

0.04N H2SO4 solution as absorbent for the ammonia phenate method. In the digestion tube, 50 

ml of sodium hydroxide-sodium thiosulfate reagent was added to the acid solution to make it 

alkaline, liberating the NH3 (Labconco Corporation 1998).  

The Ammonia Phenate Method (Standard Method 4500-NH3 F. Phenate Method) was then 

used to determine the concentration of NH3 from the resulting distillate. The Ammonia Phenate 

Method is a colorimetric method whereby the sample solutions are analyzed using a 

spectrophotometer (Spectronic 21D, Milton Roy) set at a specific wavelength (640 nm) only 

absorbed by the ammonia in the solution.  A standard curve was required to calibrate 

measurements from the sample solutions. Six standards were prepared ranging from 0.05-1.00 

ppm and transferred to glass vials that were placed in the spectrophotometer. Similarly, 10 ml of 

the sample solutions were transferred into a glass vial (16 x 100 mm) to be placed in the 

spectrophotometer. Known standard solution concentrations were plotted against the 

corresponding absorbance readings from the spectrophotometer to produce a calibration curve 

and a trend line was fit to the data to determine the correlation coefficient (which had to be ≥ 

0.996 to be accepted). The trend line equation was then used to calculate the ammonia 

concentration (mg L-1) of the samples.  

Total ammoniacal N in manure samples was measured following the Ammonia-ion Selective 

Electrode Method (Standard Methods 4500-NH3 D), where dissolved ammonia and ammonium 

is converted to NH3 by raising the pH of the sample above 11 by adding a strong base and is 

measured using an ammonia-selective electrode (Eaton et al. 2005). Similar to the nitrate 

analysis method, a series of standards were prepared and ranged in concentration from 2 to 

100 mg NH3-N/L and manure samples are diluted 1:50 to be within range of the standards. 

Once mV readings were recorded for each standard, a calibration curve was plotted and the 

resulting equation was used to obtain TAN concentrations of each sample from the mV 

readings. Following the measurement of TKN (total nitrogen - nitrates) and TAN, Org-N was 

calculated by subtracting the TAN from the TKN (the combination of TAN and Org-N). 

Samples of the digestate and raw dairy manure were collected on four sample dates during 

the study period for a total carbon analysis. These samples were analyzed by the University of 

Guelph’s Agriculture and Food Laboratory following the dry combustion method using a high 

temperature induction furnace (Leco SC-444). Total C was determined after the removal of 

inorganic C (which was determined by ashing at 475°C for 3 hours before analysis of total C), 
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following the methods outlined in section 29-2.2.4 in Nelson and Sommer (1982). Briefly, each 

sample was combusted in a stream of pure oxygen at 1350°C to form CO2 which was absorbed 

from the effluent gas by a CO2 absorption bulb. The CO2 was then quantified as a percentage of 

the total sample via infrared techniques.  

2.2.4 Soil Sampling and Analysis 

2.2.4.1 Composite Soil Samples (Mineral N, pH and TKN) 

Soil samples were collected once the ground became penetrable and continued throughout 

the growing season at frequencies of 1-3 times per month so that gradual changes in N 

transformations over time could be observed.  Soil samples were collected at 0-15 and 15-30 

cm depths using a hand-held sampling probe (Oakfield Apparatus Company, Oakfield 

Wisconsin, USA). On dates when 15-30 cm samples were collected, the soil probe was pushed 

into the soil to a depth of 15 cm, the core was collected and transferred to a bucket assigned for 

the 0-15 cm samples, the probe was then inserted back into the same borehole where the 0-15 

cm sample was collected and pushed another 15 cm to obtain a 15-30 cm sample which was 

transferred to an assigned bucket for 15-30 cm samples. Soil cores at each depth, from each 

plot were pooled in a bucket, homogenized and transferred to labelled plastic bags.  These 

depths coincided with the tillage depth (15 cm) and crop root zone (30 cm) of the silage corn 

where N uptake and transformations typically occur.  

Composite soil samples were obtained for each plot by collecting 3 cores (2 cm i.d.) near 

each non-flow-through non-steady-state chamber (see Chapter 3) (i.e. 6 cores per plot) in 

undisturbed soil between corn rows.  Soil samples were refrigerated (4°C) until extractions for 

soil NO3 and NH4 were conducted (usually within 24 hrs following field collection) to prevent N 

transformations from occurring. According to Nelson and Bremmer (1972) samples should be 

kept at -5° C to prevent N transformations by soil microorganisms and analyzed as soon as 

possible to prevent continued changes in the soil inorganic N during storage (i.e. cold temps will 

slow the microbial processes that lead to N transformations). Although a consensus on sample 

storage temperature does not exist in the literature, storing samples in the fridge for short 

periods was assumed to be acceptable.   

Soil inorganic N (NO3 and NH4) was extracted following the method outlined in Kalra et al. 

(2007). Briefly, 5-5.5 g of fresh (refrigerated overnight) or thawed from frozen soil in 50 ml of 2 

M KCl was shaken for 60 minutes (10 minutes on high speed and 50 minutes on low speed). 
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The 2 M KCl reagent displaced NO3 from the soil particles by replacing it with chloride on anion 

exchange sites and by replacing ammonium with potassium on cation exchange sites. The 

extracts were then filtered, to separate the soil particles from the inorganic N using filter papers 

(Whatman no.42), drained into 50 ml polypropylene conical tubes (BD Falcon™, Bedford MA) 

and frozen until analysis.   

Nitrate and ammonium concentrations in the extracts were determined colorimetrically with a 

flow injection analyzer (FIA) (Lachat Quikchem 8000+ Series, Lachat Method 12-107-06-2-A 

and 12-107-04-1-B; Lachat Instruments Loveland,CO). For NH4-N analysis six known standards 

that ranged in concentration (5 ppm, 2 ppm, 1 ppm, 0.5 ppm, 0.25 ppm, 0 ppm) were prepared 

and analysed at the start of the sample run to produce a calibration curve (2nd order 

polynomial). This standard curve is determined by the Lachat data acquisition system—which 

associates the concentrations with the instrument responses in volts (Hofer 2001). For the 

nitrate analysis, seven standards that range in concentrations, similar to that of the samples 

being analysed (5 ppm, 2 ppm, 1 ppm, 0.5 ppm, 0.25 ppm, 0.1 ppm, 0 ppm), were used. Also, 

the standard calibration curve used for the nitrate analysis is non-linear (a 2nd order polynomial 

calibration fit type) (Hofer 2001). 

Soil pH was conducted following NH4 and NO3 extractions in the Chemistry Lab at AAFC. 

Soil slurry was made using a 1:1 ratio of soil to water (10 g of soil and 10 ml of water). The 

mixture was placed in labelled falcon tubes and loaded onto an orbital shaker for 10 minutes. 

The pH was determined using a calibrated pH electrode meter (IQ150W ISET Probe, Spectrum 

Technologies, Inc. Plainfield, IL) and recorded on the soil extraction sample sheet.  

Total Kjeldahl nitrogen (TKN) analysis for soil was conducted following the 4500-Norg B. 

Macro-Kjeldahl Method for digestion and distillation (Eaton et al. 2005) (as described in section 

2.2.3). 

2.2.4.2 Bulk Density Sampling and Analysis 

Bulk density samples were collected on 11 sample dates throughout the study period (twice 

during the fall of 2011 and 4-5 times throughout the snow free season in 2012 and 2013). Brass 

bulk density rings (4.7 cm i.d. x 7.5 cm) were used to collect a known volume of soil in each plot 

between corn rows. Bulk density (the weight of soil from a known volume) was determined by 

drying the collected soil in the bulk density ring at 104±1 °C for 24 hrs. Bulk density was then 
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calculated by dividing the dry weight of the soil (with bulk density ring weight subtracted) by the 

sample volume (i.e. volume of bulk density ring used).   

2.2.4.3 Soil Textural Analysis 

A particle size analysis was conducted for the 0-15 cm soil profile in each plot of the sandy-

loam and clay field using the Hydrometer Method modified from Tan (1995). Air dried 

subsamples of 50-100 g were ground (morter and pestal) and sieved (2 mm) for transfer into a 

mixing cup with 10 ml of the Sodium Hexametaphosphate (calgon) dispersing solution (used to 

break apart aggregates), and 290 ml of dissolved and deionized water, then blended for 15 

minutes.  The solution was transferred to a 1000 ml glass cylinder and topped with more 

distilled deionized water. Blanks (calgon solution +water) and reference soils (with known 

particle size content) were also included every 6th and 12th sample respectively for quality 

control and quality assurance measures. Each solution was thoroughly mixed using a plunger 

and the first hydrometer (g L-1) (Fisherbrand™ Model # 14-331-5c, Thermo Fisher Scientific™) 

and temperature (°C) reading was taken at 40 sec following the plunging (and repeated 3 

times), when all particles were suspended. The second reading was taken at 120 min (to 

measure % clay suspended). For the calculation of % sand, silt and clay, hydrometer readings 

were corrected for temperature and density using the blank sample (i.e. the hydrometer is 

calibrated at 68°F, for every 1°F above or below 68°F 0.2 is added or subtracted, respectively, 

to the hydrometer reading and the hydrometer (density) reading from the blank is subtracted 

from the hydrometer readings of the samples). The equation used to calculate % sand, silt and 

clay is shown in Appendix C (Equation C-4). Soil texture was then determined by inputting the 

% sand and % clay into an interactive textural triangle (hydraulic properties calculator) 

developed by Saxton and Rawls (2009). The results from the soil texture analysis for each plot 

are included in Appendix B. 

2.2.5 Plant Sampling and Analysis 

Plant samples were collected at the sixth leaf, silking and physiological maturity stages 

throughout the growing seasons in 2012 and 2013, for a total N analysis and dry matter yield 

determination. Plants were sampled by hand cutting stalks at the soil surface at 3 center row 

locations (top, middle and bottom locations of each plot) within 1 m. All three samples were 

weighed in the field (with stalks separated from cobs) and the sample collected in the middle of 

each plot was kept for drying and nutrient analysis. Average plant sample moisture (%) was 
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applied to the other two samples that were not dried in order to obtain 3 replicates for dry matter 

yield in each plot. The dry mass of stover and grain (+cobs) was determined by placing the 

samples in a dryer at 60 °C for ≥1 week and recording the dry weight. As such, plant sample 

moisture (%) was determined by subtracting the dry weight of each sample from the 

corresponding field weight. Once samples were dried, they were ground using a plant grinder 

(Thomas-Wiley® Laboratory Mill, Model 4, Thomas Scientific, U.S.A) and passed through a 1 

mm screen.  Subsamples (stored in 16 mm dram vials) were sent to the Agriculture and Agri-

Food Canada Chemistry Laboratory for total N analysis. Total N was determined via the 

Kjeldahl Digestion of 1 g of sub-sample, from which the distillate was analyzed colorimetrically 

(Lachat QuikChem 8500 Series 2 FIA). 

Corn plant density was determined each year at corn emergence, by randomly selecting one 

of the center rows and recording the number of plants within 5 m (repeated 3 times for each 

plot). The average plant density for each plot was then used to calculate the dry biomass yield 

based on the plant density of each plot. Silage N yield was calculated by multiplying the N 

concentration (% total N) of the plant (stover), grain and cob materials by the total biomass yield 

for each separate material which were then added together to calculate the total yield. 

2.2.5.1 Statistical Analysis of Biomass Yields 

Due to the limited number of sample replicates in 2012 (2 replicates per treatment or 1 

sample per plot), the mean biomass yield of each treatment and the pooled variance of all 

treatments (excluding the control) was used in a one way ANOVA to determine statistical 

differences in biomass yields between treatments (i.e. combination of N source and timing). In 

addition to treatment effects, the overall effect of year (2012 vs. 2013), soil type (sandy-loam vs. 

clay), application timing (fall vs. spring) and block (1 vs. 2) on biomass yields was also analyzed 

for each soil type using a paired student’s T-test in Excel (Microsoft Excel 2010, Santa Rosa, 

California). 

The mean biomass yield for each treatment in 2013 was calculated using raw data from the 

3 subsamples in each plot for each treatment (i.e. 2 plots per treatment = 6 subsamples per 

treatment).  Using all of the subsample biomass yield data (i.e. not the means but the raw data), 

a two factor ANOVA (General Linear Model in SigmaPlot 12.3, Systat Software, Inc. © 2011), 

was used to determine the significance value of treatment (N source, timing and field) and 

random (i.e. block) effects on total biomass yields for each field, whereby treatment (the 
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combination of N source + timing) and block were included in one analysis for each field and 

treatment and field were included in another analysis. A three factor ANOVA was also 

conducted for each field independently and with both fields combined to determine the effect of 

timing and N source separately along with block for just the spring and fall applied digestate and 

raw manure treatment plots (i.e. data from the control or inorganic fertilizer treatments was not 

included since they did not have a “timing” component which would create unbalanced data). 

This type of analysis was conducted for the determination of the random effect of the blocks in 

each field (in addition to the two way ANOVA described above), as well as the independent 

effects of N source and timing. Another three factor ANOVA with data from both fields was 

conducted to determine the effect of soil type, N source and timing.  

2.2.6 Environmental Data Collection 

Half hourly maximum, minimum, mean air temperatures (°C), rainfall (mm), relative humidity 

(%) and wind speed was collected from an onsite weather station (HOBO micro station, Onset 

computer Corporation, Bourne, MA) installed by the sandy-loam field on April 3, 2012.  Missing 

weather data (daily maximum, minimum, mean air temperatures, potential evapotranspiration 

and total precipitation) was gap filled using the Ottawa Canadian Department of Agriculture 

(CDA) reference climate station (RCS), located at Agriculture and Agri-food Canada’s Central 

Experimental Farm (approximately 77 km from the experimental site).  

Evapotranspiration (ET) gauges (atmometers) (ETgage Model A, Spectrum Technologies, 

Plainfield, IL) were installed on May 30th and 31st, 2013 in each field, outside of the plant 

canopy.  Each ET gauge was fitted with a canvas cover for agricultural crops (style #54) and 

readings (cm) were collected once a week throughout the growing season (from the end of May 

to end of September). The gauge was re-filled with distilled water when necessary. Crop 

coefficient (Kc) multipliers, provided by the manufacturer, were used in accordance with the % 

ground cover of the crop, for the calculation of crop transpiration throughout the growing season 

until a predicted frost (September 24, 2013).  

2.2.7 Leachate Sample and Drainage Volume Collection  

Drainage volumes and drainage samples collected for the determination of NO3 

concentrations were obtained from a tile drainage collection system in the clay field and zero-

tension lysimeters installed in the sandy-loam and clay field (see Figure 2.1) which are 

described in the following sections.  
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2.2.7.1 Tile Drainage System (Clay field) 

In the clay field, a sub-surface (0.9 m deep) tile drain was located in the center of each 

hydraulically isolated plot (separated by a synthetic liner extending 3 m deep) (Figure 2.1). 

Tipping buckets, fitted with a magnetic sensor switch—similar  to that described by  Hernandez-

Ramirez et al. (2011)—located at the outflow of each tile drain were connected to a data logger 

(Campbell Scientific, CR10X) which calculated hourly and daily flow volumes (L) from the 

number of tips counted (1 tip ~2 L, each calibrated individually). Peristaltic pumps (OmegaFlex, 

FPU401), automatically collected flow weighted composite drainage water samples from a 

reservoir in the drainage pipes as instructed by the datalogger (i.e. after a specified number of 

tips a volume of drainage water collected from that reservoir over a 1 minute period was 

transferred to a 20 L sample jug; the number of tips before a sub-sample was collected changed 

depending on flow rate so that the 20 L jug would not overflow). Since each tile drain was 

assumed to drain the entire area of each plot, the daily drainage volume recorded was divided 

by the size of the plot in hectares (0.15 ha) to convert daily volumes to L ha-1. The daily 

drainage volume (L ha-1) was then multiplied by 1500 m2 to convert drainage volumes to mm. 

2.2.7.2 Lysimeters (Sandy-loam and Clay field) 

Zero-tension lysimeters installed on various dates (see Table 2-2) were used in both fields to 

collect drainage water under saturated soil conditions (MacDonald et al. 2007). Two zero-

tension lysimeters, consisting of a plastic funnel filled with silica sand (30 cm i.d. x 35 cm), clear 

plastic tubing, hose fittings, a collection reservoir (just under 3 L) and capped drain pipe (Figure 

2.2), were installed in each plot at 30 cm depths (i.e. top of lysimeter funnel was 30 cm from soil 

surface). The installation of the lysimeters involved digging a trench, over 1 m deep, from where 

a block of soil was cut out horizontally. The funnel was then placed in the cut out (or “crypt”) 

under the undisturbed soil. Once the funnel was placed in the crypt, the funnel was pushed flush 

against the soil. Soil was then packed around the funnel to hold it in place. From the funnel, 

plastic tubing led to the reservoir which was placed at the base of the trench at approximately 1 

m depth, so that flow from the lysimeter would enter the reservoir via gravity. Attached to the 

reservoir was a PVC drain pipe that extended approx. 35 cm above the soil surface from which 

samples were collected.  

Drainage samples from each lysimeter were collected during periods of flow and monitored 

weekly during dry weather, similar to the procedure described by MacDonald et al. (2007). 
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Samples were collected manually by pumping the total drainage water from the lysimeter 

reservoir into a graduated cylinder using a peristaltic pump head attached to a hand drill. A 

subsample was then collected in a sampling bottle for NO3 analysis. The drainage volume that 

occurred during periods between sample collections was calculated from the volume of water 

(mL) collected under the surface area of the lysimeter (706.5 cm2) at sampling and extrapolated 

to the surface area of the plot (0.15 ha for clay field plots and 0.04 ha for the sandy-loam field 

plots).  

Figure 2.2 Diagram of lysimeter construction and placement under the soil surface(not to scale). 
Adapted from figures by MacDonald et al. (2007) as well as, Basso and Ritchie (2005).  

 

2.2.7.3 Leachate N Analysis 

Drainage samples from both the lysimeters and tile drains were refrigerated (4°C) after 

collection until analysis on site at the Ontario Rural Wastewater Center (ORWC). All lysimeter 

and tile drainage samples were analyzed for NO3-N concentrations (mg L-1) following the 

Standard Method 4500-NO3 Nitrate Electrode Method (Eaton et al. 2005) as described in 

section 2.2.3.  



 

28 
 

2.2.8 Data Analysis of NO3-N Leached 

2.2.8.1 Time Periods Used for Data Analysis  

Cumulative tile drainage volumes and total NO3-N losses were calculated on a ‘treatment 

year’ (fall treatment year 2, spring treatment year 1 and 2) as well as a ‘period’ within 

‘experimental year’ basis (see Figure 2.3 for a description and schedule of these years and time 

periods). Treatment years refer to one full year following an N application. Each experimental 

year corresponds to year 1, 2 or 3 within the experimental period which began on October 28, 

2011 (the first date of manure application) and continued until May 20, 2014 (the last date of 

sample collection) and the five periods (P1-P5) within each experimental year refer to specific 

changes in water (precipitation, evapotranspiration and potential drainage volumes) and N 

availability (manure applications and crop demand) over an experimental year (see Figure 2.3). 

Lysimeter drainage volumes and total NO3-N losses were calculated for the spring treatment 

year 2 (which includes the time of lysimeter installation at spring application in 2013 to the last 

sample date one year later) for lysimeters installed before the spring manure application in 2013 

and for fall treatment year 2 for two plots (105 and 106) in the sandy-loam field which had 

lysimeters installed before the fall application in 2012 (see Table 2-2 for a schedule of lysimeter 

installation dates for each plot and treatment). 

Similar to other N leaching studies conducted under tile drainage systems (e.g. Tan et al. 

(2002)) a statistical analysis of N source effects on N leached could not be conducted due to the 

limited number of plots for each N source treatment (i.e. only 2 plots per treatment). However, 

since each tile drain collected leached N from an entire plot it may be assumed that the tile 

drainage system provided more representative samples, especially compared to other methods 

that require extrapolation from smaller sample sizes. For example, the lysimeters used for the 

collection of leach NO3-N covered a small area leading to a high degree of variability in drainage 

volumes and NO3-N concentrations between lysimeters in the same plot. Thus, although there 

were enough lysimeters (replicates per treatment) to conduct a statistical analysis of the effect 

of N source on N leached to lysimeters, the variability between lysimeters reduced the chances 

that significant differences would be found. As such, a qualitative analysis of N leached from 

each N source treatment was used throughout this study rather than tests for statistical 

differences. That stated, a comprehensive statistical analysis was conducted for treatment 

effects on N2O fluxes and annual N2O emission in Chapter 3.    
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Figure 2.3 Timeline of ‘treatment years’, ‘experimental years’ and the five periods (P1-P5) within each experimental year.  Treatment 
years refer to Year 1 and Year 2 of the fall N applications (October 28, 2011-October 27, 2012 and October 28, 2012-October 27, 
2013) and Year 1 and Year 2 of the spring N applications (May 23, 2012-May 22, 2013 and May 23, 2013 to May 22, 2014). Each 
experimental year corresponds to year 1, 2 or 3 within the experimental period which began October 28, 2011 and continued until 
May 20, 2014.  
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2.2.8.2 Gap Filling Missing Data 

Due to periods of stolen equipment, data logger malfunctions, major flooding events or 

prolonged periods between drainage sample collections, there were numerous dates when daily 

flow and/or NO3-N concentration data from the tile drainage system was missing (see Appendix 

D for the number of days each month that tile drainage volume was interpolated and that NO3-N 

concentration data was gap filled). To gap fill missing drainage volume data, flow volumes 

between measurement dates were linear interpolated with the exception of a ~ 4 month period 

between December 2011 and May 2012 when no drainage volumes were recorded and thus 

linear interpolation could not be adopted. Due to the missing drainage and NO3-N concentration 

data over this extended period, cumulative NO3-N leached was determined for only one fall 

treatment year (year 2). There were enough consistent data to calculate cumulative NO3-N 

leached for both spring treatment years.   

Composite samples for NO3-N concentrations from tile drains were often collected over a 2-5 

day period and the measured concentration was applied to each of the days that the composite 

sample was collected over. Although daily subsamples were often collected during periods of 

flow for NO3-N concentrations, there were instances when samples could not be collected due 

to flooding or equipment malfunction. During drainage flow periods when samples were not 

collected, the NO3-N concentration from the previous sample date was used if it was collected 

within 5 days (Ruark et al. 2009; Hernandez-Ramirez et al. 2011). When there were more than 

5 days of missing samples in a row, the average NO3-N concentration for each drainage plot in 

the corresponding period was used. In other words, average NO3-N concentrations were 

calculated for each plot within each period (P1, P2, P3, P4 and P5) to gap fill missing NO3-N 

concentration data when there were more than 5 days in between sample collections (See 

Appendix E for the average NO3-N concentrations used to gap fill missing NO3-N data in each 

clay field plot). Once daily NO3-N leached data was gap filled for the tile drainage system, 

cumulative NO3-N leached was determined for the applicable treatment years and periods.  

Gap filling missing data was not required for the lysimeters since the amount of drainage 

collected at the time of sampling was the total amount that had occurred since the last sample 

collection and the nitrate concentration from each sample was considered a flow weighted mean 

concentration between sample dates.  

 



 

31 
 

2.2.8.3 Calculating Total NO3-N Leached 

Cumulative NO3-N leaching losses from each plot in the tile drainage collection system were 

calculated on a daily basis by multiplying daily NO3-N concentrations (mg L-1) by daily drainage 

volumes (L). The value of total NO3-N leached from each plot per day (mg plot-1 d-1) was then 

converted to kg NO3-N ha-1 d-1 by dividing the total NO3-N leached by the size of the plot in 

hectares (0.15 ha). The total NO3-N leached each day was then summed over the applicable 

treatment years and periods (as described in section 2.2.8.1). 

Since lysimeters did not involve the daily collection of drainage volumes and NO3-N 

concentration samples, like the tile drainage system, only cumulative NO3-N losses over a 

treatment year could be accurately determined. Cumulative NO3-N leached (kg NO3-N ha-1) for 

lysimeters was calculated for each treatment replicate (4 lysimeters for each treatment, i.e. two 

lysimeters in each plot= 4 replicates) on each sample collection date and the total sum of NO3-N 

leached over the sample dates within the applicable treatment year was averaged among 

replicates to determine a mean total NO3-N leached or mass load. As previously described in 

section 2.2.8.1, lysimeters were installed in only two of the fall application plots before the 

second fall N application in 2012 (see Table 2-2 for installation dates of lysimeters). Total NO3-N 

leached to lysimeters in those plots was calculated for the entire ‘fall treatment year 2’ in the 

sandy-loam field. All other fall applied treatment plots (i.e. fall application plots that had 

lysimeters installed in May 2013) were not installed early enough to calculate a representative 

total NO3-N leached for treatment year 2 comparable to spring applied plots. Thus, since 

lysimeters were installed in all spring plots (in both the sandy-loam and clay field) prior to the 

spring application in 2013 and samples were continuously collected until May 2014 (one full 

year of lysimeter drainage sample collection), cumulative NO3-N leached over one full spring 

treatment year (year 2) was calculated.  

2.3 Results and Discussion 

2.3.1 Manure Characteristics 

There were observable differences between the raw dairy manure and digestate 

characteristics from samples collected during land application throughout the study period 

(Table 2-4). Digestate had increased pH, lower total and volatile solids (organic matter content), 

less carbon and greater TKN and TAN than the raw dairy manure for all of the samples 

collected.  
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Reductions in total solids of the digestate ranged between 24-54% with a mean reduction of 

37% (Table 2-4), this is less than the 56% reduction reported by Crolla et al. (2013) based on 

four farms with feedstock mixtures and digestate. Similarly, reductions in the organic matter 

content (volatile solids) of the digestate ranged between 33-64%, with a mean reduction of 46% 

(Table 2-4). These reductions are characteristic of anaerobically digested manure as they are 

associated with the breakdown and conversion of organic matter into different forms in the 

digester.  

The increase in the total ammoniacal N from digestate ranged between 11-55 % more than 

the raw dairy manure. However, this increase in digestate TAN reduced over time with the 

highest increase (55% more TAN) observed in October 2011 and the lowest increase (only 11% 

more than the raw manure) observed in May 2013 (Table 2-4). The mean increase in digestate 

TAN was 28% (Table 2-4). In comparison, the raw and digested slurry characteristics observed 

by Rubeak et al. (1996), which included a mixture of pig and cattle slurry and the addition of 

organic waste products from food industries, showed increases in the digestate TAN over a two 

year study period (4 samples) ranged between 22-37%, with a mean of 30%. This finding is  

close to the mean increase of TAN observed in this study but lower than the increase of 35.7% 

from the four farms reported by Crolla et al.(2013).  

Anaerobic digestion increases slurry pH through a number of chemical transformations 

(Möller and Müller 2012). The increase in pH from anaerobic digestion observed in this study, 

ranged between 0.56 (May 27, 2013) and 1.35 (October 30, 2012) units; suggesting a higher 

potential for ammonia volatilization in conjunction with the increased NH4 generated during the 

digestion process, compared to the raw dairy manure. According to Gericke (2009) pH 

increases of 0.5 units can increase the risk of volatilization. Other reports have suggested that a 

pH >7.2 could result in increased quantities of N lost via ammonia volatilization under surface 

application (Crolla et al. 2013). However, in this study, all N sources were incorporated within 24 

hrs of surface application which limited ammonia volatilization. 

Since the process of anaerobic digestion converts organic C to CH4 and CO2 (Crolla et al. 

2013), decreased carbon contents of the digestate compared to the raw dairy manure were 

expected. This decrease remained relatively steady among the sample dates, ranging between 

5-8% reductions in total carbon. Other studies have also observed reductions in carbon from 

digestate; Goberna et al. (2011) observed a 9.4% reduction in total carbon from their biogas 

digestate as well as a decrease in their C:N ratio from 25.3 to 14.1. 
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Although the total N content of the raw manure and anaerobically digested manure should 

theoretically remain the same (only changes in form of N will evolve) (Crolla et al. 2013) the 

mixture of raw manure with co substrates in the biogas digester increases the amount of total N 

in the digestate compared to the initial raw dairy manure input on a concentration basis. As 

such, an increase in TKN was observed in this study, due to the addition of off farm materials 

which contributed additional organic N. This increase in TKN ranged between 7-36%, with 

higher increases in samples collected during fall applications (24 and 36 % for October 2011 

and 2012 respectively) and smaller increases in samples collected during the spring 

applications (16 and 7% from May 2012 and 2013 respectively). The increase in total N from the 

raw dairy manure to the digestate was also noticeable when both N sources were compared 

based on the proportion of mineral N to total N. On average, the proportion of mineral N to total 

N increased only 3% from the raw manure to digestate. In contrast, Goberna et al. (2011) 

calculated a 51% increase in mineral N from their digestate, also originating from a mesophilic 

digester, compared to their raw cattle manure. 

Due to the variability in digestate characteristics between application dates, there were large 

differences in the total volume of digestate applied to reach the target N rates in each 

application season (Table 2-5). For example, 30-50% more digestate was applied to plots in the 

spring of 2013 (last spring field application) compared to the fall of 2012 (last fall field 

application). Such an increase in digestate volume was required in order to meet the target 

available N rate following the 20% reduction in TAN concentration.  There was also an 

observable difference in the raw manure volume applied in the spring of 2013 compared to the 

other three previous application dates. Similarly, in order to meet the target rate of 140 kg N ha-1 

each season, more manure had to be applied when TAN concentrations were reduced (see 

changes in manure characteristics over time in Table 2-4). The composition of each N source 

and the relative decrease in the TAN content over time could potentially be due to changes in 

both animal feed (resulting in changes to the raw manure) and food waste used as a co-

substrate for anaerobic digestion. Indeed, these changes in raw manure and digestate 

composition are normal for commercial digesters on dairy farms in Ontario. Regardless of these 

changes in composition and the difficulty in accurately applying N at target rates, the actual 

amount of available N applied was remarkably close to the target rate, varying only between  33 

kg N ha-1 less and 8 kg N ha-1 more on certain application dates (Table 2-5).   
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Table 2-4 Raw manure and digestate characteristics determined from samples taken on day of application during the two years, and 

on other dates within the study period. TKN refers to total kjeldahl nitrogen, TAN refers to total ammoniacal nitrogen and Org-N refers 

to organic nitrogen.  

Application Date 
Treatment 

pH Total Solids Volatile Solids Nitrates (NO3
 -N) TKN-N TAN Org-N 

    mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 mg L-1 

October 28, 2011               

Raw Manure 7.12 78137 63093 54 2894 1313 1581 

Digestate 8.21 53670 37773 56 3587 2030 1557 

May 23, 2012               

Raw Manure 7.47 73056 58740 27 3667 1743 1924 

Digestate 8.29 55796 39344 22 4269 2199 2070 

October 30, 2012               

Raw Manure 6.98 102440 84710 <2 2644 1699 945 

Digestate 8.33 62800 44744 4 3598 2067 1531 

May 27, 2013               

Raw Manure 7.49 117407 91368 19 2962 1470 1492 

Digestate 8.05 53570 33610 8 3170 1634 1536 

Total Carbon (% dry)  

 Raw Manure Digestate 

Sample Date 
Dry Matter 
(%) 

Total 
Carbon 
(%) 

Inorganic 
Carbon (%) 

Organic 
Carbon (%) 

Dry Matter 
(%) 

Total 
Carbon (%) 

Inorganic 
Carbon (%) 

Organic 
Carbon (%) 

Nov. 28,2011 13.00 43.3 0.552 42.7 5.23 36.3 0.331 36.0 

Jan. 16,2012 11.60 42.4 0.597 41.8 5.97 37.2 0.302 36.9 

July 25,2012 12.60 42.1 0.562 42.0 6.02 37.5 0.325 35.9 

May 7,2013 12.10 43.0 0.505 42.5 5.88 35.4 0.365 35.7 
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Table 2-5 Actual N application rates in both fields The target and actual N rates are based on the amount of available N applied. 
Treatments (TRT) included: raw dairy manure (RM), digestate (DG) and an inorganic fertilizer applied at spring applications (IS). 

Field Date TRT Total 
volume  
(L plot-1) 

Total 
Volume  
(L ha-1) 

(kg TKN 
ha-1) 

(kg TAN 
ha-1) 

(kg Org-N 
ha-1) 

Target N 
rate (kg ha-1) 

Actual N 
rate  
(kg N ha-1)* 

Sandy-loam Oct.28,2011 RM 2844 71095 206 93 112 140  107 

 DG 2297 57424 206 117 89 140 121 

May 23,2012 RM 2877 71915 264 125 138 140 129 

 DG 2543 63580 271 140 132 140 138 

 IS  22.31  
(kg plot-1) 

557.77  
(kg ha-1) 

139 140 0 140 140 

Oct. 30,2012 RM 3092 77307 204 131 73 140 130 

 DG 2407 60187 217 125 92 140 129 

May 27,2013 RM 3721 93033 275 137 139 140 137 

 DG 3640 91000 288 148 140 140 146 

 IS  22.22  
(kg plot-1) 

555.56 
(kg ha-1) 

139 140 0 140 140 

Clay Oct.28,2011 RM 11367 75779 219 99 120 140 115 

 DG 9023 60154 216 122 94 140  127 

May 23,2012 RM 11203 74689 274 130 144 140 134 

 DG 10277 68511 292 151 142 140 148 

 IS 83.67  
(kg plot-1) 

557.77  
(kg ha-1) 

139 140 0 140 140 

Oct.30,2012 RM 12014 80092 211 136 76 140 135 

 DG 9999 66658 240 138 102 140 143 

May 27,2013 RM 13480 89865 266 132 134 140 133 

 DG 13005 86698 275 141 134 140 139 

 IS 83.33  
(kg plot-1) 

555.56  
(kg ha-1) 

139 140 0 140 140 

*Retention factors of 0.85 and 0.75 were used to calculate the amount of ammonium N available to crops in the first year following 
fall and spring applications respectively (OMAFRA 2009). Also, a factor of 0.25 was used to calculate the amount of Org-N that would 
be available to the crop in the first year through mineralization (Government of Alberta 2008). 
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2.3.2 Soil Nitrogen 

Changes in soil mineral N over the entire study period is shown in Figure 2.4. Although soil 

mineral N concentrations tended to increase following N applications, a general decrease over 

the study period was observed (Figure 2.4) at soil samples collected at 0-15 and 15-30 cm 

depths, which may be attributed to mineral N uptake by the continuous silage corn crop as well 

as to N2O emissions and NO3 leaching losses over time. Also, the higher NO3-N content 

observed in the first year of study compared to the second year (Table 2-6) may be attributed to 

the plow down of a cover crop in the fall of 2011 which likely added additional N at the beginning 

of the study period.  

Mean soil NO3-N concentrations in both fields over treatment years 1 and 2 are shown in 

Table 2-6. As observed from Figure 2.4, mean soil NO3-N concentrations decreased from year 1 

to year 2. While soil NO3-N concentrations for each treatment were similar between fields, there 

was an apparent difference in soil NO3-N concentrations between the control plots in the sandy-

loam and clay field in year 1 (Table 2-6). As expected however, N source treatments had higher 

mean soil NO3-N concentrations over each treatment year compared to the controls in both 

fields. During treatment year 1 in both fields, DF, DS and IS tended to show the highest soil 

NO3-N concentrations in both the sandy-loam and clay field.  

Table 2-6 Treatment mean soil NO3-N (kg ha-1) collected over treatment years 1 and 2 in both 
fields.Sample depths were from 0-15 cm. Note that soil samples were collected in the spring, 
following N applications, during the growing season and after harvest. Standard error of the 
mean is provided in brackets. 

 Sandy-loam Field Clay Field 

Treatment Year 1 Year2 Year 1 Year 2 

DF 100.2 (14.5) 27.0 (3.0) 96.2 (17.7) 24.4 (4.3) 

RF 73.1 (11.0) 20.9 (2.1) 50.0 (9.0) 16.7 (2.1) 

CF* 26.6 (4.2) 11.7 (1.8) 55.1 (7.1) 17.8 (4.3) 

DS 71.5 (18.8) 21.8 (4.9) 77.3 (15.0) 35.3 (5.6) 

RS 62.4 (14.6) 16.7 (3.4) 43.5 (8.7) 21.2 (4.8) 

IS 97.2 (25.0) 19.9 (5.5) 79.7 (13.6) 36.5 (7.2) 

CS* 21.2 (4.7) 8.4 (2.1) 48.1 (7.7) 16.0 (4.2) 

*mean soil NO3-N was measured for the control during the fall treatment years (CF) for 
comparison with the DF and RF treatments and for the control during spring treatment years 
(CS) for comparison with the DS and RS treatments.  
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Figure 2.4 Soil mineral N (0-15 and 15-30 cm) in both fields throughout study period. Arrows 
indicate fall (F) and spring (S) application times. Sandy-loam field mineral N at 0-15 cm (A), clay 
field mineral N at 0-15 cm (B) sandy-loam field mineral N at 15-30 cm (C) and clay field mineral 
N at 15-30 cm (D) .  

 

2.3.3 Biomass Yields and Crop N uptake 

2.3.3.1 2012 (Growing Season for Treatment Year 1) 

Although all N source treatments had higher mean biomass yields than the control in 2012, 

there was no significant difference observed in total biomass yields between treatments in either 

field (Table 2-7).  Also, there was no statistically significant difference overall between fall and 
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spring applications in either soil type. However, there was higher overall total biomass yield in 

the sandy-loam soil compared to the clay soil in 2012 (p=0.01) as well as higher overall biomass 

yield in 2012 compared to 2013 in the sandy-loam field (p=0.001) but not in the clay field 

(p=0.676). The higher biomass yields in the sandy-loam field in 2012 compared to 2013 could 

be due to the additional N supplied by the cover crop that was plowed down in the fall of 2011 

and made available the following summer or by the fact that even though 2012 was a dry year it 

was also relatively warmer. However, these explanations do not explain why the same 

difference in biomass yields between years was not observed in the clay field. Perhaps the 

additional N supplied by the cover crop became immobilized or strongly adsorbed to the soil 

colloids in the clay field compared to the sandy-loam (CEC content was higher in the clay field 

compared to the sandy-loam, refer to Table 2-1).  

There were no significant differences in biomass yields between replicates (i.e. blocks) in the 

sandy-loam field in 2012 (p=0.878), but a significant difference between replicates in the clay 

field was determined (p=0.14); with higher yields on average in block 2. This difference may 

have been due to the higher groundwater levels as recorded by piezometers (not shown) 

compared to ground water levels observed in block 1 which could have affected biomass yields 

by supplying more water and thus nutrients through the water to the plants. This difference in 

biomass yields between blocks in the clay field may explain some of the high biomass yield 

variability between replicates in the digestate spring and inorganic plots.  

Mean N uptake by the silage corn crop for each treatment in 2012 and 2013 is shown in 

Table 2-8. As expected, higher N yields were observed from the N source treatments compared 

to the control in 2012 for both fields. Although a statistical analysis on mean N yields could not 

be conducted due to the limited number of replicates (2 replicates per treatment) all N source 

treatments had similar N uptake ranging from 184-228 kg ha-1, in the sandy-loam field, which 

was actually higher than the amount of available N applied. Indeed, the soil mineral N pool was 

relatively high in 2012 for the N source treatments compared to the control (Figure 2.4). 

2.3.3.2 2013 (Growing Season for Treatment Year 2) 

In 2013, all N source biomass yields were numerically higher than the control in the sandy-

loam field but only RS and IS were statistically significant (p=0.011 and 0.046 respectively; 

Table 2-7). In the clay field, all N source treatments, except for RS, had higher biomass yields 
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than the control. However only IS and DF had statistically significant higher biomass yields than 

RS but not the control (p=0.019 and 0.112, respectively; Table 2-7).  

Although there was no overall timing effect on biomass yields in the clay field in 2013 

(p=0.268), there was a significant effect of timing (p=0.029) in the sandy-loam field. A paired t. 

test revealed that RS had significantly higher biomass yields than the RF treatment in the 

sandy-loam field (p=0.015). Similarly, Randall et al. (1999) found a 5% corn yield increase from 

dairy and swine manure applied in April compared to fall (either mid-September or mid-October) 

which they attributed to N losses by denitrification over the winter. Zebarth et al. (1996) also 

found better corn silage dry matter and N yields for spring applied compared to fall applied liquid 

dairy manure. Conducted in south coastal British Columbia, where annual rainfall is relatively 

greater than in eastern Ontario, they attributed their results to greater N loss from leaching and 

denitrification during the period between fall application and crop demand (Zebarth et al. 1996). 

Although the denitrification of N, particularly during spring thaw, from fall applied RM may 

explain decreased corn silage biomass yields in the present study—due to less available N in 

the soil at the time of crop demand (27 kg mineral N ha-1  for RF compared to 56 kg mineral N 

for RS on average shortly following the spring application in 2013)—it does not explain why 

there was not a substantial difference in biomass yields between fall and spring applied DG in 

the same year (Table 2-7). Another possible factor contributing to the difference in silage 

biomass yields for fall and spring applied RM could be due to the potential for increased N 

immobilization over the months prior to crop demand. Burger and Venterea (2008) found from 

their study on N immobilization and mineralization, that the amount of available N for crops 

varied depending on manure type.  More specifically, they found that N available to crops from 

liquid and solid dairy manures depended on immobilization and mineralization rates whereas 

available N in soils applied with hog and turkey manures corresponded more closely to the initial 

NH4 content applied with those manures. The high immobilization potential of liquid dairy 

manure was attributed to the existence of labile C sources like volatile fatty acids (VFA), which 

have the potential to increase microbial activity and thus immobilization. In the present study, 

RM had, on average, 6% more organic carbon than DG (Table 2-4). In order to apply RM and 

DG at the same rate of available N, a greater volume and thus potentially more labile carbon, 

was added with RM compared to DG treatments. Thus, a potential reason for lower silage 

biomass yields from only the fall applied RM and not the fall applied DG may be attributed to the 

higher organic carbon content increasing N immobilization thereby reducing crop available N. 

Moreover, the wet and cooler year of 2013 (year 2) compared to 2012 (year 1) (see Table 2-10 
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and/or Table 2-12) may have also led to a slower mineralization rate of organic N from the fall 

applied RM. 

There were significantly higher biomass yields from control plots in the clay field compared 

to the sandy-loam field (p=0.013) and greater biomass yields from the spring applied raw 

manure in the sandy-loam field compared to the spring applied RM treatment in the clay field 

(p=0.001), suggesting a potential interaction between RM and soil type.  Moreover, the 

significant difference in biomass yields observed between block 1 and 2 in the clay field in 2012 

was also observed in 2013 (p=0.055), which again was potentially due to higher groundwater 

levels at the north end of the field which may have reduced water stress and supplied more 

nutrients over the growing season.  

Mean N uptake by the silage corn crop in 2013 was relatively similar to those observed in 

2012, although, some treatments showed slightly higher and others showed slightly lower N 

yields compared to 2012 (Table 2-8). Some substantial increases in N uptake from 2012 to 

2013 were observed in the clay field for IS (+67 kg ha-1) DF (+38 kg ha-1) and C (+44 kg ha-1). 

Interestingly, these same increases from 2012 to 2013 were not observed in the sandy-loam 

field which may be due to the higher potential of the clay soil to retain more NH4 on the soil 

colloids than the sandy-loam soil. That stated, soil NH4 concentrations were similar between 

fields during the 2013 growing season. 

Table 2-7 Mean corn silage total biomass yield (kg ha-1) for each treatment. Standard deviation 
of the mean is in brackets. In 2012 the average was of two samples (1 sample from each plot) 
thus, a pooled variance of all N source treatments was used. In 2013, the average is of 6 
samples (3 subsamples in each of the 2 plots for each treatment). 

 Sandy-loam Clay 

Treatment 2012 2013 2012 2013 

DF 21,540 (7239) 14,360 (2428)  15,177 (1603) 16,624 (1631)  

RF 21,428 (7239) 12,806 (2466)  15,025 (1603) 13,252 (955)  

DS 25,196 (7239) 15,266 (4100)  15,209 (1603) 16,151 (5148)  

RS 24,553 (7239) 17,802 (3333)  15,589 (1603) 11,319 (3076)  

IS 21,363 (7239) 16,635 (3327)  16,206 (1603) 17,904(4782)  

C 12,660 (7239) 9,336 (2511)  13,538 (1603) 12,990 (3663)  

 

Table 2-8 Mean N uptake (kg ha-1) by silage corn biomass for each treatment.(average of two 
plots for each treatment) in both fields for both years.  

 Sandy-loam Clay 

Treatment 2012 2013 2012 2013 

DF 219 149 152 190 
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RF 185 137 139 132 

DS 222 159 148 171 

RS 228 194 134 113 

IS 184 189 166 233 

C 84 95 120 164 

 

2.3.4 Environmental Data and Drainage Volumes 

2.3.4.1 Environmental Data Based on Calendar years  

Average daily air temperatures in 2012 and 2013 were similar to the climate normal (Table 

2-9). However, most of the spring and summer months of 2012 did show slightly higher 

temperatures compared to those months in 2013 which led to an annual daily average air 

temperature of 7.8°C in 2012 compared to 6.1°C in 2013 (Table 2-9). The highest amount of 

evapotranspiration (ET) measured via the atmometers located in each field in 2013 was during 

July and August (also months with the highest average daily air temperatures), with cumulative 

losses for each month ≥100 mm, while only ~30 mm was lost in both June and September 

(Table 2-10). Moreover, total ET, from data collected from the CDA RCS weather station, was 

higher in 2012 compared to  2013 (Table 2-10), consistent with the higher temperatures 

observed in 2012. See Appendix F for a comparison of the CDA RCS weather station 

recordings of reference ET with the recordings at both field sites in Alfred. 

Total annual (calendar year) and seasonal precipitation also varied between 2012 and 2013 

(Table 2-10). Overall, an additional 169 mm of precipitation was observed in 2013 compared to 

the abnormally dry year of 2012, which received 126 mm less precipitation than the 30 year 

climate normal for the region (Table 2-10). Moreover, there was 125 mm more precipitation 

during the growing season in 2013 compared to 2012 (459 mm of rainfall during the growing 

season of 2012 compared to 584 mm in 2013) (Table 2-10). In fact, there was 58 mm more 

precipitation than the climate normal during the 2013 growing season whereas in 2012 there 

was 67 mm less precipitation than the growing season climate normal (Table 2-10).  

The distribution of monthly precipitation was also variable between years (Table 2-10) with 

larger differences in precipitation between months during 2012. In 2012, the highest amounts of 

precipitation were observed in September and December. In 2013, the highest amount of 

rainfall occurred in June. Interestingly there was an abnormally low amount of precipitation 

recorded in November 2012 (only 12% of the climate normal), following the second fall manure 
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application on October 30, 2012 whereas total precipitation was relatively consistent between 

months in 2013. 

Table 2-9 Comparison of 30 year (1981-2010) climate normals from the Ottawa CDA weather 
station at Agriculture and Agri-Food Canada’s Central Experimental Farm in Ottawa, ON 
(Environment Canada 2013) for mean, maximum, and minimum daily air temperatures, and 
accumulated growing degree days. 

Climate  
parameter 

Ottawa Climate 
Normals  
1981-2010 

Study site 
2012 
(Jan 1- Dec 31) 

Study site 
2013 
(Jan 1-Dec 31) 

Avg. Daily Air Temp (°C) 6.6 7.8 6.1 

Avg. Maximum Air Temp. (°C) 11.4 13.3 11.4 

Avg, Minimum Air Temp. (°C) 1.9 2.4 0.6 

Growing degree days (above 5°C) 2182.4 2309.4 2105.1 
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Table 2-10 Total monthly precipitation (PPT) (mm), ET (mm) and tile drainage (mm) in 2011-2014  plus the 30 year precipitation 
average. The study period is shaded in grey. Note: Total drainage for 2011 and 2012 was not presented due to datalogger 
malfunctioning from November 29, 2011 to May 7, 2012. Also, “-“ refers to missing drainage volume data. Growing season was 
considered to be from May 25 – October 12 each year. The crop coefficient (Kc) was applied to the total ET recordings from both the 
CDA weather station and from atmometers in Alfred which are shown in the column titled “Total ET (Alfred)” (sandy-loam field/and 
clay field). Note the 0 mm of drainage in July, August and September 2012 are due to low flows, not missing data. 

 2011 2012 2013 2014  

Month 
Total 
PPT 

Total 
ET 
(CDA) 

Total 
Drain 

Total 
PPT 

Total 
ET 
(CDA) 

Total 
Drain 

Total 
PPT. 

Total 
ET 
(CDA) 

Total 
ET 
(Alfred) 

Total 
Drain 

Total 
PPT 

Total 
ET 
(CDA) 

Total 
Drain 

30-Year 
Average 
PPT 

January 29   64 0.0 - 67 3.2 - 61.0 34 0.0 51.6 62.9 

February 41   21 0.0 - 78 0.0 - 16.7 53 0.0 13.2 49.7 

March 97   43 31.2 - 32 4.5 - 111.6 55 2.7 22.7 57.5 

April 139   55 46.9 - 68 44.6 - 119.9 114 36.8 132.8 71.1 

May 107   83 98.0 39.7 78 101.7 - 13.1 80 58.3 50.6 86.6 

June 78   69 51.9 18.2 186 43.8 32/30 47.7    92.7 

July 58   56 151.1 0.0 88 128.9 123/116 17.7    84.4 

August 77   74 130.8 0.0 82 118.3 100/98 1.7    83.8 

September 43   110 69.8 0.0 67 68.5 34/31 4.7    92.7 

October 87 0.3 - 87 24.7 22.6 84 33.8 - 19.6    85.9 

November 57 5 - 10 2.5 4.0 81 0.7 - 57.4    82.7 

December 67 0 - 141 0.9 43.4 53 0.0 - 9.8    69.5 

Growing 
Season 
Total  

449.9  N/A 458.8 428.1 80.5 583.9 392.1 290/275 104.5 N/A  N/A 526.1 

Yearly 
Total  

878.2  N/A 793.5 607.8 N/A 962.6 548.0  480.9 N/A  N/A 919.5 

PPT/ET    1.3  1.7       
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2.3.4.2 Environmental Data Based on Treatment Years  

On a treatment year basis, additional precipitation was also observed in year 2 compared to 

year 1 for both the fall and spring treatment years (Table 2-11). More specifically, 202 mm of 

additional precipitation fell in year 2 compared to year 1 of the fall application treatment years 

and 133 mm of additional precipitation fell in year 2 compared to year 1 for the spring 

application treatments years.  In addition, the average air temperature and potential ET was 

higher in year 1 compared to year 2 for both the fall and spring treatment years (Table 2-11). 

Total precipitation, average daily air temperature and potential ET for each period within 

each experimental year (refer to Figure 2.3 for more information on periods and years) are 

shown in Table 2-12 as well as Figure 2.5. While there was a relatively small difference (<30 

mm) in total precipitation during P1 between the experimental years, there was a substantially 

higher amount of precipitation in P4 of year 2 (326 mm) compared to year 1 (156 mm). In 

addition, >100 mm of precipitation fell in P3 of year 3 compared to P3 in years 1 and 2. Indeed, 

the timing of precipitation events differed between years. The highest amount of total 

precipitation in year 1, 2 and 3 occurred during P5, P4 and P3 respectively (Table 2-12).  

Table 2-11 Total precip., drainage, average air temp. and total ET for each treatment year Total 
ET includes the Kc. Note: incomplete cumulative drainage volume data for fall treatment year 1 
due to tile drainage system datalogger malfunction.  

 Fall Treatment Years Spring Treatment Years 

 Year 1 Year 2 Year 1 Year 2 

Total Precipitation (mm) 760 962 852 985 

Total Drainage (mm) - 455 405 433 

Average Air Temperature (°C) 8.3 6.6 7.0 5.1 

Total ET (mm) 608 551 586 513 

 

Table 2-12 Total precip. (PPT) (mm), tile drainage (mm) and average daily air temp. (°C) for P1-
P5  in each experimental year.  Note: periods 4 and 5 were not included in year 3 of the study 
because the study ended at the end of period 3 in year 3). 

 Year 1 Year 2 Year 3 

Period PPT  Average 
Temp. 

Drainage PPT  Average 
Temp. 

Drainage PPT Average 
Temp. 

Drainage 

1 148  3 - 153  1 61 176  -3 83 

2 137  -5 - 196  -7 124 105  -11 72 

3 112  9 - 106  7 198 226  6 197 

4 156  20 20 326  18 72 -- - - 

5 218  15 3 191  16 9 -- - - 

Total 772 8 - 972 7 464 504 -3 351 
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Figure 2.5 Total daily precip., average daily air temp. (top) and tile drainage volumes plotted 
against total ET (x crop coefficient-Kc) (bottom) (mm). Total daily tile drain flow was averaged 
across plots in the clay field site in Alfred during the experimental period (October 30, 2011 to 
May 20, 2014). Periods (P1-P5) throughout the experimental period are also shown. 

  

2.3.4.3 Tile Drainage Volumes  

Total daily tile drainage, potential ET, precipitation and average daily air temperature are 

shown together in Figure 2.5. Due to missing tile drainage volume data in 2012, total drainage 

volumes on this calendar year could not be accurately represented. However, drainage data 

during both growing seasons were captured and showed higher total drainage in 2013 

compared to 2012 (see Table 2-10). On a calendar year basis, there was 481 mm of total tile 

drainage in 2013. Moreover, total drainage volumes based on treatment years (the sum of 

average daily tile drain losses in a fall treatment year and spring treatment year) ranged from 

405 mm in spring treatment year 1 to 455 and 433 mm during the fall and spring treatment year 

2, respectively, which is consistent with the greater amount of precipitation observed during the 
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second spring and fall treatment years (Table 2-11). Also, it is reasonable that the total drainage 

volumes between the fall treatment year 2 and spring treatment year 2 were similar given a 

comparable amount of precipitation was observed (Table 2-11). Interestingly, a similar 

proportion (44-47%) of annual precipitation was lost through the tile drains for each treatment 

year in this study (Table 2-11). Indeed, other studies have also observed a relationship between 

annual precipitation and total tile drainage (Randall et al. 2003; Ruark et al. 2009). In 

comparison, Ruark et al. (2009) reported a tile drain efficiency of 15% during a year of 975 mm 

of total precipitation under 0.9 m deep tile drains on a clay loam soil.  

Although a comparison of spring vs. fall treatment year 2, based on the sum of average daily 

drainage from all plots, showed similar drainage volume losses (i.e. only 4% more total drainage 

volume in fall treatment year 2 compared to spring treatment year 2; Table 2-11), drainage 

volume results changed slightly depending on the calculation of total drainage volumes for each 

treatment year. For instance, when the treatment year total drainage volume was calculated for 

each plot and then averaged (i.e. average of sums), there was 13% more tile drainage volume 

during fall treatment year 2 (453 mm) than spring treatment year 2 (395 mm). Moreover, the 

differences in total tile drainage volumes between the spring and fall treatment year 2 were 

further increased when only plots from the DG and RM treatments were included (see Table 

2-13). For instance, there was a 30-35% increase in total tile drainage volumes in the fall 

treatment year compared to the spring treatment year when the total tile drainage volumes from 

DF (during fall treatment year 2) was compared to DS (during spring treatment year 2) and RF 

(during fall treatment 2) was compared to RS (during spring treatment year 2) (Table 2-13).  

Based on periods, the greatest amount of drainage tended to occur in P3 while P5 tended to 

show the lowest amount of drainage (Table 2-12). It is probable that the higher drainage during 

P3 was due to snow melt while the low drainage during P5 may be attributed to lower overall 

precipitation and relatively higher rates of ET during the summer months coupled with greater 

soil water uptake by plants. Similarly, drainage volume patterns among months, rather than 

periods, were also dependent on precipitation and time of thaw (Table 2-10). In 2013, the 

highest total drainage occurred in March and April (P2 and P3) whereas August and September 

(P5) had the lowest total drainage.  

Although months with the highest precipitation did not always result in the highest drainage 

volumes (see Table 2-10), there was an observable relationship between precipitation, ET, crop 

uptake and total drainage. For instance, drainage volumes tended to increase following a 
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precipitation event and when ET was low, as shown in Figure 2.5.  With the exception of the 

growing season—when the crop is taking up soil water and ET is relatively high—higher 

precipitation generally corresponded to greater total drainage. For instance, months in 2013 with 

the highest drainage were March and April which was likely due to the melting of accumulated 

snow over the winter. Similarly, when there was low precipitation, as observed in November 

2012, total drainage was also low (Table 2-10 and Figure 2.5).  In contrast, 110 mm of 

precipitation fell in September 2012 compared to 87 mm in October of 2012, but there was 0 

mm of drainage in September and 22.6 mm of total monthly drainage in October. Moreover, in 

2013, June had the highest precipitation (170 mm) and 46.8 mm of drainage was observed, but 

in November less than half of the precipitation that occurred in June was recorded (72 mm) 

even though more drainage was observed (57.4 mm). These inconsistencies between 

precipitation and drainage may be explained by higher rates of ET as well as crop uptake during 

June through to September compared to October and November when ET is low and the crop 

has reached maturity or has been harvested.  

In general, substantial drain flow tended to occur during the spring, early summer and fall 

but ceased in late summer. These drain flow patterns are similar to those observed by a 

comparable study conducted in Willsboro, NY where growing season precipitation ranged 

between 347 and 396 mm (van Es et al. 2006).  Also, the majority (78%) of the cumulative tile 

drainage volume in 2013 occurred during the non-growing season—a similar drainage pattern 

was also observed by Tan et al. (2002) which they attributed to “the combination of snow melt, 

high rainfall, and the absence of crop evapotranspiration.” Similarly, Randall et al. (2003) 

observed, on average, that the majority of their annual tile drainage (62%) was during April, May 

and June under a corn and soybean rotation. In the case of the present study, high drainage 

volumes, particularly during spring, could also be due to contributions from the groundwater 

table as it rises from the melting of snow. 

Table 2-13 Differences in total tile drainage volumes between fall and spring applied treatments 
The average of total tile drainage volumes for each of the two plots assigned for each treatment 
was used to calculate the average total tile drainage volume (mm) for each treatment during its 
respective treatment year. % increase in total drainage volume from fall compared to spring is 
shown in brackets. 

N source (treatment) Application Timing  Total Tile Drainage Volume (mm) 

Digestate (DF) Fall treatment year 2 456 (30%) 

Digestate (DS) Spring treatment year 2 318 

Raw Manure (RF) Fall treatment year 2 495 (35%) 
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Raw Manure (RS) Spring treatment year 2 324 

 

2.3.4.4 Lysimeter Drainage Volumes 

Similar to the subsurface tile system, relatively lower drainage volumes were collected from 

lysimeters during late summer and early fall sampling dates (Table 2-14). This is likely due to 

the lower precipitation and higher ET observed during these months. Drainage volumes 

obtained from lysimeters however, are a measurement of cumulative total drainage from one 

sample date to the next and thus a comparison of peak drainage periods between lysimeters 

and the tile drainage system was not possible. Regardless, differences were observed in 

average total drainage volumes between the tile drainage collection system and lysimeters in 

the clay field measured over the same year. More specifically, the total drainage from May 18, 

2013 to May 20, 2014 (average of all plots) was 433 mm for the tile drainage system and 278 

mm for the clay field lysimeters.  

These differences may be explained by the differing depths of each system (0.9 m for tiles 

vs. 0.3 m depth for lysimeters). Since tile drains were positioned deeper, groundwater may have 

contributed to the total tile drainage volumes compared to the more shallow positioned 

lysimeters. In fact, ground water depth measurements collected during the growing season of 

2013 (not shown) were at times above (72-89 cm deep) the depth of the tile drains (90 cm). 

Indeed, the capillary rise of the groundwater to tile drains may also contribute to additional 

drainage volumes. Moreover, flooding was also observed in the clay field during April of 2014 

when snow and ice was melting. Thus, additional drainage can also result when the 

groundwater table rises above the tile drains during flooding events.  

In addition, each tile drain covered a much larger surface area (1500 m2), compared to the 

two lysimeters representing each plot (0.2 m2), which may have increased the potential for 

lateral water movements influencing total discharge volumes under the tile drainage system 

(Bergström 1987). Moreover, lysimeters require a one year “equilibrium” period following their 

installation (MacDonald et al. 2007) which could have affected their performance and accuracy, 

since data was collected immediately following installation in 2013.  

As expected, total annual (May 18, 2013 to May 20, 2014) drainage volumes from lysimeters 

were similar between fields (see “Yearly Total” in Table 2-14). More specifically, 279 mm was 

collected from the sandy-loam field and 271 mm in the clay field over a one year period, even 
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though the distribution of those volumes over time was not always the same for each field (see 

Table 2-14). The variability in distribution of drainage volumes over time between fields may 

have been due to differences in hydraulic conductivity between the two soil types. Regardless of 

the variability in distribution of drainage volumes over time between fields, similar annual total 

volumes were expected because the same amount of precipitation (i.e. water inputs) entered 

and left, through evapotranspiration, in both soils. Thus, it was likely, given the relatively shallow 

depth of the lysimeters (i.e. less than 1 m), that a similar amount of drainage would leave the 

system regardless of soil type, since infiltration of groundwater was less likely.   

Table 2-14 Total lysimeter drainage (mm) (the average of all lysimeters total drainage volume—
converted to mm—in each in each field during each drainage period)  Note that the lysimeter 
drainage periods were not always the same between fields and thus sample dates between 
fields sometimes differed. Thus, “NS” refers to no drainage water sample.  

Lysimeter Drainage Period 
(i.e. Installation date or Sample date to 
following sample date) 

Total Drainage 
Volume (mm) 
(Sandy-loam Field) 

Total Drainage 
Volume (mm)  
(Clay Field) 

May 18, 2013- June 20, 2013 18.6* 8.6 

June 20, 2013- June 26, 2013 13.7 26.1 

June 26, 2013- July 2, 2013 33.6 34.5 

July 2, 2013- July 9, 2013 0.3 0.0 

July 9, 2013- July 22, 2013 NS 10.3 

July 22, 2013- August 8, 2013 NS 5.5 

July 9, 2013- August 9, 2013 0.0 NS 

August 9, 2013- August 27, 2013 4.5 4.1 

August 27, 2013- Sep.5, 2013 0.1 3.4 

Sep. 5, 2013- November 1, 2013 38.0 NS 

Sep.  5, 2013- Sep. 13, 2013 NS 2.0 

Sep. 13, 2013- Sep. 23, 2013 NS 6.8 

Sep. 23, 2013- October 9, 2013 NS 2.2 

October 9, 2013- October 17, 2013 NS 0.9 

October 17, 2013- October 29, 2013 NS 6.9 

October 29, 2013- November 4, 2013 NS 14.4 

November 1, 2013- November 12, 2013 17.4 NS 

November 4, 2013- November 12, 2013 NS 14.3 

November 12, 2013- November 20, 2013 11.5 5.6 

November 20, 2013- November 26, 2013 NS 1.1 

November 26, 2013- December 10, 2013 NS 0.2 

November 20, 2013- April 12, 2014 42.5 NS 

December 10, 2013- April 12, 2014 NS 42.5 

April 12, 2014- April 20, 2014 35.7 36.0 
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April 20, 2014- May 12, 2014 36.2 33.6 

May 12, 2014- May 20, 2014 26.3 12.4 

Yearly Total  
(May 18 2013- May 20, 2014) 

278.5 271.2 

Standard Deviation 95.0 75.0 

Standard Error of the Mean 20.3 15.3 

* Lysimeters that were installed earlier, on October 20, 2012, in plots 101,105,106 are included 
in the calculation of this average even though their drainage period was from April 30- June 20, 
2013 compared to all other lysimeters that were installed May 17-18, 2013. 

2.3.5 Effect of N Source and Timing on NO3-N Leached to Tile drains (Clay Field) 

2.3.5.1 Nitrate Concentrations 

Average NO3-N concentrations for each fall and spring applied N source treatment are 

shown in comparison with tile drainage flows in Figure 2.6. Among all tile drainage samples 

collected, flow weighted mean NO3-N concentrations ranged from <1 to 23 mg NO3-N L-1 

(Figure 2.6). Thus, in some instances, NO3-N concentrations were higher than the maximum 

acceptable concentration (10 mg L-1) for drinking water as outlined by Health Canada (2012). 

Randall et al. (2003) also observed high peak NO3-N concentrations from 1.2 m deep tile 

drained corn plots in the range of 27-35 mg L-1. Peak concentrations in the present study were 

generally observed following higher drainage flows and N applications (Figure 2.6). In 2013, the 

mean NO3-N concentration among all plots was 2.07 mg L-1. Mean NO3-N concentrations, 

among treatment years were similar, ranging from 1.18 mg L-1 to 1.86 mg L-1.  

On a period basis, average NO3-N concentrations from fall applied N sources in year 2 

increased during P3 and P4. More specifically, average NO3-N concentrations from DF and RF 

increased throughout April, May, June and July of 2013 (Table 2-15 and Figure 2.6). It is likely 

that the increase in NO3-N concentrations during those months was due to a combination of 

snow melt and greater precipitation during June 2013. As such, it is probable that the movement 

of large volumes of water through the soil during those months forced more NO3-N downward to 

tile drains; at the same time, crop N uptake was not a factor during April and May leading to 

more NO3-N available for environmental losses. The lowest average NO3-N concentrations were 

observed in October and November 2012 (i.e. following the second fall N application) as well as 

during the following August and September of 2013 (Table 2-15). The lower average 

concentrations during these months may be attributed to a relatively small supply of N to 

drainage water as a result of crop uptake and drier soil conditions (i.e. less precipitation and/or 

greater evapotranspiration; see Figure 2.5). 
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Similar to the fall applications in treatment year 2, the average NO3-N concentrations from 

spring applications in treatment year 1 increased during P3 and P4. More specifically, there was 

a peak in NO3-N concentrations during June directly following the first spring N applications (P4) 

in 2012 and again almost 1 year later following application in April 2013 during spring thaw (P3) 

(Table 2-15 and Figure 2.6). During the spring treatment year 2, a slightly different distribution of 

higher average NO3-N concentrations arose compared to year 1. For instance, average NO3-N 

concentrations were especially high during June but also July in year 2 and while there was 

zero NO3-N measured in tile drains during August and September in treatment year 1, there was 

a consistently small amount (>0.05 mg L-1) observed during year 2 (Table 2-15 and Figure 2.6). 

These differences in NO3-N concentrations during spring application treatment years 1 and 2 

can likely be attributed to the relatively higher precipitation and thus greater downward 

movement of soil NO3 in year 2. In addition, relatively low average NO3-N concentrations were 

observed during April of year 2 compared to year 1. This may be explained by the fact that all of 

the available NO3 in year 2 had been lost prior to the following April unlike that observed in the 

drier year 1 when more of the soil NO3-N may have been conserved over the drier summer 

months and then lost during the following spring melt. On the other hand, significant flooding of 

the clay field in April 2014 (spring treatment year 2) may have diluted drainage samples which 

may have also caused lower NO3-N concentrations during that time compared to year 1. 

Each N source treatment had slightly higher average NO3-N concentrations than the non-

fertilized control in each treatment year (Table 2-15 and Table 2-16).  While average 

concentrations over each treatment year were similar among N sources (Table 2-16), IS during 

year 2 had the highest average NO3-N concentration compared to all other treatments in all 

other years (Table 2-16). Moreover, DS and IS had, almost equally, the highest average NO3-N 

concentration in year 1 (Table 2-16). Overall, there was a tendency for both fall and spring 

applied DG to have higher average NO3-N concentrations over each treatment year than fall 

and spring applied RM. Observations also show that DF and DS had higher average NO3-N 

concentrations than RF and RS in all of the months where concentrations peaked during 

treatment years (Table 2-15).  

The increased NO3-N leachate concentration from all spring applied treatments in year 2 

compared to year 1, despite decreased soil mineral N at 0-15 and 15-30 cm depths, may 

potentially be attributed to a build-up of soil N at deeper soil layers during the previous dry year. 

However, a sharp decline in soil mineral N following the growing season in 2012 was observed 

(Figure 2.4). Thus, if there was a build-up of soil N it would have been in deeper soil layers 
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which were not sampled. Nevertheless, the effect of dry years increasing NO3-N leachate 

concentrations in following wetter years was also acknowledged by Randall (1998) who 

suggested that greater residual soil N is built up in the soil during a dry year and then more is 

leached during the following wet year. Similarly, Nguyen et al. (2013) also found that NO3-N 

concentrations in tile drainage water increased in wet years following a dry year.  

Table 2-15 Mean NO3-N concentrations (mg L-1) for each treatment during each month of the 
study period in the Clay Field. Standard deviations of the monthly mean concentrations are 
shown in brackets. Note that concentration data during October and December 2011 and from 
January to May 7, 2012 are incomplete due to sample collection malfunctioning. “NS” refers to 
no sample collection from the spring applied N source plots during October, November and 
December 2011 since spring applied N sources had not been applied at that time.  

Year Month DF RF DS RS IS C 

2011 Oct. 3.6 (3.9) 3.8 (1.2) NS NS NS 0.5 (0.0) 

 Nov. 5.0 (3.2) 6.1 (1.7) NS NS NS 1.5 (0.8) 

 Dec. 15.5 (0.7) 9.5 (0.7) NS NS NS 2.7 (0.2) 

2012 May 2.6 (1.6) 1.6 (0.7) 1.8 (1.6) 1.3 (1.0) 0.7 (0.4) 0.8 (0.6) 

 June 6.3 (3.3) 4.7 (4.1) 7.2 (4.7) 4.3 (3.3) 1.9 (1.1) 0.9 (0.9) 

 July 0.1 (0.3) 0.8 (3.3) 0.4 (0.9) 0.1 (0.3) 0.2 (0.5) 0.5 (1.4) 

 Aug. 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

 Sep. 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

 Oct. 0.5 (0.6) 0.5 (0.9) 0.8 (1.1) 0.3 (0.3) 1.2 (1.3) 0.3 (0.3) 

 Nov. 1.0 (0.7) 1.0 (0.8) 0.7 (0.3) 0.5 (0.1) 1.3 (1.0) 0.8 (0.4) 

 Dec 1.3 (0.5) 1.1 (0.4) 1.3 (0.5) 0.6 (0.2) 1.5 (0.6) 0.6 (0.2) 

2013 Jan 1.5 (0.7) 1.1 (0.6) 1.3 (0.8) 0.7 (0.3) 1.7 (0.9) 0.6 (0.2) 

 Feb. 1.2 (0.5) 0.9 (0.3) 0.8 (0.3) 0.7 (0.2) 1.6 (0.6) 0.6 (0.1) 

 Mar. 1.8 (0.7) 1.4 (0.6) 1.4 (0.6) 0.9 (0.4) 2.0 (1.2) 0.7 (0.3) 

 Apr. 4.6 (1.4) 3.6 (1.1) 3.5 (0.6) 1.9 (0.5) 5.4 (1.9) 1.7 (0.5) 

 May 3.0 (0.7) 2.0 (0.3) 2.2 (0.4) 1.3 (0.3) 3.0 (1.0) 0.8 (0.3) 

 June 6.7 (2.7) 4.2 (2.1) 8.4 (4.8) 3.9 (2.3) 8.0 (5.0) 1.5 (1.3) 

 July 6.1 (1.7) 4.2 (1.1) 8.4 (2.4) 3.5 (0.9) 9.3 (4.0) 1.5 (1.0) 

 Aug. 0.9 (1.2) 0.9 (0.9) 1.4 (1.8) 0.7 (0.7) 1.7 (2.4) 0.4 (0.3) 

 Sep. 0.5 (0.2) 0.5 (0.2) 0.7 (0.3) 0.5 (0.2) 1.3 (1.8) 0.5 (0.3) 

 Oct. 0.6 (0.4) 0.5 (0.2) 0.8 (0.3) 0.6 (0.4) 2.5 (3.1) 0.5 (0.2) 

 Nov. 1.2 (0.6) 1.1 (0.7) 1.1 (0.1) 0.7 (0.2) 4.6 (3.3) 0.7 (0.1) 

 Dec. 1.8 (0.5) 1.9 (0.6) 1.1 (0.1) 0.6 (0.1) 2.3 (1.0) 0.7 (0.1) 

2014 Jan. 1.0 (0.2) 0.9 (0.1) 0.9 (0.1) 0.7 (0.1) 1.6 (1.0) 0.6 (0.0) 

 Feb. 0.8 (0.0) 0.8 (0.0) 0.8 (0.0) 0.8 (0.0) 0.8 (0.0) 0.8 (0.0) 

 Mar. 0.5 (0.0) 0.5 (0.0) 0.5 (0.0) 0.5 (0.0) 0.5 (0.0) 0.5 (0.0) 

 Apr. 0.8 (0.0) 0.8 (0.0) 0.8 (0.0) 0.8 (0.0) 0.8 (0.0) 0.8 (0.0) 
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Figure 2.6 Average NO3-N concentration (mg L-1) in tile drainage samples for each treatment 
over the entire study period in the clay field. Top Panel shows daily tile drainage volumes for 
comparison with NO3-N concentrations. Bottom panels show NO3-N concentrations from fall 
applied N sources (top) and spring applied N sources (bottom). Arrows indicate manure and 
fertilizer application times in the fall (F) and spring (S).  
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Table 2-16 Mean NO3-N concentration (mg L-1) for each treatment per treatment year when 
applicable (tile drainage system, clay field). Standard deviations of the mean are in brackets. 
Note standard deviations of the mean are relatively high because of the variability in NO3-N 
concentrations throughout a year. 

Treatment Fall Treatment Year 2 Spring Treatment Year 1 Spring Treatment  Year 2 

DF 2.42 (2.40) N/A N/A 

RF 1.79 (1.61) N/A N/A 

DS N/A 1.60 (2.43) 2.32 (3.36) 

RS N/A 0.92 (1.53) 1.23 (1.41) 

IS N/A 1.57 (1.69) 3.12 (3.84) 

C 0.84 (0.69) 0.62 (0.70) 0.76 (0.62) 

 

2.3.5.2 Total NO3-N Leached 

As expected, and observed by other studies such as Tan et al. (2002), total NO3-N losses 

(Table 2-17) followed similar patterns as the average NO3-N concentrations. For the fall 

applications in year 2, the majority (83%) of the total NO3-N loading occurred during P3 and P4 

(Table 2-18) or, more specifically, during March, April, June and July, following the fall 

applications of DG and RM. Again, the greater mass loading of NO3-N during these months was 

likely due to snow melt in March and April and the relatively high rate of precipitation during 

June and July of 2013. Over the entire treatment year, total NO3-N mass loading was similar 

between DF and RF but both N source treatments did have substantially higher NO3-N loadings 

than the control (Table 2-18).  

Similar to the fall applications of N in year two, spring applications in year 1 showed 

relatively higher NO3-N loading during the same period (P3) of the same year (2013)—

specifically, during March and April (almost 1 year following spring N applications). Interestingly, 

greater NO3-N loads in spring treatment year 2 were during P4 or, more specifically, during June 

and July 2013. From this observation it seems clear that the abnormally dry year of 2012 (or 

spring treatment year 1) led to relatively low NO3-N loading following the first spring application 

but peak NO3-N loading occurred almost 1 year later during the spring melt as well as following 

the second spring application when there was greater precipitation and zero-crop demand. 

Thus, while the overall NO3-N loading between spring treatment years was generally similar 

(Table 2-18), the distribution of the NO3-N loads among months (Table 2-17) and therefore 

periods (Table 2-18 and Table 2-19) was different due to weather and drainage patterns. 
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Spring applications of N in treatment years 1 and 2 also had substantially higher NO3-N 

loading than the control (Table 2-19). The highest total NO3-N leached in both spring treatments 

years were from IS. In fact, IS had 3-4 times higher NO3-N loads than RS in year 1 and 2 

respectively. During the spring treatment year 1 approximately 50% of the NO3-N loading from 

IS occurred in April (Table 2-17). In year 2, ~54% of the NO3-N loading from IS occurred in June 

(35%) and July (17%). Interestingly, a large peak in NO3-N losses (3 kg ha-1) was also observed 

from IS in November 2013 (spring treatment year 2), when RS and DS treatments had relatively 

low NO3-N losses (~0.5 kg ha-1).  

Although differences in total NO3-N losses between DS and RS were not as substantial as 

that between these organic amendments and the IS treatment, DS did have consistently higher 

NO3-N losses each treatment year compared to RS. In fact, DS had almost twice as much NO3-

N loss compared the RS in both years (see Table 2-19 and Figure 2.7). Results from a paired t 

test including RS and DS treatments during spring treatment years 1 and 2 showed significantly 

higher NO3-N loading from DS compared to RS (p=0.046). Similarly, a paired t test of both fall 

and spring applied RM and DG in year 2 resulted in an almost significant difference (p= 0.054) 

between the two N sources. 

Greater mass loading of NO3-N from DG compared to RM applied in both the spring and fall 

could be explained by potentially better infiltration of DG into the soil from lower dry matter 

content (see Table 2-4). For example, Misselbrook et al. (2005), found that one of the most 

important factors influencing NH3 emissions from cattle slurries was dry matter (DM) content. 

Thus, potentially better soil infiltration of the low DM content of DG compared to RM may have 

lowered NH3 losses, leading to more N available in the soil for leaching. In contrast, Svoboda et 

al. (2013) found no difference in nitrate leaching between the animal slurry and biogas residue 

they studied. Interestingly however, the dry matter between their animal slurry and biogas 

residues was similar (only 1.7% higher DM content for their cattle slurry compared to their co-

fermented biogas residue) compared to the difference in organic N sources applied in the 

present study (an average DM difference of 6.5%).  

The greater NO3
--N losses from IS compared to the organic amendments (especially the raw 

manure) could potentially be explained by the lack of carbon applied with the N at the time of 

application (i.e. no carbon was applied with the inorganic fertilizer to tie up the N through 

immobilization as was the case with the organic amendments). As such, potentially more of the 

available N from IS was lost via leaching as opposed to being immobilized in the soil. van Es et 
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al. (2006) also found in their study higher NO3-N concentrations from fertilizer compared to 

manure treatments. However, they attributed this difference to a greater amount of total N 

applied with their fertilizer treatment.  Similarly, Svoboda et al. (2013) also found higher average 

NO3-N concentrations from their mineral-N fertilizer compared to organic amendments. Another 

study by Kramer et al. (2006) compared mineral and organic fertilizers based on nitrate leaching 

and denitrification activity and found reduced leaching by the organic amendments which they 

attributed in part to enhanced denitrification in their organic plots from the additional C input.  

DG and RM had higher total annual NO3-N losses when applied in the fall compared to the 

spring (Figure 2.7).  In fact, almost 2x more NO3-N was leached by DF compared to DS and 3x 

more NO3-N was leached by RF than RS in year 2. A paired t test including RM and DG 

treatments applied in the fall (treatment year 2) and spring (treatment year 2) resulted in a 

statistically significant value of p=0.032. A probable explanation for the greater leaching from fall 

applications is due to the asynchronicity between N application and crop N demands. van Es et 

al. (2006) also observed higher N concentrations from fall compared to spring applications 

which they attributed to more N being leached during the period of low crop uptake.  In addition, 

there were higher total drainage values for fall applied compared to spring applied DG and RM 

during treatment year 2 (Table 2-13). Thus, the additional drainage could have moved more 

NO3-N through the soil profile. Due to incomplete drainage volume data for the first fall 

treatment year, a comparison of spring vs. fall applied treatments during the treatment year 1 

could not be conducted.  

Other studies that have compared manure application times, including Gupta et al. (2004) 

and Bakhsh et al. (2007) also found significantly higher NO3-N concentrations from fall 

applications. For instance,  Bakhsh et al. (2007) compared spring  and fall liquid swine manure 

applications (172 kg N ha-1) and concluded spring applications as a way to reduce NO3-N 

concentrations in tile drainage. Gupta et al. (2004) compared fall vs. winter applied liquid raw 

dairy manure and found greater N-leaching from the fall applied manure which they attributed to 

increased mineralization of the soil and manure organic N from tillage during the period before 

crop planting. Indeed, increased mineralization may have attributed to the higher NO3-N mass 

load observed in this study from N sources applied in the fall compared to the spring. It should 

be noted however, that although there was a significant difference between fall and spring 

applied organic amendments (DG and RM) when compared on a fall and spring treatment year 

2 basis, the flooding that occurred and thus subsequent groundwater infiltration/contamination 
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during the spring thaw in 2014 likely diluted NO3-N concentrations and thus potentially skewed 

the results in favour of the spring applied treatments.  

Comparisons among treatments based on the percentage of total N applied that was lost as 

NO3-N via the sub-surface tile drainage system, showed similar results to those previously 

explained based on total annual NO3-N loads (i.e. IS>DF>RF>DS>RS) (Table 2-20). As shown 

in Table 2-20, the percentage of N applied that was leached as NO3-N was quite lower than the 

FracLEACH factor outlined by the IPCC of 0.3 (or 30%). In fact, among organic amendments, the 

percentage of N applied that was leached ranged from 0.54 % (spring applied raw manure in 

treatment year 2) to 4.36 % (fall applied digestate in fall treatment year 2). Interestingly, the 

inorganic fertilizer treatment (IS) resulted in the highest percentage of N leached (9.7%) from 

applied N. Moreover, the FracLEACH for IS in treatment year 1 and 2 was quite similar (see Table 

2-20). Although few nitrate leaching studies have compared their FracLEACH to the IPCC default 

value, one study conducted in the UK by Cardenas et al. (2013) also found that the average 

FracLEACH value for agricultural soils in the UK overall was 0.18 compared to the IPCC’s 0.30. 

However, their study did acknowledge the variability in FracLEACH across their country due to 

variations in precipitation and land use patterns which ultimately influence the amount of nitrate 

mass loading. 
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Figure 2.7 Total NO3-N mass loads (kg ha-1) for each treatment in both treatment years in the 
clay field.  Note: “CF” is for control plots during fall treatment years and “CS” is for control plots 
during the spring application treatment years. Error bars indicate standard deviation of the mean 
total mass loading of two plots for each treatment. 

 

Table 2-17 Total NO3-N leached (kg ha-1) by each treatment each month of the study period (i.e. 
average of the total NO3-N leached for the two plots of each treatment, each month) in the clay 
field. Note: there are only two plots (i.e. replicates) for each treatment, thus a standard deviation 
was not included in the table. “NS” refers to no sample collection from the spring applied N 
source plots during October, November and December 2011 since spring applied N sources 
had not been applied at that time.  

Year Month DF RF C DS IS RS 

2011 Oct. 0.2 0.1 0.0 NS NS NS 

 Nov. 1.8 0.9 0.4 NS NS NS 

 Dec. 0.0 0.0 0.0 NS NS NS 

2012 May 0.1 0.1 0.0 NS NS NS 

 June 1.8 1.1 0.1 2.0 0.6 1.1 

 July 0.0 0.0 0.0 0.0 0.0 0.0 

 Aug. 0.0 0.0 0.0 0.0 0.0 0.0 

 Sep. 0.0 0.0 0.0 0.0 0.0 0.0 

 Oct. 0.3 0.3 0.1 0.6 0.9 0.1 

 Nov. 0.1 0.0 0.0 0.0 0.1 0.0 

 Dec. 0.5 0.6 0.1 0.5 1.2 0.2 

2013 Jan. 0.9 0.7 0.3 0.7 1.7 0.4 

 Feb. 0.2 0.2 0.0 0.1 0.5 0.1 
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 Mar. 2.2 2.3 0.8 1.8 3.6 1.0 

 Apr. 5.1 3.8 2.0 3.7 7.8 2.3 

 May 0.5 0.4 0.0 0.2 0.6 0.1 

 June 3.7 2.3 0.8 4.1 5.7 1.6 

 July 1.4 1.0 0.2 1.4 2.7 0.4 

 Aug. 0.0 0.0 0.0 0.0 0.1 0.0 

 Sep. 0.0 0.0 0.0 0.0 0.1 0.0 

 Oct. 0.2 0.2 0.1 0.2 0.9 0.2 

 Nov. 0.6 0.6 0.3 0.5 3.3 0.5 

 Dec. 0.2 0.3 0.0 0.1 0.4 0.0 

2014 Jan. 0.5 0.5 0.2 0.3 1.1 0.3 

 Feb. 0.1 0.1 0.1 0.1 0.2 0.1 

 Mar. 0.1 0.1 0.1 0.1 0.2 0.1 

 Apr. 0.7 0.9 0.7 0.6 1.0 0.7 

 
Table 2-18 Total NO3-N leached (kg ha-1) for DF, RF and C during the fall treatment year 2  and 
each period within (clay field). Note the total NO3-N losses are expressed in kg ha-1 and are the 
average total for both plots in each treatment.  

Treatment P1 P 2 P3 P4 P5 Treatment Year 2 Total (kg ha-1 yr-1) 

DF 0.63 1.74 6.88 5.40 0.07 14.72 

RF 0.71 1.43 5.91 3.50 0.09 11.63 

C 0.14 0.55 2.59 0.96 0.02 4.26 

 

Table 2-19 Total NO3-N leached (kg ha-1) for DS, RS, IS and C during spring treatment year 1 
and spring treatment year 2 and each period within (clay field). Note the total annual NO3-N 
losses are expressed in kg ha-1 and are the average total for both plots in each treatment. 

Spring 
Treatment 
Year 

Treatment P1 P 2 P3 P4 P5 Treatment Year Total  
(kg ha-1 yr-1) 

1 DS 1.00 1.32 5.14 1.97 0.06 9.49 

 RS 0.29 0.66 3.18 1.09 0.01 5.23 

 IS 2.07 3.00 11.03 0.67 0.05 16.82 

 C 0.17 0.55 2.59 0.05 0.00 3.37 

2 DS 0.75 0.42 0.69 5.59 0.08 7.53 

 RS 0.65 0.35 0.71 2.10 0.05 3.87 

 IS 4.53 1.46 1.16 8.59 0.27 16.02 

 C 0.40 0.33 0.73 0.96 0.02 2.43 

 

Table 2-20 Percentage of N applied for each N source that was lost as NO3-N leached in the fall 
and spring treatment years (clay field). 

 Fall 
Applications 
(Year 2) 

Spring 
Applications 
(Year 1) 

Spring 
Applications 
(Year 2) 

 DF RF DS RS IS DS RS IS 

Total NO3-N Load (kg ha-1) * 10.46 7.37 6.12 1.86 13.45 5.1 1.44 13.59 
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Total N applied (kg ha-1) 240 211 292 274 140 275 266 140 

% of total N applied that was 
leached 

4.36 3.49 2.09 0.67 9.6 1.85 0.54 9.71 

Available N applied (kg ha-1) 143 135 148 134 140 139 133 140 

% of available N applied that was 
leached 

7.3 5.5 4.1 1.4 9.6 3.7 1.1 9.71 

* the average total NO3-N leached from the control plots was subtracted from N source 
treatments to obtain a total NO3-N load from the N applied. 

  

2.3.6 Effect of N Source on NO3-N Leached to Lysimeters 

2.3.6.1 Sandy-loam Field 

Average NO3-N concentrations for treatments on each lysimeter sample date are shown in 

Table 2-21. The average NO3-N concentration among all lysimeters over the entire sampling 

period was 10.9 mg L-1 and the maximum NO3-N concentration was 111 mg L-1 from a lysimeter 

in a DS treatment plot in July 2013. In general, concentrations increased during June and July, 

following the spring manure application and tillage, as well as in the fall after the crop had been 

harvested. Interestingly, some of the highest drainage volumes occurred during the sampling 

periods in April 2014 (Table 2-14); however, NO3-N concentrations were relatively lower during 

this period, potentially due to the dilution and contamination from groundwater infiltrating 

lysimeters during the flooding event.  

Treatment effects on total annual NO3-N mass loading in the sandy-loam field are shown in 

Table 2-22. Although lysimeters were installed in only one RF and DF plot following the second 

fall application, it is worth mentioning that among the fall applied N sources, NO3-N mass 

loading was the greatest from DF compared to RF over the 1 year period following application 

(Table 2-22). Among spring applied treatments, the greatest NO3-N mass load was from RS, 

followed by DS, C and IS (Table 2-22).  Moreover, RS had the highest % of total N and 

available N applied that was leached followed by DS. In the control plot, the amount of NO3-N 

leached would have originated from SOM. Since there was no difference between NO3-N 

leached from C and IS plots it was assumed that leaching from applied N in IS plots was 

negligible (Table 2-22). Interestingly, the fraction of total N applied that was leached for RS 

(8.8%) was still lower than the default factor provided by the IPCC.  

Although RS had a slightly higher NO3-N mass load than DS it may be assumed, given the 

variability in total NO3-N leached among lysimeters, that their treatment effect on NO3-N 

leaching is relatively similar. However, there is a noticeable difference in total NO3-N loads 
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between these organic amendments and the inorganic fertilizer treatment (IS) which may have 

been influenced by soil type. For instance, under the tile drainage system in the clay field, the 

opposite result was found, whereby IS had higher NO3-N loading than the organic treatments 

(Table 2-19 and Figure 2.7). It is uncertain why the organic amendments under the sandy-loam 

soil exhibited a higher degree of NO3-N leaching compared to IS. It may be speculated that the 

relatively higher NO3-N leached by RS and DS compared to IS was due to the fact that a TAN 

retention factor was not applied for the IS treatment while it was for the organic amendments. 

Thus, in theory, more TAN would have been applied with the organic amendments compared to 

IS, causing there to be potentially more N available for leaching. In reality however, calculations 

of the actual TAN application rates for IS and the organic amendments are very similar (see 

Table 2-5). Instead, these treatment differences may more likely be the result of additional N in 

organic form added with DS and RS compared to IS, which may have mineralized and nitrified 

more quickly under the sandy-loam soil compared to the clay soil.  

Similar results were also observed in a lysimeter study under a loamy soil by Basso and 

Ritchie (2005). They found consistently higher NO3-N leaching from raw manure compared to 

compost and urea fertilizer treatments which, they too, attributed to the organic N supplied by 

the manure amendment. As such, while manure amendments improve soil organic matter, the 

addition of organic N has the potential to mineralize and continuously release nutrients over 

time which may be leached instead of taken up by a crop.  

Table 2-21 Average NO3-N concentrations (mg L-1) for each treatment (average of 4 lysimeters) 
during each sampling period in the sandy-loam field.  Standard deviations of the mean, where 
applicable, are in brackets. “NS” refers to “no sample” due to low or zero drainage volume at the 
time of sampling. 

Drainage Period DF RF DS RS IS C 

Oct.20/12-
Apr.30/13 

7.4(9.8) 4.4(5.4) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.5(0.0) 

Apr.30 –Jun.20/13 7.4(9.8) 4.4(5.4) 1.5(2.1) 10.2(12.2) 1.2(1.5) 0.5(0.0) 

May 18 –Jun.20/13 0.4(0.5) 0.0(0.0) 1.2(1.5) 0.0(0.0) 10.2(12.2) 1.5(2.1) 

Jun.20-Jun.26/13 39.5 16.0(6.4) 37.4 38.4(12.9) 17.2(17.7) 9.5(10.4) 

Jun.26- Jul.2/13 47.3(26.5) 33 (15.9) 57 (47.2) 47.1(12.2) 28.6(19.3) 16.2(10.3) 

Jul.2- Jul.9/13 NS NS 1.8(1.4) NS NS 6.9(4.2) 

Jul.9- Aug.9/13 NS NS NS NS NS NS 

Aug. 9- Aug. 27/13 NS NS NS NS NS NS 

Aug. 27- Sep.5/13 1.3(0.7) 1.2 0.8(0.4) 0.4 0.5 NS 

Sep.5- Nov.1/13 17.6(9.3) 4.9(3.2) 15.5(24.2) 10.2(1.8) 26.1(36.7) 14.8(16.5) 

Nov.1- Nov.12/13 12.8(9.9) 4.6(0.5) 14.8(19.5) 17.1(16.3) 5.4(0.2) 9.0(5.0) 

Nov.12- Nov.20/13 12.7(8.3) NS 6.7(1.3) 9.1(4.2) 5.8(0.0) 5.8 

Nov.20/13- 0.9(0.1) 0.8(0.0) 0.9(0.1) 1.1(0.2) 0.8(0.0) 0.8(0.0) 
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Apr.12/14 

Apr.12- Apr.20/14 0.7(0.2) 0.8(0.0) 0.7(0.2) 0.7(0.2) 0.7(0.2) 0.8(0.0) 

Apr.20- May 12/14 NS NS NS NS NS NS 

May 12- May 
20/14 

9.6(4.8) 3.9(1.9) 7.9(2.9) 9.2(7.1) 6.9(4.2) 7.9(3.4) 

 

Table 2-22 Total NO3-N leached (kg ha-1) in the sandy-loam field  for each treatment during 
treatment year 2 of study (May 17 2013- May 20, 2014). Note:  the average annual total NO3-N 
leached by the control fall (CF) and control spring (CS) was subtracted from the other 
treatments to calculate the % of total N and available N applied that was leached in one year.  

Treatment Total NO3-N 
Leached (average 
of 4 lysimeters) 
(kg ha-1 yr-1) 

Standard 
Deviation of 
the Mean 

Standard 
Error of the 
Mean 

% of total N 
applied that 
was 
leached 

% of 
available N 
applied that 
was leached 

DF* 20.0 11.4 5.7 5.0 8.4 

RF* 11.5 6.5 3.2 1.1 1.8 

CF * 9.2 3.5 2.5 N/A N/A 

DS 33.3 34.3 17.2 4.3 8.6 

RS 45.0 17.5 8.7 8.8 17.7 

IS 19.4 12.4 6.2 0 0 

CS  20.8 3.9 2.7 N/A N/A 

* lysimeters were installed in only one DF, RF and C treatment plot on October 20, 2012 thus 
the total N leached was calculated from October 20, 2012 to October 17, 2013 for some, but not 
all, of the lysimeters in these fall applied treatments. 

2.3.6.2 Clay Field 

Average NO3-N concentrations for treatments on each sample date for lysimeters in the clay 

field are shown in Table 2-23. The average NO3-N concentration over the entire sampling period 

was 15.3 mg L-1 (slightly higher than that observed in the sandy-loam field) and the maximum 

concentration was 242 mg L-1 (more than double the maximum concentration observed in the 

sandy-loam field) from a lysimeter in an IS treatment plot in September 2013. Indeed, 

September was an unusual time for high NO3-N concentrations since the crop was still active at 

that time. Interestingly, this lysimeter continued to exhibit high NO3-N concentrations throughout 

all sample dates during the fall and winter.  

Similar to the sandy-loam field, NO3-N concentrations among all treatments in the clay field 

tended to increase following the spring manure application. However, relatively high 

concentrations were also observed from the control plots in the clay field during the same 

period, which may be attributed to the mineralization of soil organic matter, activated by periods 



 

63 
 

of increased temperature or soil moisture in the especially neutral clay soil (pH=7.10) (see Table 

2-1 for estimates of soil organic matter in each field before the onset of the study).   

Treatment effects on total annual NO3-N mass loading in the clay field is shown in Table 

2-24. In contrast to the treatment effects in the sandy-loam field, total NO3-N leached was 

similar among DS, RS and C, while IS had a substantially greater NO3-N mass loading and a 

relatively higher % of N applied that was leached. In fact, 28% of the total N applied in the IS 

treatment plots was lost via NO3-N leaching—which is consistent with the IPCC default factor for 

FracLEACH of 30%—while the organic amendments leached less than 1% of the total N applied. 

As such, treatment effects on NO3-N mass loads from both the tile drainage and lysimeter 

system in the clay field were the same even though the amount of total NO3-N leached was 

different between systems (i.e. a greater amount of NO3-N was leached via lysimeters due to 

the shorter distance in which the NO3-N had to travel, as well as the dilution effects, potential for 

preferential flow and more denitrification occurring at deeper depths were the tile drains were 

located).  

Since more total N was applied with the DS and RS treatments compared to IS— due to the 

additional organic N, which has the potential to mineralize and leach overtime—the higher NO3-

N leached by IS may be attributed to other N source characteristics and/or interactions with the 

clay soil. A potential explanation for the higher NO3-N leaching from IS may be due to less 

denitrification losses compared to the DG and RM treatments. Similar results were found in the 

first year of study by Ball-Coelho et al. (2004); they found higher NO3-N leaching from fertilizer 

compared to manure. By the second year of their study however, the reverse was observed and 

by the third year there was no difference in NO3-N leached between either N source. Another 

lysimeter study conducted over two years by Di et al. (1999), compared NO3-N leaching from 

dairy effluent and an inorganic fertilizer and also found higher annual N leached from their 

NH4Cl treatment which they attributed, in part, to the immobilization of N following the 

application of the dairy effluent.    

Table 2-23 Average NO3-N concentrations (mg L-1) for each treatment (average of 4 lysimeters) 
during each sampling period in the clay field  Standard deviations of the mean, where 
applicable, are in brackets. “NS” refers to “no sample” due to low or zero drainage volume at the 
time of sampling. 

Drainage Period DF RF DS RS IS C 

May 18-Jun. 20/13 21.1 
(13.6) 

25.4 
(22.1) 

17.0 
(19.3) 

10.2 
(13.9) 

60.1 
(47.4) 

33.6 
(17.6) 

Jun.20-Jun.26/13 28.8 26.1 36.4 24.4 79.0 23.5 
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(15.9) (14.7) (13.3) (9.3) (67.2) (12.1) 

Jun.26-Jul.2/13 21.2 
(3.4) 

21.5 
(6.8) 

42.2 
(21.2) 

19.4 
(5.3) 

91.1 
(89.5) 

21.5 
(7.1) 

Jul.2-Jul.9/13 NS NS NS NS NS 0.6 

Jul.9-Jul. 22/13 0.8 
(0.3) 

22.2 
(24.3) 

1.8 
(1.7) 

6.0 
(5.1) 

2.7 13.8 
(6.7) 

Jul.22-Aug.8/13 NS NS NS NS NS NS 

Aug.8-Aug.26/13 NS NS NS NS NS NS 

Aug.26-Sep.5/13 0.6 
(0.1) 

0.6 
(0.1) 

0.7 0.7 0.5 1.8 
(1.1) 

Sep.5-Sep13/13 1.1 
(0.1) 

0.6 0.6 NS 0.7 2.5 
(2.7) 

Sep13-Sep23/13 2.0 
(2.4) 

0.9 
(0.4) 

1.2 
(0.6) 

4.3 
(5.6) 

82.9 
(137.4) 

15.0 
(15.4) 

Sep.23-Oct.9/13 2.2 
(2.0) 

0.9 1.1 
(0.2) 

0.7 1.2 8.3 

Oct.9-Oct.17/13 3.1 
(2.8) 

NS 1.2 12.6 93.4 
(127.2) 

8.8 

Oct 17-Oct.29/13 3.2 
(3.5) 

0.8 
(0.1) 

5.4 
(7.8) 

10.9 
(17.3) 

60.4 
(94.4) 

10.1 
(8.2) 

Oct.29-Nov.4/13 3.9 
(3.6) 

2.6 
(1.7) 

4.0 
(4.1) 

1.2 57.8 
(61.8) 

18.9 
(20.9) 

Nov.4- Nov.12/13 3.3 
(2.1) 

2.1 
(0.9) 

3.2 
(3.2) 

14.0 
(20.6) 

41.8 
(47.3) 

17.1 
(18.0) 

Nov.12-Nov.20/13 4.3 
(1.3) 

2.8 
(1.2) 

3.2 
(2.5) 

13.1 
(16.2) 

45.4 
(43.4) 

14.2 
(13.9) 

Nov.20-Nov.26/13 5.6 
(1.5) 

3.2 
(1.3) 

1.9 
(1.0) 

17.0 
(17.1) 

21.7 
(24.0) 

0.0 
(0.0) 

Nov.26-Dec.10/13 NS NS NS NS NS NS 

Dec.10/13- Apr.12/14 0.9 
(0.2) 

0.9 
(0.2) 

0.8 
(0.0) 

0.8 
(0.0) 

0.9 
(0.2) 

0.9 
(0.1) 

Apr.12- Apr.20/14 1.1 
(0.2) 

0.9 
(0.1) 

0.8 
(0.0) 

0.9 
(0.1) 

0.8 
(0.2) 

0.5 
(0.0) 

Apr.20- May 12/14 NS NS NS NS NS NS 

May12- May 20/14 6.3 
(2.3) 

5.1 
(1.5) 

4.3 
(2.0) 

10.3 
(7.1) 

28.3 
(21.0) 

11.4 
(3.9) 

 

Table 2-24 Total NO3-N leached (kg ha-1) from lysimeters in the clay field  for each treatment 
during year 2 of study (May 17 2013- May 20, 2014). Note: the total NO3-N leached by the 
control was subtracted from the other treatments to calculate the % of total N and available N 
applied that was leached which is why some treatments show 0% of total N applied that was 
leached. 

Treatment Total NO3-N 
Leached (average 
of 4 lysimeters) 
(kg ha-1 yr-1) 

Standard 
Deviation of 
the Mean 

Standard 
Error of the 
Mean 

% of total N 
applied that 
was 
leached 

% of 
available N 
applied that 
was leached 

DF* 25.1 4.5 2.2 0 0 
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RF* 21.3 11.3 5.6 0 0 

DS 29.6 19.5 9.8 0.3 0.7 

RS 20.7 2.7 1.4 0 0 

IS 67.6 62.5 31.2 27.8 27.8 

C 28.7 12.1 8.5 N/A N/A 

* fall applied N sources (RF and DF) should be carefully interpreted since lysimeters were 
installed in these plots months following their application unlike the spring applied N source 
treatments, thus the effect of application timing was not considered. 

2.3.6.3 Variability among Lysimeters 

It should be noted that due to the high degree of spatial variability in drainage volumes and 

NO3-N concentrations among lysimeters, statistical differences in annual NO3-N mass loading 

between treatments was unlikely and thus not tested for significance. Spatial variability among 

lysimeters has been acknowledged by other drainage studies (Jemison and Fox 1994; Sogbedji 

et al. 2000; Basso and Ritchie 2005). In a study by Basso and Ritchie (2005) lysimeters were 

not replicated among N source treatments, thus their results were qualitatively interpreted. 

Interestingly, their lysimeters were much larger: 150 cm in diameter, which is 5x the diameter of 

the lysimeters used in the present study. Indeed, smaller lysimeters can result in greater spatial 

variability among replicates, while lysimeters covering a larger area may obtain more 

representative averages of each plot, sometimes at the expense of replication. Moreover, 

Simmonds and Nortcliff (1998) found that drainage samplers with collection areas less than 0.1 

m2 were less likely to be representative of fluxes at larger spatial scales and that lysimeters 1 m 

in diameter were more sufficient at representing field soils at the 1 m scale.  

In the present study, it is acknowledged that although a substantially greater amount of N 

was leached from IS compared to other treatments in the clay field, there was a high level of 

variability in drainage volumes and NO3-N concentrations among lysimeters within the same 

treatment. This variability was likely due to the small surface area (0.071 m2) of the lysimeters 

used. Jemison and Fox (1994) found no significant differences in total NO3-N leached between 

treatments due to a high degree of variability in leachate volumes collected under a 0.47 m2 

zero-tension pan lysimeters. As such, variability among lysimeters is a common occurrence and 

requires careful interpretation. That stated, the tendency for differences between treatment 

means were similar across methodologies in the clay field. For instance, during treatment year 2 

when the lysimeters were employed in addition to the tile drains, the total NO3-N leached by IS 

was 53-75% higher than RS and DS, respectively from the tile drainage system (see Table 

2-19) and was 56-69% higher than RS and DS, respectively from the lysimeters (see Table 
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2-24). Thus, although there was a high degree of variability among lysimeters within the same 

treatment, the fact that the treatment differences were the same across N leaching 

measurement methodologies provides some insight into N source effects on NO3-N leaching.  

2.4 Summary and Conclusions 

The control and organic treatments tended to have similar NO3-N mass loads (21-30 kg ha-1 

yr-1) relative to IS which leached 56-68% more NO3-N (68 kg ha-1 yr-1) from lysimeters in the clay 

field. In contrast, NO3-N mass loads were 38-57% higher from the organic amendments (33 

(DS)-45 (RS) kg ha-1 yr-1) compared to IS (19 kg ha-1 yr-1) and C (21 kg ha-1 yr-1) in the sandy-

loam field. This observation may be attributed to the additional organic N provided by the DG 

and RM treatments in comparison with IS, which may have been more likely to nitrify and leach 

under the sandy-loam soil due to the potentially greater NH4 adsorption to soil colloids following 

mineralization that would occur in the clay soil.  

N source treatments tended to have higher NO3
--N concentrations and NO3

--N mass loads 

compared to the zero-N control from the tile drainage system. Among N sources, IS had the 

greatest NO3-N mass loading under both the tile drainage and lysimeter collection systems in 

the clay field. Moreover, tile drainage NO3-N losses from IS accounted for 10% of the total N 

inputs in both spring treatment years, which may have been the result of lower N immobilization 

rates or denitrification activity due to  the lack of applied carbon, compared to the organic 

amendments. Comparisons of the organic N sources show DG treatments leached 21-49% 

more NO3-N annually than RM treatments in the tile drainage system. Similarly, DG treatments 

leached 15-30% more NO3-N annually than RM treatments in the lysimeter system.  As such, 

greater NO3-N leaching was consistently observed from the DG compared to the RM treatments 

in the clay field. The differences observed between these two N sources particularly under the 

tile drainage collection system, may have been due to better infiltration by the digestate which 

could have led to deeper soil seepage and perhaps less mineral N loss through NH3 

volatilization.  

An effect of application timing was observed under the tile drainage system whereby 7-8 kg 

ha-1 more NO3-N was leached annually from fall compared to spring applied N sources (p=0.032 

from a paired t.test). This finding is consistent with numerous other studies that have found 

more NO3-N leaching from fall applications of N due to asynchronicity with plant activity. Thus, a 
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spring application of N may be a beneficial management practice for reducing NO3-N leached 

and potentially increasing the NUE of a silage corn crop.  

Lastly, this study revealed that the IPCC factor for the fraction of N applied that is leached 

(FracLEACH) is too high for the tile drainage system studied which resulted in FracLEACH values 

between 1-10% of the total N applied. Moreover, the FracLEACH for the organic N sources in the 

clay field were consistently lower than 1% of total N applied and between 4-9% in the sandy-

loam field. Although IS had a more similar FracLEACH under lysimeters in the clay field (28%) to 

that outlined by the IPCC (30%), the FracLEACH for IS under the tile drainage system was 

consistently 10%. Such observations provide insight into the importance of multiple FracLEACH 

factors that account for N source and soil type as well as drainage system depth, since in the 

case of this study, the IPCC FracLEACH default factor was often an overestimation of the actual 

annual NO3-N leached.  

Next steps include comparing the treatment differences in NO3-N mass loads observed in 

this chapter to the treatment differences in total N2O-N emissions outlined in the following 

chapter (Chapter 3). Such a comparison may shed light on any potential pollutant trade-offs or 

co-benefits from each N source. In other words, were the differences in NO3-N between 

treatments similar to, or, the reverse of the treatment effects on N2O-N emissions? Perhaps the 

treatment effects of NO3-N leaching as observed in this chapter can be related in some way to 

the treatment effects observed in Chapter 3. In addition, applying the IPCC emissions factor for 

indirect N2O-N emissions from leaching and/or runoff (EF5) to the NO3-N mass loads measured 

in this chapter, should continue to provide insight into the best overall management practices 

aimed at reducing total N2O-N emissions (both direct and indirect).  
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Chapter 3 Nitrous Oxide Emission as Affected by N Source and Timing 

3.1 Introduction 

Nitrous oxide (N2O) is a potent greenhouse gas (GHG) as well as a major contributor to 

stratospheric ozone depletion (Ravishankara et al. 2009). The agriculture industry is a primary 

source of global anthropogenic N2O emissions (IPCC 2007) because it requires the application 

of nitrogen (N) fertilizer to soils. Since N is the first limiting nutrient for crop growth (Government 

of Alberta 2008), land application of N is necessary for sustained crop production. However, 

land applications of N can result in environmental pollution as it is lost as N2O both directly from 

the soil surface and indirectly through the denitrification of leached NO3 and volatilized ammonia 

(NH3). Determining the effective amount and timing of N applications to meet crop demands with 

minimal N losses to the environment is essential for maintaining efficient production while 

reducing GHG emissions (Roy et al. 2014). Therefore, it is in the best interest of profitable and 

environmentally conscious crop and livestock production industries to achieve such a balance.  

One of the most economically important sectors in Canadian agriculture is the dairy industry, 

which ranks second to beef in total farm cash income (Canadian Dairy Commission 2013). In 

2011, nearly 13,000 dairy operations contributed $16.2 billion to Canada’s GDP employing 

218,330 Canadians (Eco Ressources Consultants 2011; Eco Ressources 2012). However, the 

dairy industry also contributes a substantial amount of agricultural GHG emissions. Of the total 

GHG emissions from the dairy, beef, swine and poultry sectors combined, approximately 20% is 

attributed to the dairy industry alone (Vergé et al. 2013). According to Vergé et al. (2007), the 

majority of the Canadian dairy industry’s carbon footprint is from N2O (30%) and methane (CH4) 

emissions (55%), with the remainder from CO2. The N2O can primarily be ascribed to livestock 

cropping systems and the CH4 to enteric fermentation and manure storage. 

The Canadian dairy industry is working to develop strategies for the reduction of GHG 

emissions (Agriculture and Agri-Food Canada 2010). One relatively new GHG mitigation 

strategy for dairy farmers is the anaerobic digestion (AD) of manure. AD is a manure storage 

technology that produces energy—or, more specifically, biogas composed of CH4 and CO2— 

used for heating and/or electricity on and off the farm. This energy is produced through the 

breakdown of livestock manures by anaerobic microbes in an enclosed building that is free of 

oxygen. Thus, this technology not only minimizes GHG emissions through the reduction of 

atmospheric CH4 during manure storage (Möller and Stinner 2009), but also reduces CO2 

emissions that would otherwise be produced by non-renewable energy sources such as coal 
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and fossil fuels, traditionally used to provide energy on the farm. In addition, organic wastes that 

would otherwise be transported to a landfill are often added to the manure in AD systems or 

other biogas plants to increase energy production efficiency. This biogas technology has been 

adopted by approximately 30 farms across Ontario (Biogas Association 2014), the second 

highest dairy-producing province in Canada.  

The fertilizer quality of anaerobically digested manure or “digestate” is comparable to 

synthetic fertilizers (Vaneeckhaute et al. 2013) due to the conversion of organic N into 

ammonium (NH4) N during digestion. While relatively few studies have investigated the effect of 

digestate on N2O emissions following field applications (Chiyoka et al. 2011), some have 

recommended its use as a fertilizer—based on its reduction of CH4 emissions from manure 

storage without increased soil N2O emissions after field applications—compared to other N 

sources (Amon et al. 2006; Clemens et al. 2006). However, because the N2O emissions 

resulting from the field application of AD effluent have not been extensively studied under a 

variety of climates and soil types, recommending biogas residue as an “ecological sound 

fertilizer” will require a more thorough investigation of its effect on agricultural production as well 

as its potential environmental impacts (Odlare et al. 2012). These impacts include N2O losses, 

or fluxes, that are both direct from the soil surface and indirect from the denitrification of leached 

NO3. Also, field evaluations measuring the total N2O emissions from digestate are necessary for 

providing fertilizer specific emission factors (percent of N applied to the soil emitted as N2O). 

Such factors that take into account N source, aid in more accurate national GHG inventories, 

especially in nations where the land application of digestate is becoming more widely adopted.  

Evaluations of total N2O emissions based on simultaneous measurements of direct and 

indirect N2O fluxes, especially with regards to the field application of digestate, are lacking. Most 

N2O emission studies focus on the contribution of direct N2O losses from agricultural soils even 

though direct soil surface emissions, animal waste management, and indirect emissions through 

leaching/runoff and volatilization equally account for the total agricultural N2O source (Nevison 

2000). More specifically, the contribution of indirect N2O emissions from leaching and runoff 

alone is considered to be approximately 25% of the total agricultural N2O source (Nevison 2000) 

but is rarely presented in N2O emission studies along with direct N2O emissions. Although the 

Intergovernmental Panel on Climate Change’s (IPCC) emission factor for leaching and runoff 

(EF5), is associated with a large range of uncertainty (0.0005-0.025), it provides a method for 

estimating the amount of N2O emissions from measurements of NO3-N leached, and has also 

been used by other studies including, Venterea et al. (2011b). 
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Both direct and indirect N2O losses can be affected by time of year as well as time of 

manure application. Application timing is an important factor affecting the response of N2O 

emissions from N sources because is it associated with, not only crop N demands, but also soil 

temperature and moisture. Soil temperature and moisture are regulating factors affecting the 

N2O production processes of nitrification and denitrification (Beauchamp 1997). While some 

studies have incorporated the effect of application timing (spring vs. fall) on N2O emissions 

(Rochette et al. 2004; Hernandez-Ramirez et al. 2009a), few have collected measurements 

throughout the entire non-growing season or have evaluated the interaction of application timing 

with digestate. 

This study addresses the need for evaluating the N2O emissions from land applied digestate 

by measuring direct N2O emissions and estimating indirect N2O emissions from previously 

measured NO3-N leaching (Chapter 2). Spring and fall applications of two organic N sources, 

digestate (DG) and raw dairy manure (RM), as well as a spring application of an inorganic 

fertilizer (IS) were compared on two different soil types (sandy-loam vs. clay) cropped to silage 

corn for the evaluation of the effect of application timing and N source on direct N2O fluxes and 

total direct and indirect annual N2O emissions. Based on the measurements of NO3-N leached, 

as described in Chapter 2, indirect N2O emissions from land applications of selected N sources 

were estimated using the IPCC’s emissions factor for leaching/runoff losses of 0.0075 (0.75%, 

EF5)  (IPCC 2006). In addition, direct N2O emission factors were calculated for each treatment 

and compared to the IPCC’s emissions factor for the total amount of N2O-N directly emitted for 

every kg of total N applied (1%, EF1) (IPCC 2006). 

3.2 Materials and Methods 

3.2.1 Site Description and Experimental Design 

The experimental design was factorial, whereby the effect of two factors: N source and 

application timing (independent variables) on N2O emission (dependent variable) were 

evaluated. The treatments of N source and timing were arranged in a randomized complete 

block whereby each block had 5 experimental plots (excluding control plots) each with a 

different treatment (see Figure 2.1). The treatments included: raw dairy manure applied in the 

fall (RF), raw dairy manure applied in the spring (RS), digestate applied in the fall (DF), 

digestate applied in the spring (DS), inorganic fertilizer applied in the spring (IS), and zero-N 

control (C) (Table 2-2). These treatments were applied on two fields of contrasting soil types: 

sandy-loam vs. clay. A diagram of the field sites, similar to that shown in Figure 2.1, but with 
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additional reference to chamber collar locations and to continuous soil temperature and soil 

moisture sensors in each plot, is shown in Figure 3.1.  

The experiment was established on October 28, 2011 (the first date of manure application) 

and continued until May 20, 2014 (the last date of chamber N2O flux measurements), resulting 

in over 2.5 years of N2O flux data collection. The field sites were located the University of 

Guelph’s Campus d’Alfred research station in Alfred, Ontario, an intensive dairy producing 

region with a nearby biogas facility (see Chapter 2 section 2.2.2 for more details on the farm 

that supplied the digestate and raw dairy manure). The field sites at this research station have a 

history of manure applications. From 2006 to 2008 there were land application trials that 

included amendments of raw manure, digested manure and inorganic fertilizer in the spring and 

fall. From 2009 to 2010 land application trials included spring amendments of raw manure and 

digested manure at 1x, 1.5x and 2x the agronomic rate.  

Figure 3.1  Experimental site in Alfred, ON, Canada.  Treatments were applied on two field sites 
located approximately 1 km apart. The dimensions of each plot in each field, as well as the 
relative locations of: chambers, soil water drainage collection infrastructures, soil temperature 
and volumetric water content (VWC) sensors, evapotranspiration gauges and the onsite 
weather station are indicated. 
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3.2.2 N2O Flux Measurements 

Non-flow-through non-steady-state (NFT-NSS) chambers (Rochette and Hutchinson 2005) 

were used to collect N2O gas samples to determine of N2O fluxes. The NFT-NSS chambers 

used for the majority of this study consisted of a polyvinyl chloride (PVC) collar (0.45 m i.d. and 

0.20 m high) and a chamber top (0.45 m i.d. and 0.08 m high) covered in reflective material to 

avoid overheating during deployment. Each chamber collar covered an area of 0.16 m2. Two 

collars were positioned approximately 25 m – 50 m apart in the centre of each sandy-loam and 

clay field plot, respectively (see Figure 3.1). Similar to the sampling frequency reported by 

Parkin and Kaspar (2006), N2O flux sampling was conducted every 7-10 days until snow cover 

when sampling frequency then decreased to 1-2 times per month due to sampling difficulties 

and increased efforts required under winter conditions (i.e. before each chamber was sampled 

snow was removed to the height of the collar and then replaced once sampling was completed). 

In addition, there was a tendency for reduced fluxes during this period. Flux sampling was 

usually conducted in the mornings, between 8:00-12:00, in the clay field, and in the afternoons, 

between 11:00-15:00, in the sandy-loam field. The chamber headspace volume was determined 

1-2 times each month or following heavy rainfalls by measuring the height from the top of the 

soil surface to the top of the collar at 15 random points. When snow was present, the height of 

the snow was leveled with the height of the collar so that collar height measurements were 

uniform at 0 cm. The average collar height, added to the chamber top height, was then used to 

calculate the chamber headspace volume which was required for the N2O flux calculation (see 

Equation 3-1). 

At the time of N2O gas sampling, chamber tops were fitted to the collars and two bricks 

(weighing a total of approx. 6 kg) were placed on chamber tops to ensure a tight seal with each 

collar. Chamber headspace air samples (20 ml) were collected by piercing a needle, attached to 

a syringe, through a rubber septum on the chamber top and collecting four headspace air 

samples at 10 minute intervals beginning at the chamber top deployment (0 minutes) for 30 

minutes (i.e. sample times included: 0, 10, 20, 30 min). The 30 minute deployment time was 

selected to ensure enough change in concentration had occurred for detection by a gas 

chromatograph (GC), while providing enough time to complete sampling for all 46 chambers in 

one day. The collected air samples were immediately transferred into 12 ml pre-evacuated 

septum-capped glass vials (Labco Ltd. Exetainer®, United Kingdom); vials were over 

pressurized to prevent contamination of outside gases in the event of a leak. Vials were then 

transported to an Agriculture and Agri-food Canada (AAFC) laboratory in Ottawa, Ontario for  
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N2O, CO2 and CH4 concentration (ppmv) analysis by means of a GC (Varian CP-3800, Varian 

Inc., Walnut Creek, CA) equipped with a vial headspace autosampler (Combi Pal, CTC 

Analytics, Zurich, Switzerland) further described in section 3.2.2.1.  

3.2.2.1 Trace Gas Sample Analysis 

Chromatography is a sample analysis method used to separate and quantify specific 

analytes from either gas or liquid mixtures (Skoog 1998). For this study, gas samples (5 ml) 

taken from each field sample vial (12 ml exetainer) were injected into a sample loop (3 ml) of the 

GC’s gas sampling valve via an automatic sampler. The gas sampling valve was used to 

transfer the sample in and out of the carrier gas stream (Agilent Technologies 2002). Helium 

(He) was used as the inert gas to carry the sample through the GC’s column of coiled stainless 

steel tubing (1/8” diameter) over a period of 5 min. To ensure separation of the analytes being 

measured for this study (N2O, CO2 and CH4), various operational conditions for the GC were 

applied (Table 3-1).  

Table 3-1 Summary of Varian CP-3800 GC performance factors for each detector used. 

Factor ECD FID 

Gas Analyzed N2O CO2 and CH4 

Detector Temp 390 250 

Column Temp 75 75 

Injection Temp 100 100 

Carrier gas He He 

Initial gas flow rate 50 ml/min 70 ml/min 

Retention time (min) 2.071 1.698 (CH4) and 3.862 (CO2) 

 

Two types of detectors are used for the analysis of N2O, CO2 and CH4: a flame ionization 

detector (FID) (for CO2 and CH4) and an electron capture detector (ECD) (for N2O). The voltage 

from each detector was plotted as peaks on a chromatogram, where the y-axis represents the 

voltage (mV) and the x-axis represents the retention time (minutes) (i.e. the time it takes for a 

specific gas to pass through the length of the column and reach the detector). The peak area, 

measured by electronic integrators by multiplying the peak height times its width at 1/2 height, 

was then related to the concentration (ppmv) of the sample using a standard calibration curve 

obtained from the analysis of known standards (listed in Table 3-2).  Multiple standards 

(including He) with varying amounts of the analytes being tested were injected during the GC 

analysis of a set of field samples and were used to create a standard calibration curve for 

calculating analyte concentrations from field samples in relation to the peak areas from known 
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standards. Gas concentrations were quantified using the area count (a raw unit describing the 

area under the peak curve) integrated by the GC's data acquisition software (Varian Star 

Chromatography Workstation, Version 6.9.3, Varian Inc.), which programs the GC to send peak 

area values to pre-defined data tables. The area count from gas samples collected in the field 

were then converted to concentrations using an interpolated quadratic regression from known 

standards.  

Table 3-2 Standard mix concentrations used for the GC analysis of a set of chamber air 
samples. Standard mixes were based on National Oceanic and Atmospheric Administration 
(NOAA) standards provided by an AAFC research station in Lethbridge, AB. The standards 
used in this study were the same mixture and were compared against these concentrations 
following each GC analysis to check that the standards used for the calibration curve were 
accurate. 

Std # FID ECD 

 CH4 (ppmv) CO2 (ppmv) N2O (ppmv) 

1 1.03  361.6 .319 

2 2.98 5142.2 .606 

3 2.05 1015.1 1.011 

4 6.17 10105.6 5.054 

5 10.12 2048.7 7.97 

6 20.11 19812 15.35 

 

3.2.2.2 Soil Surface N2O Flux Calculation 

Once N2O concentrations (ppmv) were obtained using the standard calibration curve 

(explained in section 3.2.2.1) these concentrations were then used to determine the N2O flux of 

each chamber during the sample collection period. The N2O fluxes were calculated by the 

change in chamber headspace N2O concentration over the 30 min deployment time multiplied 

by the chamber volume divided by the chamber area as shown in  Equation 3-1 (Dusenbury et 

al. 2008). Since flux calculations produced values on a mixing ratio basis (e.g. ppmv of analyte 

m-2s-1) volumetric flux values were converted to a mass flux value (ng N2O m-2s-1) using the ideal 

gas law to take into account the effect of atmospheric pressure, air temperature and relative 

humidity on the mass of a trace gas (Parkin et al. 2003; Hernandez-Ramirez et al. 2009a).  

Equation 3-1 Equation for determining chamber flux on a given sample day  where dc/dt is the 
change in N2O concentration (dc) over time (dt), cv is the chamber volume and ca is the 
chamber area. 
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The change in N2O concentration over time was determined by testing both linear and 

quadratic regression models to find the best fit. First, the slope of the quadratic regression was 

tested for whether it was concave-up or concave-down. This was done by comparing the result 

of each regression model; if the change in concentration over time (dc/dt), at time=0 using the 

quadratic regression, was greater than or equal to the linear regression model, it was 

considered concave-down. If dc/dt at time=0 from the quadratic regression was less than the 

dc/dt from the linear regression, the rate of N2O increase was increasing with time (probably due 

to measurement noise) thus producing a concave-up slope. Quadratic regressions with a 

concave-up slope were rejected since it does not agree with the theory that non-linear 

regressions (concave down) are attributed to a build-up of the analyte in the chamber 

headspace, which alters the diffusion gradient and thus inhibits the rate that the analyte is 

emitted from the soil to the chamber headspace (Parkin et al. 2003). If the quadratic regression 

resulted in a concave-down slope, the significance (p<0.05) was tested for both the linear and 

quadratic regression. Whichever model resulted in a significant regression was used. If both 

were significant, the regression with the higher R2 was used. If neither regression was 

significant then the N2O flux=0. As such, the best regression model fit depended on the gas 

diffusion gradient—which is dependent upon the deployment time and amount of N2O 

production from the soil changing the concentration in the chamber headspace. In general, if the 

rate of headspace gas concentration change was constant, then a linear regression was used to 

calculate the slope (Parkin et al. 2003). If the rate of change was not constant (i.e. curvilinear 

and concave-down) then a quadratic regression was used to estimate the change in 

concentration over the change in time (dc/dt) (Parkin et al. 2003).  

3.2.2.3  Indirect N2O Estimates from Leached Nitrate 

Indirect N2O emissions from total NO3-N mass loads (Chapter 2) from both the tile drainage 

and lysimeter collection systems, were estimated using the IPCC’s N2O emission factor for N 

leached (EF5) of 0.0075 (IPCC 2006). The emission factor represents the proportion of N 

leached that is converted into N2O (i.e. 0.75%). This factor has been used by other studies to 

estimate indirect N2O emissions from nitrate leaching (Reay et al. 2009; Venterea et al. 2011b; 

Maharjan et al. 2013). Subsequently, the indirect emissions estimated from total annual N 

leaching losses were added to the direct soil N2O emissions measured by NFT-NSS chambers 

to obtain an estimate of total annual N2O emissions from soil surface and leaching.  



 

76 
 

3.2.3 Soil Temperature and Volumetric Water Content Measurements 

Instantaneous soil surface and sub-surface (5 cm) temperatures were collected on snow-

and ice-free chamber sampling days using an infrared thermometer (Traceable™, Fisher 

Scientific Inc.). The infrared thermometer was held within 1 m of the soil surface and pointed at 

the soil to determine a surface soil temperature. To record sub-surface soil temperatures, a 

trowel was used to lift 5 cm of soil and the infrared thermometer was pointed at the area where 

the 5 cm of soil had been lifted and then replaced. These temperature readings were collected 

from three locations approximately 1 m away from each chamber and recorded on field sheets 

to be entered into a final dataset. Instantaneous soil volumetric water content (VWC) 

measurements (12 cm depth) were also collected from three locations within the same area  of 

each chamber and recorded using a portable time domain reflectometer (TDR) soil moisture 

meter (Field Scout TDR 300, Spectrum Technologies Inc. Plainfield, IL) also on days when the 

soil was not frozen or snow/ice covered. Also, average water filled pore space (WFPS) for each 

field on each sample date was calculated using the equation below (Equation 3-2). 

Equation 3-2 Equation for determining %WFPS based on %VMC measurements obtained in the 
field using a TDR probe and bulk density (BD) measurements (g/cm3) from soil samples 
collected periodically during the study period. A particle density of 2.65 g/cm3 was assumed 
based on the calculation by Linn and Doran (1984).  

       
      

     
  
     

      
      

Additional soil temperature measurements using temperature pendant sensors (Hobo 

Pendant Temperature Datalogger, Onset Computer Corporation) were used to record half 

hourly temperatures at 5 and 10 cm in two locations in each field and at a soil profile (which 

included depths of just below the soil surface, 5, 10, and 20 cm) in one location for each field 

(See Appendix H for examples of the pendent temperature sensor results). An illustration of the 

temperature pendant arrangement on site is shown in Appendix G. 

3.2.4 N2O Data Analysis 

As reported by Duxbury et al. (1982) the spatial variability inherent in N2O flux 

measurements may be reduced by interpreting fluxes over specified annual time intervals. Datta 

et al. (2013), also assigned their N2O flux measurements collected during the non-growing 

season into pre, during and post snow covered periods.  As such, each chamber N2O flux 
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measurement (kg ha-1 d-1) was allocated into one of five annual periods (previously described in 

section 2.2.8.1 and Figure 2.3) within each experimental year (Year 1: October 19, 2011- 

October 18, 2012; Year 2: October 19, 2012- October 18, 2013; Year 3: October 19, 2013- May 

20, 2014; see Figure 2.3).  

Similar to other studies, N2O flux measurements from each chamber over all sample dates 

were not normally distributed (Röver et al. 1998; Möller and Stinner 2009; Nangia et al. 2013); 

reflecting the variation in N2O production over time. To produce a normal distribution for an 

analysis of variance (ANOVA), chamber N2O fluxes were log transformed and a constant value 

of 1.1 was added to each flux measurement (kg ha-1 d-1) to convert negative fluxes to a positive 

value (above zero). Also, log transformed chamber N2O fluxes were averaged over sample 

dates within each period to obtain a mean value. Combined, these steps resulted in a normal 

distribution of residuals and were conducted by the “log” data step and “Means” procedure 

respectively, using SAS software (SAS Server Interface, Version 2.0.4, 2008, SAS Institute Inc., 

Cary NC, USA). A repeated measures ANOVA and multiple comparison tests were performed 

on the mean of log transformed chamber N2O flux measurements for each period overall, and of 

each period of each year using the Mixed procedure in SAS (Littell et al. 2006). The Mixed 

procedure included a repeated measures statement, whereby the repeated measure was the 

sample period (1-5), the subject was the chamber and the covariance structure was 

autoregressive (AR1). A “random” statement was also included in the Mixed procedure to 

account for the random effect of chambers within each block, when only the DG and RM 

treatments were included in the analysis (i.e. a balanced dataset) and to account for the random 

effect of plot within treatment, when the C and IS treatments were included in the analysis (i.e. 

“block” could not be included as a random effect if N2O flux data from the C treatments were 

included in the ANOVA because C plots were only located in block 1 of each field, making the 

“block” part of the dataset unbalanced).  

Separate analysis using the Mixed procedure were conducted to reveal the effect of certain 

treatment factors that could not be included in the same analysis due to unbalanced data. For 

example, because there were no “spring” and “fall” applications of the C or IS treatments a 

separate analysis was performed to determine the significance of application timing on N2O 

fluxes using only the means of DG and RM nitrogen sources (which were both spring and fall 

applied). Similarly, since chambers were only sampled in periods 1, 2 and 3 of year 3, 

comparisons of N2O fluxes between treatments during all three years could only be 

accomplished when only periods 1, 2 and 3 were included.  
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ANOVA were conducted using the following fixed factors in the Mixed procedure: “year” 

(experimental years: 1,2,3), “period” (P1-P5), “field” (sandy-loam and clay), “N source” (DG and 

RM) and “timing” (spring and fall) or “treatment” (N source + timing together as one factor – e.g. 

DF, RF, DS, RS, IS, C) as well as the interactions of “N source” and “timing” (or “treatment”) 

with “year”, “period” and “field”. An ANOVA was conducted for each field independently using 

the entire N2O flux dataset (i.e. all 2.5 years)—to determine the overall effects of “period”, 

“timing”, “N source” and “treatment” for each field—and then for both fields together to 

determine an effect of soil type (”field”) on N2O fluxes as well as any interactions between “field”, 

“period”, “N source”, “timing” and “treatment”. In addition, an ANOVA was conducted using N2O 

flux data from just experimental years 1 and 2, and then for all years (1, 2, and 3—including only 

periods 1, 2, 3 so the dataset was balanced—i.e. flux measurements were only included in 

periods 1, 2 and 3 in year 3) to determine the effect of “year” and the interactions between 

“year”, “period”, “field”, “N source” and “treatments” on N2O fluxes.  The interaction between 

“year” and “timing” was considered but not presented due to the bias inherent in comparing fall 

and spring applications over experimental years (i.e. the effect of timing was examined over the 

entire 2.5 year study period because it represents an equal amount of measurements for both 

fall and spring applications whereas the number of N2O flux measurements following each fall 

and spring application during an experimental year are not the same; see Figure 2.3). Moreover, 

when “treatments” were compared for each experimental year, only significant differences 

between treatments applied at the same time were considered and presented. 

Since N2O flux measurements were usually collected between 8:00-15:00 on chamber 

sampling dates they were considered to be close to the daily average. Thus, similar to Pelster et 

al. (2012), N2O fluxes were linearly interpolated between chamber sampling dates to obtain a 

daily average N2O flux for each day of the entire experiment (October 30, 2011-May 20, 2014). 

As such, annual N2O emissions for each chamber were calculated by the summation of N2O flux 

measurements for each day over the applicable treatment years (i.e. annual N2O emissions for 

chambers in fall-applied plots were calculated during fall treatment year and chambers in spring-

applied plots were calculated over spring treatment years; “treatment years” are described in 

section 2.2.8.1 and Figure 2.3). Annual N2O emissions for each N source (DG and RM), as well 

as treatment (DF, RF, DS, RS, IS, C) were also statistically analyzed (using untransformed 

data) by means of the “Mixed” procedure in SAS, whereby “plot” was considered a random 

effect. Annual N2O emissions were scaled based on total available N applied, total N applied 

and the average N yield for each treatment. Thus, “year” (i.e. treatment year), “field”, “N source”, 
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“timing”, and “treatment” as well as the interactions of: (1) timing x N source, timing x year, 

timing x N source x year, (2) N source x year, treatment x year, (3) field x timing, field x N 

source, field x year, field x timing x N source, field x timing x year, field x N source x year, field x 

timing x N source x year, field x treatment and field x treatment x year, were the factors included 

in the ANOVA for determining effects on annual N2O emissions.  

Treatment effects on both N2O fluxes and annual N2O emissions were declared significant if 

the differences in least squares means resulted in a p-value of <0.05 using the Tukey and 

Tukey-Kramer methods. A tendency for significance was also declared if differences among 

treatments were at p=0.05 (Aguerre et al. 2011). Mean N2O flux results provided in tables 

throughout this chapter are from untransformed data (i.e. not the means of log N2O fluxes which 

were used in each statistical analysis of N2O fluxes). 

3.3 Results and Discussion  

3.3.1 N2O Flux Patterns  

Average daily N2O fluxes for each treatment over the entire study period, along with daily 

average air temperature and daily total precipitation as well as soil moisture measurements 

collected on chamber sampling dates, are shown in Figure 3.2. Daily N2O fluxes among 

individual chambers ranged from -0.004 to 1.103 kg N2O-N ha-1 d-1 in the sandy-loam field and 

from -0.003 to 1.133 kg N2O-N ha-1 d-1 in the clay field. The maximum daily N2O flux, calculated 

from treatment averages in each field, was 0.78 kg N2O-N ha-1 d-1 (see Figure 3.2 c). This 

maximum is similar to that observed by other studies that reported maximum N2O flux values of 

0.6 kg N2O-N ha-1 d-1 (Cates and Keeney 1987b; Jarecki et al. 2008b; Senbayram et al. 2009). 

However, the slightly higher daily maximum N2O flux observed in the present study may be 

attributed to the additional measurements from year-round collection as opposed to just during 

the growing season. For example, Collins et al. (2011) acknowledged that peak N2O fluxes were 

likely missed in their study due to delays in sampling.  Accordingly, the peak N2O fluxes that 

were captured during spring thaw in our study may have increased the overall maximum daily 

flux compared to those reported in other studies which may have missed such peak emission 

events if measurements were only collected during the growing season.    

Peaks in N2O fluxes occurred during spring thaws (P3) and following spring applications (P4) 

while relatively low (~0.00 kg ha-1 d-1) N2O fluxes were measured during the late growing season 

(P5). The low N2O fluxes during P5 may have occurred due to relatively drier soil conditions 
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(see Table 3-3), leading to fewer anaerobic sites for denitrification, coupled with more crop N 

uptake. The relatively lower fluxes during P1 and P2 may be explained by the relatively colder 

temperatures (often <0°C- see Table 2-12 for average air temperatures for each period in each 

experimental year) and the snow and/or ice covered soil which may have limited microbial 

activity. In addition, an ice layer over the soil—often observed during P1 and P2—may have 

limited N2O release into the chamber headspace for sampling. In contrast, some studies have 

found increased N2O emissions during the fall, which have been attributed to the addition of 

cereal crop residue. For instance, whereas longer season crops, such as corn, reduce 

denitrification by increased N and soil water uptake, the residue from shorter lived crops 

undergo decomposition and mineralization in early autumn, leading to more N available for 

nitrification and subsequently denitrification in the fall when soil temperatures are still above 

freezing (Pelster et al. 2012). Thus, peak fluxes depend, not only on climatic conditions, but also 

on crop type, which can influence soil water contents as well as N availability during specific 

annual periods. 

Major N2O flux events during spring thaw and shortly following spring applications of N is an 

observation similar to other studies that included measurements of N2O emissions during the 

non-growing season (Goodroad and Keeney 1984; Wagner-Riddle et al. 1997; Lemke et al. 

1998; Ellert and Janzen 2008; Kariyapperuma et al. 2012).The peak N2O fluxes observed in P3 

and P4 can primarily be attributed to the higher levels of soil mineral N following applications in 

combination with relatively more favourable conditions for denitrification, such as warmer air and 

soil temperatures increasing microbial activity as well as higher soil moisture or water filled pore 

space (WFPS) decreasing the oxygen content in the soil. In fact, WFPS was ≥50% on most 

dates when peak N2O fluxes were observed during spring thaw (P3) (Table 3-4). Other studies 

have also observed peaks in N2O emissions during periods of >50% WFPS (Kessavalou et al. 

1998; Dobbie et al. 1999; Rochette et al. 2008b; Hernandez-Ramirez et al. 2009b) and 

attributed the correlation of high soil water content and peaks in N2O fluxes to the N2O 

production process of denitrification. Interestingly, there was a strong correlation coefficient 

(r=0.69) between average daily N2O fluxes and average WFPS in the sandy-loam field but a 

relatively weak correlation coefficient of those variables in the clay field (r=0.30). In the case of 

the present study, the tendency for peak N2O fluxes to occur during spring thaw when soil water 

contents were relatively higher is likely the result of melted snow creating anaerobic conditions, 

again, ideal for denitrification (Christensen and Tiedje 1990; Rochette et al. 2004; Wagner-

Riddle et al. 2008; Kariyapperuma et al. 2012).  
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In addition to the effect of soil moisture on N2O fluxes, numerous studies have reported a 

correlation of increasing N2O emission rates with increasing soil temperatures (Smith et al. 

2003; Vallejo et al. 2006). Indeed, N2O fluxes at spring thaw often occurred when air 

temperatures increased up to a point, when average daily air temperatures were >0°C and soil 

temperatures were >3.0°C (Table 3-4). For example, in Year 1, the first peak in N2O fluxes (0.78 

kg ha-1 in the sandy-loam field) occurred on March 20, 2012, when the maximum daily air 

temperature was over 25°C and soil surface temperatures were between 15-20°C (Table 3-4). 

The second peak in N2O flux that year occurred on March 27 when the mean air temperature 

was -0.9°C, but the soil surface temperature during chamber sampling in the clay field was 

16.5°C, suggesting that the warmer temperatures coupled with snow melt lead to increased 

microbial N transformations resulting in higher N2O fluxes.  In years 2 and 3, peaks in N2O 

fluxes occurred later during the spring thaw period between April 11 (both fields, Year 2) and 

April 28 (Clay Field, Year 3) during which, mean daily air temperatures ranged between 0.8-

5.7°C in Year 2 and between 1.4-9.8°C in Year 3. In comparison, Röver et al. (1998) measured 

small N2O emission rates at soil freezing and then increased emissions with soil warming up to 

0°C in January. They also observed increased emissions at soil thawing when water filled pore 

space was greater an 80%, illustrating the combined effect of warming temperatures and 

increased soil moisture on N2O flux rates.  

The N2O flux measurements collected during the late winter/spring thaw period highlight the 

importance of measuring N2O fluxes year round, especially when determining the mitigation 

potential of application timing since fall applications of N can lead to N2O emissions in early 

spring. Indeed, the N2O flux peaks observed in this study during spring thaw were likely 

associated with the fall N applications. Peak emissions during thaw have also been observed by 

Wagner-Riddle and Thurtell (1998) and were correlated with increased soil N concentrations by 

added N in the previous fall. Prior to the onset of the study (October 12, 2011), average soil 

mineral N (average of all sampled plots) was 93 kg ha-1 in the clay field and 77 kg ha-1 in the 

sandy-loam field (Table 2-1), with the majority of those values comprised of NO3-N (both the soil 

mineral N and organic N in the upper 0.15m soil layer throughout the entire study period are 

illustrated in Figure 2.4). Peaks in soil mineral N occurred predominately following both the 

spring and fall manure applications (Figure 2.4). Although peaks in N2O fluxes following the 

spring applications tended to coincide with increases in soil mineral N, it was rare that N2O 

fluxes peaked within days of the fall manure applications. In fact, the only peak N2O flux (≥0.1 

kg ha-1 d-1) observed following a fall application was by one chamber in the sandy-loam field on 
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December 20, 2011 (53 days after the first fall manure application), which may have been the 

result of spatial variability in soil N and water, a phenomenon also observed by Mosier and 

Hutchinson (1981). Overall, the lack of peak fluxes observed shortly following fall applications 

could potentially be due to the cooler weather which slows microbial activity and thus soil N 

transformations like nitrification and denitrification.  

The duration of peak N2O fluxes (≥0.1 kg ha-1 d-1) during P3 ranged from 7-27 days 

depending on the year and field. Similarly, the emission event during P4 ranged from 14-33 

days following N applications. This tendency for short lived, but large peak fluxes has also been 

acknowledged by Venterea et al. (2012) which they referred to as “pulse events” ultimately 

triggered by management actions or weather changes. It should be noted that in the case of the 

present study, peak N2O fluxes could have occurred earlier or lasted longer but were not 

captured due to the weekly as opposed to daily sampling frequency. Interestingly however, 

“pulse events” in both P3 and P4 tended to last longer in year 2 compared to year 1. For 

example, peak fluxes during P3 in year 1 lasted 1-2 sample dates (or ~ 7 calendar days) but 

continued longer for 3-5 sample dates (or ~ 27 calendar days) in year 2. Peak N2O fluxes during 

P4 in year 1 were again, relatively short, lasting only 2 sample dates (or ~14 calendar days) but 

spanned across 4 sample dates (or ~ 33 calendar days) in year 2 (Figure 3.2). Although the 

observed duration of peak emission events was dependent upon sampling frequency, the longer 

duration of peak N2O fluxes in P3 and P4 of year 2 could be attributed to the increased soil 

moisture as a result of increased precipitation (see the difference in total precipitation between 

experimental years 1 and 2 in Table 2-12), coupled with a previous addition of mineral N and 

zero or relatively low evapotranspiration and crop N uptake—all factors that can create optimal 

conditions for denitrification  (Rochette et al. 2004). 
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Figure 3.2 N2O flux data throughout the 2.5 year study period.  Total daily precipitation (bars), 
average daily air temperature (solid grey line), and average soil water content (0-12 cm) from 
instantaneous field measurements in the sandy-loam field (open symbol) and clay field (closed 
symbol) are shown in panel A. Average N2O fluxes for each treatment on chamber sampling 
dates in the clay field and sandy-loam field are shown in panels B and C respectively. Arrows in 
panel B indicate manure application times in the fall (F) and spring (S) and N source and timing 
treatments are abbreviated as described in Section 2.2.1,Table 2-2.  
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Table 3-3 Average WFPS (%) for each period the sandy-loam and clay field. Average WFPS for 
Period 2 is excluded because soil moisture measurements with the TDR could not be collected 
due to snow and frozen soil conditions during that period. 

Period Sandy-loam Field (WFPS) Clay Field (WFPS) 

1 30.7 36.4 

3 57.0 48.5 

4 35.7 35.7 

5 30.5 33.9 

 

Table 3-4 Environmental conditions during peak N2O flux events for each field including: field 
averages of WFPS, soil moisture and soil surface temperature, as well as average daily air 
temperature. N2O fluxes from individual chambers were considered to peak if ≥ 0.1 kg ha-1 d-1. 

Field Year Period Date of 
Peak N2O 
flux 

N2O flux 
(kg ha-1 
d-1) 

Avg. 
Soil 
Moisture 
(%VWC) 

Avg. 
WFPS 
(%) 

Avg. Air 
Temp 
(°C) 

Avg. Soil 
Surface 
Temp 
(°C) 

Sandy-
loam 

2012 P3 March 20 0.79 36 87.5 16.2 15.03 

  P4 June 5 0.24 29.3 55.5 17.0 25.0 

 2013 P3 April 11 0.27 37.8 73.3 0.8 3.9 

  P3 April 15 0.10 36.8 69.3 4.7 12.2 

  P3 April 22 0.20 31.8 60.0 5.7 16.7 

  P4 June 13 0.27 21.3 33.5 17.5 22.9 

 2014 P3 April 17 0.43 47.2 84.9 1.4 8.5 

Clay 2012 P3 March 20 0.09 27.4 60.9 16.2 23.7 

  P3 March 27 0.17 -- -- -0.9 16.5 

  P4 June 5 0.24 19.9 33.1 17.0 21.1 

  P4 June 14 0.20 22.5 37.6 17.5 22.8 

  P4 June 28 0.18 14.4 23.9 22.3 40.5 

 2013 P3 April 11 0.55 29.6 51.0 0.8 2.6 

   April 22 0.10 23.9 40.1 5.7 17.7 

   June 4 0.16 21.8 36.6 13.6 17.1 

   June 18 0.14 22.9 38.5 13.9 27.7 

   July 2 0.12 25.7 43.3 18.3 16.4 

 2014  April 28 0.11 36.5 64.9 9.8 15.1 

 

3.3.2 Effect of Periods and Years on N2O fluxes 

As previously described, peak N2O fluxes tended to occur during P3 and P4 of each 

experimental year. It was the relative magnitudes of N2O fluxes in these periods alone, that 

resulted in significant differences in N2O fluxes between years, fields and treatments (i.e. all 

other periods tended to have low N2O fluxes and thus did not determine overall treatment 
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effects). As such, annual periods had a significant effect on N2O fluxes in both fields overall 

(p=<0.0001 for both the sandy-loam and clay field).  

In the sandy-loam field, there were significantly higher N2O fluxes in P3 compared to all 

other periods and significantly higher N2O fluxes in P4 compared to P1, P2 and P5 (late fall and 

winter months) consistently throughout the study years (Table 3-5). In the clay field, there was 

no significant difference in N2O fluxes between P2, P3 and P4 (winter, spring and early summer 

months) in year 1 (Table 3-5). However, N2O fluxes during those periods were significantly 

higher compared to P1 and P5 (late summer and fall). Similarly, there were significantly higher 

N2O fluxes in P3 and P4 compared to P1, P2 and P5 in year 2 (Table 3-5).  In year 3, P2 and P3 

had significantly higher N2O fluxes than P1 (Table 3-5). 

  Overall, P3 was a significant time period for peak N2O fluxes in years 1, 2 and 3 for the 

sandy-loam field, and both P3 and P4 were equally significant times for peak N2O fluxes in 

years 1 and 2 for the clay field.  Although there was no significant difference in N2O fluxes 

between P3 and P4 in the clay field, both periods had significantly higher N2O fluxes than P1 

and P5 (and P2 in year 2) (Table 3-5)— which are periods associated with cooler weather, less 

precipitation and frozen or dry soil conditions. Hao et al. (2001), also reported very low N2O flux 

measurements during late summer (August and September- similar time as P5 in the present 

study) which they attributed to a decrease in available N caused by crop uptake and leaching 

over the growing season.   

There was no significant difference in N2O fluxes between years 1 and 2 in the sandy-loam 

field (see Table 3-5) but there was significantly higher N2O fluxes in year 2 compared to year 1 

in the clay field (p=<0.0001, see Table 3-5). In addition, there were significantly higher N2O 

fluxes in years 1 and 2 compared to year 3 in both the sandy-loam and clay field. The lower N2O 

fluxes in year 3 for both fields, was probably due to a decreased amount of soil mineral N over 

time, as shown in Figure 2.4. In both fields, the first fall and spring applications resulted in 

observably higher mineral N (ranging ~150-300 kg N ha-1) compared to the second year of fall 

and spring applications (ranging from ~50-150 kg N ha-1). Thus, by period 3 of year 3 (1 year 

following spring applications and 1.5 years following fall applications) there was considerably 

less (~7 kg N ha-1 in both fields) soil mineral N available for nitrification and denitrification.  

Assuming denitrification is the primary cause of N2O fluxes, as suggested by Jarvis and Pain 

(1997), especially under higher soil moisture conditions, it may be argued that the greater 

amount of precipitation in year 2 compared to year 1, produced a favourable environment for 
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higher rates of denitrification in the clay field.  Indeed, there was 170 mm of additional 

precipitation in P4 of year 2 compared to that period in year 1 (see Table 2-12). A similar two 

year study on a tile drained field conducted by Gu et al. (2013) also reported greater N2O 

emissions in a year with 59 mm of additional precipitation during the spring emission period. 

Thus, more precipitation at the peak emission period in the present study may have increased 

denitrification rates in year 2, especially in the clay field—assuming it has a relatively lower 

hydraulic conductivity—where high soil moisture conditions may have been sustained for longer.   

Table 3-5 Mean N2O fluxes (kg ha-1 d-1) of all chambers in each period of each year for both 
fields  (i.e. a mean N2O flux for each period within each year was calculated for each chamber 
and then an average of the chamber means in each period was used to calculate the mean N2O 
flux in each period for an entire field). Significant differences (p<0.05) in mean N2O fluxes 
between periods are indicated by different letters within each year. Significant differences in 
mean N2O fluxes between years are also indicated by different letters for each year (overall). 

Field Experimental Year Period Mean N2O flux (kg ha-1 d-1) 

Sandy-loam 1 1 0.006a 

  2 0.012a 

  3 0.048b 

  4 0.029c 

  5 0.001a 

  Overall 0.019a 

 2 1 0.003a 

  2 0.005a 

  3 0.057b 

  4 0.025c 

  5 0.002a 

  Overall 0.018a 

 3 1 0.001a 

  2 0.004a 

  3 0.024b* 

  Overall 0.010b 

Clay 1 1 0.004a 

  2 0.012b 

  3 0.018b 

  4 0.014b 

  5 0.001a 

  Overall 0.010a 

 2 1 0.003a 

  2 0.003a 

  3 0.047b 

  4 0.038b 

  5 0.001a 

  Overall 0.018b 

 3 1 0.002a 

  2 0.004b 
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  3 0.012c 

  Overall 0.006c* 

* the overall significant difference of mean N2O fluxes in year 3 compared to year 1 and 2 was 
done by comparing all three years with only the periods 1, 2 and 3. The overall significant 
difference in mean N2O fluxes between year 1 and year 2 however is based on an ANOVA were 
all periods are included.  

3.3.3 Effect of Manure Application Timing on N2O fluxes and N2O Emissions  

3.3.3.1 Sandy-loam Field 

3.3.3.1.1 N2O Fluxes 

Mean N2O fluxes for fall and spring applications of DG and RM in each period of each year 

are provided in Table 3-6. Overall, mean N2O fluxes were similar for fall (0.021 kg ha-1 d-1) and 

spring (0.015 kg ha-1 d-1) applications in the sandy-loam field (Table 3-6). As such there was no 

overall significant effect of application timing on N2O fluxes (p=0.2006; Table 3-7). In addition, 

there were no significant interactions of timing x N source or timing x N source x period (Table 

3-7). There was however, a significant interaction between timing and period on N2O fluxes 

whereby fall applications had significantly higher N2O fluxes compared to spring applications in 

P3 (p=0.003) and spring applications had significantly higher N2O fluxes compared to fall 

applications in P4 (p=0.007) overall (Table 3-6).  

Table 3-6 Mean N2O fluxes (kg N2O-N ha-1 d-1) during each period of each year for fall and 
spring applications of DG and RM and for fall and spring applications of DG and RM combined 
(sandy-loam field).  Standard deviation (of chamber means for each period) is in brackets. 
Significant differences (p<0.05) in mean N2O fluxes from fall and spring applications (DG +RM) 
between periods are shown using different letters in each period (Mean N2O fluxes from fall vs. 
spring applications were not compared between experimental years, for more detail see Section 
3.2.4) 

  Digestate (DG) Raw Manure (RM) DG + RM 

Experimental 
Year 

Period Fall Spring Fall Spring Fall Spring 

Year 1 1 0.015 
(0.006) 

0.001 
(0.000) 

0.011 
(0.008) 

0.003 
(0.005) 

0.013a 
(0.007) 

0.002a 
(0.003) 

 2 0.029 
(0.043) 

0.005 
(0.002) 

0.021 
(0.023) 

0.003 
(0.000) 

0.025a 
(0.033) 

0.004a 
(0.001) 

 3 0.144 
(0.044) 

0.018 
(0.007) 

0.070 
(0.040) 

0.012 
(0.000) 

0.107a 
(0.056) 

0.015b 
(0.006) 

 4 0.015 
(0.006) 

0.026 
(0.023) 

0.010 
(0.007) 

0.017 
(0.014) 

0.013a 
(0.007) 

0.022a 
(0.019) 

 5 0.002 
(0.002) 

0.000 
(0.001) 

0.001 
(0.001) 

0.001 
(0.001) 

0.001a 
(0.001) 

0.00a 
(0.001) 

Year 1 Average 0.041 
(0.059)  

0.010 
(0.014)  

0.023  
(0.031) 

0.007  
(0.009) 

0.032 
(0.048) 

0.009 
(0.012) 
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Year 2 1 0.007 
(0.003) 

0.002 
(0.002) 

0.003 
(0.001) 

0.001 
(0.003) 

0.005a 
(0.003) 

0.002a 
(0.002) 

 2 0.018 
(0.022) 

0.000 
(0.001) 

0.009 
(0.007) 

0.000 
(0.000) 

0.013a 
(0.016) 

0.000a 
(0.000) 

 3 0.106 
(0.071) 

0.067 
(0.052) 

0.047 
(0.033) 

0.033 
(0.030) 

0.076a 
(0.060) 

0.050b 
(0.043) 

 4 0.012 
(0.005) 

0.069 
(0.073) 

0.006 
(0.002) 

0.021 
(0.017) 

0.009a 
(0.005) 

0.045b 
(0.056) 

 5 0.003 
(0.000) 

0.003 
(0.001) 

0.002 
(0.002) 

0.002 
(0.001) 

0.002a 
(0.001) 

0.002a 
(0.001) 

Year 2 Average 0.029  
(0.050) 

0.028 
(0.049)  

0.013 
(0.022)  

0.011 
(0.019)  

0.021 
(0.039) 

0.020 
(0.038) 

Year 3 1 0.001 
(0.001) 

0.002 
(0.001) 

0.001 
(0.001) 

0.001 
(0.001) 

0.001a 
(0.001) 

0.001a 
(0.001) 

 2 0.006 
(0.009) 

0.000 
(0.000) 

0.002 
(0.004) 

0.000 
(0.001) 

0.004a 
(0.007) 

0.000a 
(0.000) 

 3 0.007 
(0.005) 

0.089 
(0.075) 

0.004 
(0.005) 

0.018 
(0.017) 

0.005a 
(0.004) 

0.054b 
(0.063) 

Year 3 Average 0.004 
(0.006)  

0.030 
(0.030)  

0.002 
(0.003)  

0.006 
(0.012)  

0.003 
(0.005) 

0.018 
(0.043) 

Overall P1 0.008 
(0.007) 

0.002 
(0.001) 

0.005 
(0.006) 

0.002 
(0.003) 

0.006a 
(0.007) 

0.002a 
(0.002) 

Overall P2 0.018 
(0.028) 

0.002 
(0.002) 

0.010 
(0.015) 

0.001 
(0.002) 

0.014a* 
(0.022) 

0.001b* 
(0.002) 

Overall P3 0.086 
(0.075) 

0.058 
(0.057) 

0.040 
(0.039) 

0.021 
(0.020) 

0.063a 
(0.063) 

0.040b 
(0.046) 

Overall P4 0.014 
(0.005) 

0.048 
(0.055) 

0.008 
(0.005) 

0.019 
(0.015) 

0.011a 
(0.006) 

0.033b 
(0.042) 

Overall P5 0.003 
(0.001) 

0.002 
(0.002) 

0.001 
(0.001) 

0.001 
(0.001) 

0.002a 
(0.001) 

0.001a 
(0.001) 

Entire study period 
overall average 

0.028 
(0.049) 

0.022 
(0.042) 

0.014 
(0.025) 

0.009 
(0.014) 

0.021a 
(0.039) 

0.015a 
(0.032) 

* there was a tendency for a significant difference in mean N2O fluxes between fall and spring 
applied DG and RM in P2 overall (p=0.05 rather than <0.05). 

 

Table 3-7 Summary of the Analysis of Variance (ANOVA) for the effects of application timing on 
N2O fluxes in the sandy-loam field  as well as the effect of interactions of timing with period and 
N source.  

Source (effect) F value P value 

Timing 1.68 0.2006 

Timing x N source (DG and RM)   <0.01 0.9702 

Timing x period 8.54 <.0001 

Timing x N source x period 1.23 0.3089 
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3.3.3.1.2 Annual N2O Emissions  

Although mean N2O emissions from fall applications (of DG and RM combined) were higher 

overall than spring applications (Table 3-8 and Figure 3.3) there was no overall significant effect 

of application timing on annual N2O-N emissions (p=0.1292;Table 3-10). Moreover, there were 

no significant interactions of timing x N source or timing x N source x year (see Table 3-10). 

There was however, a significant interaction of timing x year on N2O emissions (p=0.0262; 

Table 3-10). More specifically, annual N2O emissions were significantly higher from fall 

applications compared to spring applications in treatment year 1 (p=0.0111) but there was no 

significant difference between application times in treatment year 2 (p=0.6266) (Table 3-8). This 

interaction can likely be attributed to the relatively higher N2O fluxes during the peak emission 

event (P3) for fall applications in year 1 compared to year 2 whereas the N2O fluxes during the 

peak emission event for spring applications (P4) was relatively higher in year 2 compared to 

year 1 (see Table 3-6).  

Mean N2O-N emissions from fall and spring applications (of DG and RM combined) scaled 

by N yields and available N (Table 3-9) also resulted in no statistically significant effect of 

application timing (Table 3-10). Interestingly however, when emissions were scaled by total N 

applied (Table 3-9), there was significantly higher N2O-N emissions from fall applications 

compared to spring applications overall (Table 3-10). Moreover, there was also a significant 

interaction of timing x year, whereby fall applications resulted in significantly higher N2O-N 

emission in year 1 but not in year 2, similar to the area, N yield and available N scaled N2O-N 

emission results (Table 3-10).  

Figure 3.3 shows on average, how the total N2O-N emissions were distributed among the 

periods. From this figure, the shifting of emissions between annual periods (P1-P5) for each 

application time can be observed. Overall, the majority of emissions occurred during P3 of fall 

applications and were more equally distributed between P3 and P4 overall for spring 

applications.  

Table 3-8 Mean N2O emissions (kg N2O-N ha-1) for fall and spring applications of DG and RM in 
treatment years 1 and 2 (sandy-loam field).  Standard deviation of 4 means (i.e. 4 chambers per 
treatment per year) are in brackets. Significant differences (p<0.05) between fall and spring 
applications each year and overall are indicated by different letters in each row.  

 Digestate Raw DG +RM 

Treatment 
Year 

Fall Spring Fall Spring Fall Spring 
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Year 1 14.19(5.07) 5.49(3.58) 7.92(5.03) 3.28(2.70) 11.05a(5.75) 4.39b(3.16) 

Year 2 8.80 (4.04) 12.10(8.94) 3.90(1.47) 2.95(2.21) 6.35a (3.84) 7.53a(7.76) 

Overall 11.49(5.13) 8.80(7.22) 5.91(4.05) 3.12(3.49) 8.70a(5.31) 5.96a(5.95) 

 

Table 3-9 Yield scaled, available N and total N scaled N2O-N emissions for each N source in the 
sandy-loam field  for both treatment years. Significant differences (p<0.05) in annual N2O 
emissions are indicated by different letters within each column. Also, total N2O-N emissions 
from the control during fall and spring treatment years were subtracted from the total and 
available N scaled N2O-N emissions from fall and spring applied treatments respectively. 

 
 

Yield Scaled N2O-N 
Emissions  
(kg N2O-N/kg of N 
uptake) 

Available N Scaled N2O-N 
Emissions (kg N2O-N/ kg 
available N applied) 

Total N Scaled N2O-N 
Emissions (kg N2O-N/kg 
of total N applied) 

Timing Year 1 Year 2 Overall Year 1 Year 2 Overall Year 1 Year 2 Overall 

Fall 0.040a 
(0.026) 

0.026a 
(0.027) 

0.033a 
(0.026) 

0.075a 
(0.048) 

0.030a 
(0.030) 

0.053a 
(0.045) 

0.043a 
(0.027) 

0.020a 
(0.017) 

0.031a 
(0.025) 

Spring 0.006b 
(0.017) 

0.029a 
(0.045) 

0.018a 
(0.035) 

0.014b 
(0.023) 

0.036a 
(0.055) 

0.025a 
(0.042) 

0.005b 
(0.014) 

0.019a 
(0.024) 

0.012b 
(0.020) 

 

Table 3-10 Summary of the ANOVA for the effects of timing on N2O-N emissions in the sandy-
loam field  as well as the effect of interactions of timing with year and N source.  

Basis of Total N2O-N 
Emissions 

Source (effect) F value P value 

Area Scaled Timing 2.51 0.1292 

(kg N2O-N ha-1 ) Timing x N source 0.00 0.9775 

 Timing x year 5.76 0.0262 

 Timing x N source x year 1.61 0.2187 

N Yield Scaled Timing 2.98 0.0997 

(kg N2O-N/ kg of N uptake) Timing x N source 0.00 0.9956 

 Timing x year 4.01 0.0589 

 Timing x N source x year 1.07 0.3126 

Total N Scaled Timing 5.75 0.0263 

(kg N2O-N/kg Total N applied) Timing x N source 0.15 0.7029 

 Timing x year 8.43 0.0088 

 Timing x N source x year 1.21 0.2839 

Available N Scaled Timing 3.89 0.0626 

(kg of N2O-N/kg of available N) Timing x N source 0.01 0.9295 

 Timing x year 7.43 0.0130 

 Timing x N source x year 1.47 0.2398 
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Figure 3.3 Average annual N2O-N emissions from spring and fall applications in the sandy-loam 
field (A)(average annual N2O-N emissions (kg ha-1 yr-1) are broken into periods during each 
treatment year to show how the proportion of annual emissions are distributed differently among 
periods between fall and spring applications, especially during P3 and P4), average annual 
N2O-N emissions scaled by total N (B), biomass N (C) and available N (d) are also presented to 
illustrate how although significant differences in application timing did not arise based on area, 
yield or available N, they did arise when scaled based on total N (B).  

 

3.3.3.2 Clay Field 

3.3.3.2.1 N2O Fluxes 

Mean N2O fluxes of spring and fall applications (of DG and RM combined) were similar 

overall in the clay field (Table 3-11). For example, over the entire study period the mean N2O 

flux for fall applications was 0.015 kg ha-1 d-1 and the mean N2O flux for spring applications was 
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0.013 kg ha-1 d-1 (Table 3-11). As such, there was no significant effect of application timing 

(spring vs. fall) on N2O fluxes in the clay field overall (p=0.7371;Table 3-12). There was 

however, a significant interaction of period x timing on N2O fluxes (p=0.0044; Table 3-12). 

Similar to the results from the sandy-loam field, fall applications resulted in significantly higher 

N2O fluxes in P3 (p=0.0345) while spring applications resulted in significantly higher N2O fluxes 

in P4 (p=0.0019), overall (Table 3-11).  

Table 3-11 Mean N2O fluxes (kg N2O-N ha-1 d-1) during each period for each fall and spring 
application of DG and RM.  as well as for fall and spring applications of DG and RM combined 
(clay field). Standard deviation of chamber means for each period is in brackets. Significant 
differences (p<0.05) between application times (DG +RM combined) are indicated by different 
letters in each row. 

  Digestate Raw DG +RM 

Experimental 
Year 

Period Fall Spring Fall Spring Fall Spring 

Year 1 1 0.012 
(0.008) 

0.000 
(0.000) 

0.009 
(0.007) 

0.000 
(0.000) 

0.011a 
(0.08) 

0.000a 
(0.000) 

 2 0.018 
(0.015) 

0.009 
(0.000) 

0.011 
(0.005) 

0.015 
(0.013) 

0.014a 
(0.011) 

0.012a 
(0.009) 

 3 0.027 
(0.016) 

0.018 
(0.000) 

0.011 
(0.005) 

0.018 
(0.000) 

0.019a 
(0.014) 

0.018a 
(0.000) 

 4 0.008 
(0.004) 

0.022 
(0.008) 

0.017 
(0.012) 

0.023 
(0.011) 

0.012a 
(0.010) 

0.023a 
(0.009) 

 5 0.001 
(0.001) 

0.001 
(0.000) 

0.000 
(0.000) 

0.001 
(0.001) 

0.000a 
(0.000) 

0.001a 
(0.000) 

Year 1 Average 0.013 
(0.013) 

0.010 
(0.010)  

0.010 
(0.009)  

0.011 
(0.012)  

0.011a 
(0.011) 

0.011a 
(0.011) 

Year 2 1 0.004 
(0.005) 

0.002 
(0.002) 

0.007 
(0.003) 

0.001 
(0.001) 

0.006a 
(0.004) 

0.002a 
(0.001) 

 2 0.005 
(0.002) 

0.001 
(0.003) 

0.003 
(0.001) 

0.001 
(0.002) 

0.004a 
(0.002) 

0.001a 
(0.002) 

 3 0.028 
(0.021) 

0.051 
(0.013) 

0.115 
(0.081) 

0.022 
(0.018) 

0.071a 
(0.072) 

0.036b 
(0.021) 

 4 0.038 
(0.020) 

0.054 
(0.024) 

0.033 
(0.020) 

0.052 
(0.023) 

0.035a 
(0.019) 

0.053a 
(0.022) 

 5 0.002 
(0.002) 

0.002 
(0.001) 

0.000 
(0.001) 

0.001 
(0.001) 

0.001a 
(0.002) 

0.001a 
(0.001) 

Year 2 Average 0.015 
(0.019) 

0.022 
(0.028)  

0.032 
(0.055)  

0.016 
(0.023) 

0.023a 
(0.042) 

0.019a 
(0.026) 

Year 3 1 0.003 
(0.004) 

0.002 
(0.004) 

0.001 
(0.001) 

0.003 
(0.003) 

0.002a 
(0.003) 

0.003a 
(0.003) 

 2 0.003 
(0.002) 

0.006 
(0.002) 

0.005 
(0.003) 

0.006 
(0.003) 

0.004a 
(0.003) 

0.006a 
(0.003) 

 3 0.015 
(0.016) 

0.015 
(0.010) 

0.012 
(0.012) 

0.013 
(0.010) 

0.014a 
(0.013) 

0.014a 
(0.009) 

Year 3 Average 0.007 0.008 0.008 0.007 0.006a 0.007a 
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(0.010) (0.008) (0.006) (0.007) (0.009) (0.007) 

Overall P1 0.006 
(0.007) 

0.001 
(0.002) 

0.006 
(0.006) 

0.001 
(0.002) 

0.006a 
(0.006) 

0.001a 
(0.002) 

Overall P2 0.008 
(0.011) 

0.006 
(0.004) 

0.006 
(0.005) 

0.007 
(0.009) 

0.007a 
(0.008) 

0.006a 
(0.007) 

Overall P3 0.023 
(0.017) 

0.028 
(0.019) 

0.046 
(0.066) 

0.018 
(0.011) 

0.035a 
(0.049) 

0.023b 
(0.016) 

Overall P4 0.023 
(0.021) 

0.038 
(0.024) 

0.025 
(0.018) 

0.038 
(0.018) 

0.024a 
(0.019) 

0.038b 
(0.022) 

Overall P5 0.001 
(0.002) 

0.001 
(0.001) 

0.000 
(0.000) 

0.001 
(0.001) 

0.001a 
(0.001) 

0.001a 
(0.001) 

Entire study period 
overall average 

0.012 
(0.015) 

0.014 
(0.019) 

0.017 
(0.036) 

0.012 
(0.017) 

0.015a 
(0.028) 

0.013a 
(0.018) 

 

Table 3-12 Summary of the ANOVA for the effects of application timing on N2O fluxes in the clay 
field. As well as the effects of interactions of timing with period and N source.  

Source (effect) F value P value 

Timing 0.11 0.7371 

Timing x N source 1.52 0.2241 

Timing x period 4.36 0.0044 

Timing x N source x period 2 0.1094 
 

3.3.3.2.2 Annual N2O Emissions  

Similar to the N2O flux results, mean N2O emissions were similar for spring and fall applied 

DG and RM treatments (Table 3-13 and Figure 3.4). As such, there was no significant effect of 

application timing overall on annual N2O-N emissions. There were also no significant 

interactions of timing x year, timing x N source or timing x N source x year (Table 3-15).  

Annual N2O-N emissions from fall and spring applications (DG and RM combined) were 

scaled by N yield, total N and available N applied (Table 3-14), and there was no statistically 

significant effect of application timing overall (Figure 3.4). Interestingly however, in contrast to 

the sandy-loam field, there were higher N2O-N emissions scaled by total N from the fall 

applications compared to spring in year 2 but not in year 1 (i.e. in the sandy-loam field there 

were higher N2O-N emissions scaled by total N from applications in year 1 but not in year 2). 

Such a result may be an indication of a significant interaction of year x field and perhaps 

differences in the ideal conditions required for organic N mineralization or N2O emission 

pathways between fields. 
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Figure 3.4 shows on average, how the total annual N2O-N emissions were distributed among 

annual periods (P1-P5) in the clay field. Again, from this figure the distribution of emissions 

between P3 and P4 can be observed. Indeed, the majority of emissions from fall applications 

occurred during P3, while the majority of emissions from spring application occurred during P4. 

Table 3-13 Mean N2O emissions (kg N2O-N ha-1) for fall and spring applications of DG and RM 
in treatment years 1 and 2 (clay field). Standard deviation of 4 means (i.e. 4 chambers per 
treatment per year) are in brackets.  

 Digestate Raw DG + RM 

Treatment Year Fall Spring Fall Spring Fall Spring 

Year 1 3.96(2.33) 4.14(0.89) 3.49(1.03) 2.66(0.83) 3.12a(1.69) 3.40a(1.12) 

Year 2 5.33(1.89) 6.22(2.64) 9.07(2.75) 5.89(2.13) 7.20a(2.96) 6.06a(2.22) 

Overall 4.64(2.09) 5.18(2.13) 6.28(3.55) 4.28(2.29) 5.46a(2.94) 4.73a(2.19) 

 

Table 3-14 Yield scaled, available N and total N scaled N2O-N emissions for each N source in 
the clay field  for both treatment years. Significant differences (p<0.05) in annual N2O emissions 
are indicated by different letters within each column. Also, total N2O-N emissions from the 
control during fall and spring treatment years were subtracted from the total and available N 
scaled N2O-N emissions from fall and spring applied treatments respectively. 

 
 

Yield Scaled N2O-N 
Emissions (kg N2O-N/kg 
of N uptake) 

Available N Scaled N2O-
N Emissions (kg N2O-N/ 
kg available N applied) 

Total N scaled N2O-N 
Emissions (kg N2O-N/kg of 
total N applied) 

TRT Year 1 Year 2 Overall Year 1 Year 2 Overall Year 1 Year 2 Overall 

Fall 
0.011a 
(0.011) 

0.036a 
(0.023) 

0.024a 
(0.022) 

0.014a 
(0.015) 

0.040a 
(0.024) 

0.027a 
(0.024) 

0.008a 
(0.008) 

0.025a 
(0.015) 

0.016a 
(0.014) 

Spring 
0.019a 
(0.006) 

0.029a 
(0.014) 

0.024a 
(0.011) 

0.020a 
(0.008) 

0.028a 
(0.024) 

0.024a 
(0.013) 

0.010a 
(0.004) 

0.014b 
(0.008) 

0.012a 
(0.007) 

 

Table 3-15 Summary of the ANOVA for the effects of timing on N2O-N emissions in the clay field 
as well as the interaction of timing with other factors including year and N source.  

Basis of Total N2O-N Emissions Source (effect) F value P value 

Area Scaled Timing 0.81 0.3796 

(kg N2O-N ha-1 ) Timing x N source 2.42 0.1352 

 Timing x year 0.38 0.5435 

 Timing x N source x year 1.33 0.2629 

N Yield Scaled Timing 0.00 1.0000 

(kg N2O-N/ Kg of N uptake) Timing x N source 3.63 0.0712 

 Timing x year 3.87 0.0632 

 Timing x N source x year 2.69 0.1167 

Total N Scaled Timing 1.44 0.2446 

(kg N2O-N/kg Total N applied) Timing x N source 2.36 0.1401 

 Timing x year 5.48 0.0297 

 Timing x N source x year 2.90 0.1038 
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Available N Scaled Timing 0.24 0.6309 

(kg of N2O-N/kg of available N) Timing x N source 2.75 0.1127 

 Timing x year 3.08 0.0945 

 Timing x N source x year 1.66 0.2126 

 

Figure 3.4 Average annual N2O-N emissions from spring and fall applications in the clay field (A) 
(average annual N2O-N emissions (kg ha-1 yr-1) are broken into periods during each treatment 
year to show how the proportion of annual emissions are distributed differently among periods 
between fall and spring applications, especially during P3 and P4), average annual N2O-N 
emissions scaled by total N (B), biomass N (C) and available N (d) are also presented to 
illustrate how significant differences in application timing did not arise in any of these scaled 
N2O-N emissions.  
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3.3.3.3 Discussion (Effect of Timing on N2O Emissions) 

Due to the limited number of chamber sampling studies conducted year round on both 

spring and fall applications of animal manures, direct comparisons between this study and 

others are few. One study, conducted by Rochette et al. (2004) on a loam soil near Quebec 

City, measured N2O fluxes from chambers during snow free periods and found higher N2O 

fluxes from spring compared to fall applications. Their results were attributed to more favourable 

conditions for nitrification and denitrification in the spring as opposed to the fall. The contrasting 

results between this study and ours could be attributed to the fact that—depending on the 

climatic conditions in the year of their study (October 1998- October 1999)— peak N2O fluxes 

may have occurred during the snow covered period when there was a break in sampling. For 

example, in year 1 of the present study, peak N2O fluxes occurred in mid-March but according 

Rochette et al. (2004), chamber sampling did not commence until mid-April in the year of their 

study. As such, results from our study would likely be similar had we not included peak emission 

events during the spring thaw (P3).  

Hernandez et al. (2009a) also conducted a study comparing fall and spring applications of 

manure on N2O emissions and concluded that fall applications were an N2O mitigation strategy. 

Similar to the results reported by Rochette et al. (2004), N2O emissions from spring applications 

of liquid swine manure were 1.8 to 3.4-fold greater than from fall applications. Again, the 

measurements conducted by Hernandez et al. (2009a) were only collected during the growing 

season, albeit their growing season ranged from Mar –Nov and Mar-Dec but in a climate that 

has a mean annual air temperature 5°C warmer than Ottawa, ON. This suggests that while their 

measurement period might have captured spring thaw fluxes in a colder climate, spring thaw 

may have occurred earlier in their region due to warmer annual temperatures (i.e. January or 

February) which may not have been captured.   

In contrast, Hao et al. (2001) reported significantly higher N2O emissions from a fall 

compared to spring fertilizer application (100 kg NH4 + NO3 ha-1), which they attributed to a 

period of increased denitrification, during winter and spring, following fall applications. It is 

noteworthy however, that they also reported reducing their frequency in flux measurements 

during late May and early June (which is the equivalent of P4 in the present study when peak 

emissions occurred). They reduced their sampling frequency based on previous studies that 

suggested large fluxes did not occur during that period (Chang et al. 1998; Lemke et al. 1998). 

Although, large fluxes may not occur during that period in the case of their study, especially 
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considering it was conducted in a different geographic location (Lethbridge, Alberta), the 

outcome of the present study would suggest otherwise: that large fluxes do indeed occur in late 

May and early June, due to the combination of spring N applications as well as increased 

precipitation and thus conditions potentially favourable for denitrification.  

As explained by Rochette et al. (2004),  the impact of manure application timing depends on 

the interaction of climate, crop and soil type which can change depending on the year. Indeed, 

there was a significant interaction of timing x year on N2O emissions in the sandy-loam field and 

clay field (depending on how N2O-N emission were scaled), but overall, there was no significant 

difference in application timing on either N2O fluxes or annual N2O emissions in either field.   

3.3.4 Effect of N Source on N2O Fluxes and N2O Emissions  

3.3.4.1 Sandy-loam field 

3.3.4.1.1 N2O Fluxes (Digestate & Raw Dairy Manure) 

The mean N2O fluxes from DG and RM treatments (spring and fall applications combined for 

each), for each period in each experimental year are shown in Table 3-16. Depending on the 

period, DG had a greater than or equal mean N2O flux compared to RM (Table 3-16).  As such, 

DG had significantly higher mean N2O fluxes than RM overall (p=0.0011;Table 3-17).  There 

was also a significant interaction of N source x period (p=0.0007; Table 3-17) whereby DG had 

significantly higher mean N2O fluxes in P3 and P4 compared to RM (p=<0.0001 and p=0.0088, 

for P3 and P4 respectively). Interestingly, there was no significant effect of N source x year or N 

source x period x year on mean N2O fluxes (see Table 3-17). That stated, there was an overall 

significant difference between DG and RM treatments in year 2 but not in years 1 or 3—

potentially due to the fact year 1 was drier and thus less denitrification may have occurred 

compared to year 2 and measurements were not captured in P4 of year 3 (the other peak 

emission period when differences between DG and RM tended to arise) (see Table 3-16).  

Table 3-16 Mean N2O Fluxes (kg N2O-N ha-1 d-1) of DG and RM treatments in each period of 
each year (sandy-loam field).  Standard deviation of the chamber means for each period are 
provided in brackets. Significant differences (p<0.05) in N2O fluxes between DG and RM in each 
period of each year are indicated by different letters.  

Experimental Year Period DG RM 

1 1 0.008(0.009)a 0.007(0.007)a 

 2 0.017(0.031)a 0.012(0.018)a 

 3 0.081(0.074)a 0.041(0.041)b 

 4 0.021(0.017)a 0.014(0.011)a 

 5 0.001(0.001)a 0.001(0.001)a 
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Year 1 Average 0.026(0.045)a 0.015(0.024)a 

2 1 0.005(0.004)a 0.002(0.002)a 

 2 0.009(0.017)a 0.004(0.007)a 

 3 0.087(0.061)a 0.040(0.030)b 

 4 0.041(0.057)a 0.014(0.014)b 

 5 0.003(0.001)a 0.002(0.001)a 

Year 2 Average 0.029(0.049)a 0.012(0.020)b 

3 1 0.001(0.001)a 0.001(0.001)a 

 2 0.003(0.007)a 0.001(0.003)a 

 3 0.048(0.066)a 0.011(0.014)b 

Year 3 Average 0.017(0.043)a 0.011(0.020)a 

Entire Experimental Period 0.025(0.046)a 0.011(0.020)b 

 

Table 3-17 Summary of the ANOVA for the effects of N source on N2O fluxes in the sandy-loam 
fieldas well as the effects of the interaction of N source with period and year.  

Experimental Years Source (effect) F value P value 

All years N source 12.03 0.0011 

 N source x period 5.79 0.0007 

Year 1 and 2 N source x period 4.72 0.0015 

 N source x year 1.04 0.3102 

 N source x period x year 0.3 0.8805 

Year 1,2 and 3* N source x period 9.23 0.0002 

 N source x year 0.22 0.8067 

 N source x period x year 0.08 0.9879 

* Note that mean N2O fluxes from only P1-P3 were included in the ANOVA that tested for 
significant differences between N sources in experimental years 1, 2 and 3 in order to keep a 
balanced dataset (see section 3.2.4 for more description on the N2O flux statistical analysis). 

 

3.3.4.1.2 N2O Fluxes (DF, RF, DS, RS, IS, C) 

The mean N2O fluxes of each treatment for each period in each experimental year are 

shown in Table 3-18. In contrast to the comparison of only DG and RM, there was no significant 

effect of treatment (i.e. DF, RF, DS, IS and C) on mean N2O fluxes overall (p=0.2339;Table 

3-19). There was however, a significant interaction of treatment x period, treatment x year 

(years 1 and 2 and years 1, 2 and 3) and treatment x period x year (years 1, 2 and 3) on N2O 

fluxes (Table 3-19). Indeed, comparisons of mean N2O fluxes in each period of each 

experimental year show significant differences between some treatments in P3 and P4 but not 

P1, P2 or P5 (Table 3-18).  

More specifically, in P3 of year 1, DF had significantly higher N2O fluxes than RF 

(p=0.0002); both of which, had significantly higher N2O fluxes than C (p=<0.0001 and p=0.0065, 

for DF and RF respectively). Following spring applications (i.e. in P4) in year 1, IS had 
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significantly higher N2O fluxes than the other spring applications of N: RS (p=0.0003) and DS 

(p=0.0016) as well as C (p=0.0019). Since IS, DS and RS treatments were all applied at the 

same rate of available N, differences in peak N2O fluxes between these spring treatments in 

year 1 (Table 3-18), were likely the result of other N source characteristics, and the interaction 

of environmental factors or the influence of cropping management history. For instance, the 

higher N2O fluxes from IS, may be due to the history of long term manure applications on site 

inducing a “priming effect” on microbial communities (Bingeman et al. 1953) –a stimulation in 

the decomposition of soil organic matter from the addition of organic amendments—which can 

exacerbate N2O emissions especially when an inorganic form of N is applied to the soil (Pearce 

et al. 2013). Thus, although the manure applications from previous years on the field sites could 

influence N2O fluxes on all plots, the magnitude of the priming effect may be more pronounced 

in the inorganic plots where the added inorganic N may be more readily available due to the fact 

C was not added with this treatment (Pearce et al. 2014).  

Of the studies that have examined the difference in N2O fluxes between inorganic and 

organic amendments, there has been no consistent conclusion in terms of which N source 

produces more N2O emissions. For instance, Pelster et al. (2012) conducted a study near 

Quebec City comparing the N2O emissions of mineral and organic N sources on both a sandy 

loam and silty clay soil. They found, contrary to our results from the spring applications in year 

1, that the organic amendments applied to the sandy loam had increased N2O fluxes compared 

to the inorganic treatment. They attributed these results to the fact that the manure amendments 

stimulated N2O emissions through added available C which increased soil respiration, 

potentially creating more anaerobic sites ideal for denitrification. Peterson (1999), also found 

lower N2O emissions from inorganic treatments and more specifically, found that N2O peaks 

from urea compared to untreated and anaerobically digested slurry were lower and more 

gradual over time, again due to the differences in added metabolizable C. Vallejo et al. (2006) 

however, observed increased N2O emissions from inorganic compared to the organic fertilizers 

they studied. Interestingly, they attributed the N2O emissions from the inorganic fertilizer to 

nitrification and the N2O emissions from the organic amendments to denitrification. This 

argument could also potentially explain the episode of enhanced N2O fluxes by IS observed in 

our study during P4 of year 1, which was a relatively dry year, when more aerobic conditions 

ideal for nitrification likely occurred, compared to P4 of year 2 when IS did not have significantly 

higher N2O fluxes than the organic treatments (Table 3-18). 
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During P3 in year 2, DF, had once again, significantly higher N2O fluxes than RF (p=0.0007) 

(similar to year 1) and almost one year following the spring application in 2012, DS had 

significantly higher N2O fluxes than RS (p=0.0438) (Table 3-18). Interestingly, there was no 

significant difference between these two treatments (DS and RS) during P4 of year 1 when the 

spring treatments were first applied. This delay in mean N2O flux differences between 

treatments may be attributed to an initial immobilization of N followed by greater mineralization 

of the organic N supplied by DS compared to RS over time. For instance, if an added substrate 

has a low C/N ratio compared to the C/N ratio of the microorganisms—which is especially the 

case for DG compared to RM—N will be in excess and thus converted from organic N form to 

ammonium N (Schulten and Schnitzer 1997).   

Following the second spring application (i.e. May 2013), in P4 of year 2, DS had significantly 

higher N2O fluxes than RS (p=0.0059), C (p=0.0042) and IS (p=0.0143) (Table 3-18). Although 

IS produced significantly higher N2O fluxes compared to the organic amendments following the 

first spring application in year 1—which as previously mentioned, could have been due to 

relatively higher rates of nitrification—the higher N2O fluxes from DS compared to IS in year 2 

may be attributed to the mineralization of additional organic N supplied by DS in year 1. Thus, 

the additional N supplied in combination with a wetter year (year 2) may have led to increased 

denitrification in the DS compared to IS plots. Although the total N added by DS was slightly 

higher than RS in both years, this explanation may not sufficiently explain the difference in N2O 

fluxes between the organic amendments, which could more likely be attributed to their 

differences in C: N ratios.      

By the spring thaw (i.e. P3) of year 3, the significant differences between treatments were 

the same as that reported for P4 of year 2 (i.e. the previous peak N2O flux period), whereby DS 

had significantly higher N2O fluxes compared to RS (p=<0.0001), IS (p=<0.0001) and C 

(p=0.0021) (Table 3-18). Such treatment differences were expected considering there had been 

no prior N applications between the peak N2O flux in P4 of year 2 and P3 of year 3.   

Overall, N source effects on N2O fluxes became apparent during periods of peak fluxes. 

Although no overall significant treatment effects (at p<0.05) resulted among all treatments (RF, 

RS, DF, DS, IS and C) over the entire span of the experiment, significant treatment effects did 

result when the interactions of treatment x year and treatment x period x year were included as 

well as when only DG and RM mean N2O fluxes were compared. As such, it became apparent 

that there was a tendency for higher N2O fluxes from DF compared to RF during spring thaw 
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and that DS tended to produce higher N2O fluxes than RS during both P3 and P4 (during spring 

thaw and following spring applications) (Table 3-18).   

Table 3-18 Mean N2O fluxes (kg N2O-N ha-1 d-1) of each treatment in each period of each 
experimental year (sandy-loam field). Significant differences (p<0.05) in N2O fluxes between 
treatments within each period of each experimental year are indicated with different letters 
within each row. Note: there were no significant differences between treatments in P1, P2 or P5, 
therefore letters are not shown for those rows.  

Year Period DF RF DS RS IS C 

1 1 0.015 
(0.006) 

0.011 
(0.008) 

0.001 
(0.000) 

0.003 
(0.005) 

0.001 
(0.000) 

0.001 
(0.001) 

 2 0.029 
(0.043) 

0.021 
(0.023) 

0.005 
(0.002) 

0.003 
(0.000) 

0.007 
(0.008) 

0.003 
(0.004) 

 3 0.144a 
(0.044) 

0.070b 
(0.040) 

0.018c 
(0.007) 

0.012c 
(0.000) 

0.012c 
(0.000) 

0.012c 
(0.017) 

 4 0.015b 
(0.006) 

0.010b 
(0.007) 

0.026b 
(0.023) 

0.017b 
(0.014) 

0.080a 
(0.053) 

0.016b 
(0.000) 

 5 0.002 
(0.002) 

0.001 
(0.001) 

0.000 
(0.001) 

0.001 
(0.001) 

0.001 
(0.001) 

0.000 
(0.000) 

Year 1 Overall 0.041a 
(0.059) 

0.023ab 
(0.031) 

0.010b 
(0.014) 

0.007b 
(0.009) 

0.020b 
(0.038) 

0.006b 
(0.009) 

2 1 0.007 
(0.003) 

0.003 
(0.001) 

0.002 
(0.002) 

0.001 
(0.003) 

0.002 
(0.001) 

0.000 
(0.000) 

 2 0.018 
(0.022) 

0.009 
(0.007) 

0.000 
(0.001) 

0.000 
(0.000) 

0.00 
(0.000) 

0.001 
(0.000) 

 3 0.106a 
(0.071) 

0.047b 
(0.033) 

0.067b 
(0.052) 

0.033b 
(0.030) 

0.049b 
(0.049) 

0.027b 
(0.000) 

 4 0.012b 
(0.005) 

0.006b 
(0.002) 

0.069a 
(0.073) 

0.021b 
(0.017) 

0.026b 
(0.011) 

0.009b 
(0.002) 

 5 0.003 
(0.000) 

0.002 
(0.002) 

0.003 
(0.001) 

0.002 
(0.001) 

0.002 
(0.003) 

0.001 
(0.000) 

Year 2 Overall 0.029a 
(0.050) 

0.013a 
(0.022) 

0.028a 
(0.049) 

0.011a* 
(0.019) 

0.016a 
(0.028) 

0.008a* 
(0.011) 

3 1 0.001 
(0.001) 

0.001 
(0.001) 

0.002 
(0.001) 

0.001 
(0.001) 

0.001 
(0.001) 

0.002 
(0.001) 

 2 0.006 
(0.009) 

0.002 
(0.004) 

0.000 
(0.000) 

0.000 
(0.001) 

0.014 
(0.012) 

0.000 
(0.000) 

 3 0.007b 
(0.005) 

0.004b 
(0.005) 

0.089a 
(0.075) 

0.018b 
(0.017) 

0.005b 
(0.003) 

0.022b 
(0.018) 

Year 3 Overall 0.004a 
(0.006) 

0.002a 
(0.003) 

0.030b 
(0.059) 

0.006a 
(0.012) 

0.007a 
(0.009) 

0.008ab 
(0.014) 

Overall Years 0.028a 
(0.049) 

0.014a 
(0.025) 

0.022a 
(0.042) 

0.009a* 
(0.014) 

0.015a 
(0.029) 

0.007a 
(0.010) 

*indicates a tendency for a significant difference (i.e. p value=0.05). Also note that significant 
differences between treatments for year 1 and year 2 were from an ANOVA only including those 
years (years 1 and 2) while significant differences between treatments in year 3 were from an 
ANOVA where years 1,2,3 were included but with only P1,P2 and P3 included in order to keep 
the dataset balanced. 
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Table 3-19 Summary of the ANOVA for the effects of treatment on N2O fluxes in the sandy-loam 
fieldas well as the interaction of treatment with period and year. Treatment is associated with an 
ANOVA whereby all treatments were included and N source and timing were combined as one 
treatment (i.e. RF, RS, DF, DS, I, C).  

Experimental Year Source (effect) F value P value 

All years Treatment 1.99 0.2339 

 Treatment x period 5.04 <.0001 

Year 1 and 2 Treatment x year 2.6 0.0274 

 Treatment x period x year 1.39 0.133 

Year 1,2 and 3* Treatment x year 5.01 <.0001 

 Treatment x period x year 2.64 0.0005 

* Note that mean N2O fluxes from only P1-P3 were included in the ANOVA that tested for 
significant differences between N sources in experimental years 1, 2 and 3 in order to keep a 
balanced dataset (see section 3.2.4 for more description on the N2O flux statistical analysis). 

 

3.3.4.1.3 Annual N2O Emissions  

The average annual N2O-N emission among chambers in the sandy-loam field was 6.3 kg 

N2O-N ha-1 yr-1. The highest annual N2O emission (23.6 kg ha-1) was from a chamber in a DS 

plot. Interestingly, this chamber had a cumulative N2O-N emission 2x higher than its replicate 

(10.6 kg ha-1 yr-1) in the same plot (Table 3-20). The spatial variability associated with chamber 

N2O flux measurements and N2O-N emissions has been reported by numerous authors and 

areas of relatively higher N2O emissions are often referred to as “hot spots” (Helgason et al. 

2005; Amon et al. 2007; van den Heuvel et al. 2009; Gagnon et al. 2011).  Such “hot spots” may 

be attributed to an uneven distribution of manure during application which could result in some 

areas receiving more additions of organic material than others. Nevertheless, care was taken to 

place chambers in representative areas within each plot (i.e. areas that were similar to each 

other—away from areas of compaction and in between corn rows—but also meters apart to 

more accurately represent the entire plot).  

Among DG and RM nitrogen sources, the average annual N2O-N emission ranged from 3.4 

(RM) to 10.5 (DG) kg N ha-1 yr-1 (Table 3-20) and among treatments, the average annual N2O 

emissions ranged from 2.42 (C) to 14.19 (DF) kg N ha-1 yr-1 (Table 3-22 and Figure 3.5). 

Rochette et al. (2000), reported N2O-N emissions of 4.16 kg ha-1 over a 12 month period for pig 

slurry applied to a loam soil in the spring, resulting in a total N emission factor of 1.65%. In our 

study, annual N2O-N emissions from the spring applied raw manure (RS) were slightly lower, 

averaging between 3.28 kg N ha-1 in year 1 and 2.95 kg N ha-1 in year 2 (Table 3-22) , which 

resulted in an average total N emission factor over the two years of 1.16%. The difference in 
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N2O emissions from the raw manure applied in this study compared to the pig slurry reported by 

Rochette et al. (2000) may be attributed to a combination of: different manure characteristics, 

application type (banded instead of surface applied before planting) and soil properties. In 

contrast, Clemens et al. (2006) reported annual emissions from untreated and digested slurry 

ranging between 0.29-0.41 kg N2O-N ha-1 yr-1. This range is much lower than the annual N2O-N 

emissions observed from any of the treatments including the control in the present study, which 

may be due to different N source characteristics, environmental conditions, and a lower N2O flux 

sampling frequency. For instance, their N2O flux sampling frequency decreased to once a month 

near the end of their experimental period which may have resulted in peak fluxes not being 

captured. Also, their soil was described as poorly drained which may have contributed to a 

lower N2O/N2 emission ratio, as more N2O may have been reduced to N2 via complete 

denitrification under a longer period of anaerobic soil conditions. 

As shown in Table 3-20, the digestate treatments (DG) had higher average annual N2O-N 

emissions than the raw manure treatments (RM) in both treatment years. As such, DG had 

significantly higher annual N2O-N emissions overall compared to RM (p=0.004; Table 3-21). 

There was no significant difference in annual N2O-N emissions between treatment years, nor 

was there a significant interaction of N source x year (Table 3-21). Similarly, when N sources 

were compared on a yield, available N and total N scaled basis, DG had significantly higher 

N2O-N emissions overall (Table 3-21). 

Slightly higher cumulative N2O emissions from biogas residues compared to cattle slurry, 

although not significantly different, were also reported in a study by Senbayram et al. (2009). 

They attributed the higher N2O emissions from the less viscous biogas digestate, to better soil 

infiltration which may have led to more denitrification occurring deeper in the soil. Another study 

by Eickenscheidt et al. (2014), although conducted on organic rather than mineral soils, found 

significantly higher N2O emissions from their digestate treatments compared to cattle slurry. 

They attributed higher emissions to the higher pH and lower C/N ratio of the digestate which 

may have led to increased soil organic matter mineralization or a “priming effect”. For instance, 

a lower C:N ratio may improve mineralization rates by providing more N to organisms where 

carbon is in excess and more alkaline soils, or added substrates with a relatively higher pH, can 

increase soil organic matter decomposition. 

A comparison of annual N2O-N emissions among treatments (i.e. DF, RF, DS, RS, IS, C) 

showed the highest N2O-N emissions were from DF in year 1 (14.2 kg ha-1 yr-1) and DS in year 
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2 (12.1 kg ha-1 yr-1) (Table 3-22). Similar to the effect of N source, treatment also had a 

significant effect on annual N2O-N emissions in the sandy-loam field overall (p=0.0245;Table 

3-24). More specifically, DF and DS had higher total N2O-N emissions compared to RF and RS 

respectively (DF>RF, p=0.0377 and DS>RS, p=0.0347). Also, DF had significantly higher 

annual N2O-N emissions compared to IS (p=0.0388), RS (p=0.0029) and C (p=0.0073). 

However, no other treatments had significantly higher annual N2O-N emissions compared to the 

control overall, except for a tendency by DS (p=0.0514). Again, there was no significant effect of 

year, nor was there an interaction of treatment x year when all treatments were compared 

based on the average annual N2O-N emissions overall (Table 3-24). Interestingly, there was 

also no significant effect of treatment, year, or treatment x year based on yield, available N or 

total N scaled N2O-N emissions (Table 3-24 and Figure 3.5).  

The total N emission factors for DF and DS treatments ranged from 1.0-5.8% (Table 3-23). 

In comparison, the emission factor for IS ranged from 1.2-3.7% and from 0.2-2.8% among the 

RF and RS treatments (Table 3-23). These results indicate variability in emission factors among 

different N sources. In addition, the maximum emission factor for each treatment was at least 

1% higher than the default emission factor (EF1) as outlined by the IPCC (2006). While some 

studies have also found higher fertilizer induced emission factors than those used for national 

inventories (Gagnon et al. 2011; Nash et al. 2012), others have reported emission factors less 

than or equal to that outlined by the IPCC (Dusenbury et al. 2008; Venterea et al. 2011a).  

Again, such contrasts among studies can easily be attributed to the complexity and variability of 

N2O production due to numerous influencing factors, such as soil type, crop type, tillage 

practices, type of N source applied, timing of application, geographic location and yearly 

weather conditions.  

Of the studies that have compared anaerobically digested manure or digestate to raw 

manure or zero-N controls, some have reported lower N2O emissions from digestate or non-

significant differences between the treatments studied (Amon et al. 2006; Clemens et al. 2006; 

Vallejo et al. 2006; Chantigny et al. 2007; Pezzolla et al. 2012; Johansen et al. 2013), while 

others have found the opposite, or, differences in N2O emissions between treatments that were 

dependent upon the interaction of other environmental or management factors (Sänger et al. 

2010; Chiyoka et al. 2011; Eickenscheidt et al. 2014). Similar to the annual N2O-N emission 

results presented here for the sandy-loam field, a laboratory study, comparing biogas slurry and 

composted cattle manure on a silt loam soil also found higher N2O emissions from biogas 

compared to the cattle manure amended soil (Sänger et al. 2010). However, it should be noted 
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that they applied their N sources based on total N, as such, the ratio of mineral to organic N in 

the biogas slurry was likely much higher than their composted cattle manure. In addition, 

differences such as application rates, soil textures, anaerobic digestion procedures, 

environmental conditions and the duration of experiments among studies evaluating N2O 

emissions from land applied digestate, make it difficult to compare results with confidence. 

Indeed, such factors have been acknowledged, by some studies to potentially influence their 

results (Senbayram et al. 2009; Chiyoka et al. 2011; Pezzolla et al. 2012; Walsh et al. 2012). 

Thus, more studies evaluating the impact of digestate on N2O fluxes are needed in order to 

account for the effect of different N source characteristics and environmental conditions on N2O 

fluxes. 

Table 3-20 Average annual N2O-N emissions (kg ha-1 yr-1) for DG and RM N sources   in the 
sandy-loam field for treatment years 1 and 2. Significant differences (p<0.05) between N 
sources for each year and overall are indicated by different letters. 

Treatment Year N source Average Annual  N2O-N 
Emissions*  

Std dev Min. Max. 

1 DG 9.84a 6.172 2.854 19.548 

 RM 5.60a 4.486 1.330 12.231 

2 DG 10.45a 6.658 1.908 23.642 

 RM 3.43b 1.811 1.088 5.894 

Overall** DG 10.14a 6.210 1.908 23.642 

 RM 4.52b 3.490 1.088 12.231 

*N=8 (i.e. each N source has 8 chambers, 4 in spring applied plots and 4 in fall applied plots). 
**N=16 for both treatment years overall. 

 

Table 3-21 Summary of the ANOVA for the effects of N source and its interaction with year on 
annual N2O-N Emissions in the sandy-loam field. 

Basis of N2O-N Emissions Effect F value P value 

Area based N source 10.54 0.004 

(kg ha-1 yr-1) Year  0.23 0.6362 

 N source x year 0.73 0.4042 

Yield Based N source 12.41 0.0021 

(kg N2O-N/kg of N uptake) Year  0.23 0.6340 

 N source x year 1.38 0.2542 

Total N Based N source 7.34 0.0135 

 Year  0.49 0.4916 

 N source x year 0.09 0.7670 

Available N based N source 8.75 0.0078 

 Year  0.83 0.3743 

 N source x year 0.65 0.4288 
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Table 3-22 Average annual N2O emissions (kg N2O-N ha-1 yr-1) for each treatment in the sandy-
loam field  in treatment years 1 and 2as well as the overall annual average.The mean is 
calculated from the total N2O emissions of each chamber within each treatment each year 
(n=4). For the control, an average of the total N2O emissions over fall and spring treatment 
years was used, thus for each of the two chambers positioned in the control plot there was an 
average annual N2O-N emissions calculated for fall and spring treatments years 1 and fall and 
spring treatment years 2 (n=4). Significant differences (p<0.05) between mean N2O-N emissions 
are indicated by different letters in each year. When the average annual N2O-N emissions was 
calculated among all years n=8. 

Treatment Year Treatment Mean Std Dev Min. Max. 

1 DF 14.19a 5.07 9.84 19.55 

  RF 7.92ba 5.03 2.41 12.23 

  DS 5.50b 3.58 2.85 10.71 

  RS 3.28b 2.70 1.33 7.05 

  IS 7.82ba 5.60 1.90 14.48 

  C 2.42b* 0.78 1.87 2.98 

2 DF 8.80ab 4.04 4.17 13.12 

  RF 3.90b 1.47 2.36 5.89 

  DS 12.10a 8.94 1.91 23.64 

  RS 2.95b 2.21 1.09 5.64 

  IS 4.07b 1.23 3.04 5.82 

  C 2.42b* 0.39 2.15 2.70 

Overall Years** DF 11.50a 5.13 4.17 19.55 

 RF 5.91bc 4.05 2.36 12.23 

 DS 8.80ab 7.22 1.91 23.64 

 RS 3.12cd 2.29 1.09 7.05 

 IS 5.95bc 4.26 1.90 14.48 

 C 2.42cd 0.50 1.87 2.98 

* Although it is odd, the mean total N2O-N emission for the control (C) was the same in year 1 
and year 2. ** Overall years, DS>C at a significance level of p=0.05 but not less than 0.05. 

 

Table 3-23 Yield scaled, available N and total N scaled N2O-N emissions for each treatment 
(TRT) in the sandy-loam field for both treatment years. Significant differences (p<0.05) in annual 
N2O emissions are indicated by different letters within each column. 

 
Yield Scaled N2O-N 
Emissions (kg N2O-N/kg 
of N uptake) 

Available N Scaled N2O-N 
Emissions (kg N2O-N/ kg 
available N applied)* 

Total N scaled N2O-N 
Emissions (kg N2O-N/kg 
of total N applied)* 

TRT Year 1 Year 2 Overall Year 1 Year 2 Overall Year 1 Year 2 Overall 

DF 0.055a 0.045a 0.049a 0.099a 0.050a 0.073a 0.058a 
0.029
a 

0.044a 

RF 
0.027a
b 

0.011b 
0.018a
b 

0.054a
b 

0.012a
b 

0.033a
b 

0.028a
b 

0.007
a 

0.019a
b 

DS 0.013b 0.057a 
0.034a
b 

0.020b 
0.066a
b 

0.046a
b 

0.010b 
0.033
a 

0.021a
b 

RS 0.002b 0.002b 0.001b 0.005b 0.004b 0.004b 0.002b 
0.002
a 

0.003b 

IS 0.029a 0.009b 0.019a 0.037b 0.012b 0.021a 0.037a 0.012 0.020a
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b b b b a b 

C 
0.032a
b 

0.022a
b 

0.028a
b 

N/A N/A N/A N/A N/A N/A 

* Total N2O-N emissions from the control during fall and spring treatment years were subtracted 
from the total and available N scaled N2O-N emissions from fall and spring applied treatments 
respectively. 

 

Table 3-24 Summary of ANOVA for the effects of treatment and its interaction with year on 
annual N2O-N emissions in the sandy-loam field 

Basis of N2O-N Emissions Effect F value P value 

Area based Treatment 3.1 0.0245 

(kg ha-1) Year  0.74 0.3961 

 Treatment x year 2.07 0.1003 

Yield based Treatment 3.5 0.0979 

(kg of N2O-N/kg of N uptake) Year 0.05 0.8282 

 Treatment x year 1.82 0.1434 

Total N based Treatment 2.23 0.2016 

 Year 1.88 0.1821 

 Treatment x year 2.42 0.0749 

Available N based Treatment 3.24 0.1145 

 Year 1.66 0.2097 

 Treatment x year 2.71 0.053 
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Figure 3.5 Average annual N2O-N emissions scaled by area (A), total N (B), biomass N (C) and 
available N (D) in the sandy-loam field.  Overall significant differences in N2O-N emissions 
between treatments are indicated by different letters. * DS>C at a significance level of p=0.05 
but not less than 0.05. 

 

3.3.4.1.4 Direct + Indirect N2O Emissions  

Nitrate leaching results from chapter 2 were used to estimate indirect N2O emissions from 

each treatment during treatment year 2 (i.e. when lysimeters were installed). A comparison of 

the direct N2O emissions with NO3-N leaching measurements show that while RS resulted in the 

lowest direct N2O emissions, this treatment generated the highest NO3-N leached and thus the 

highest indirect N2O-N emissions (Table 3-25). The contribution of indirect N2O–N emissions 

however, as it is estimated using the IPCC EF5 (0.0075) is relatively low compared to the direct 

N2O emissions. Thus, while RS resulted in the highest NO3-N leaching, total (direct +indirect) 
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N2O-N emissions were still the highest from DS, followed by DF, IS, RF, RS and C (Table 

3-25).That stated, although RS and C had the lowest total N2O-N emissions during treatment 

year 2, RS and C had the highest proportion of total N2O-N emissions attributed to indirect 

emissions (10.3 and 6.2% respectively, see Table 3-25).  

As such, results from both the direct N2O fluxes and cumulative N2O-N emissions in the 

sandy-loam field suggest a tendency for higher atmospheric N losses from field applications of 

DG compared to RM treatments. Although these results may support applications of RM as a 

beneficial management practice for reducing cropping system GHGs in comparison to 

applications of DG, a number of factors must be taken into consideration, including: the other 

additional benefits associated with the anaerobic digestion of manure such as the reduction of 

methane from manure storage as well as its use as a renewable energy source. In addition, the 

greatest NO3-N leached and thus the highest indirect N2O-N emissions were from RS, 

suggesting that a substantial portion of the N from applications of RM is still lost from the 

cropping system even if not directly as N2O.  

Table 3-25 Direct and indirect N2O emissions (kg N2O-N ha-1 yr-1) and nitrate leached (kg ha-1 
yr1) for each treatment (TRT) in treatment year 2 (sandy-loam field). The indirect N2O emissions 
were estimated using the IPCC’s emission factor for leaching and/or runoff (EF5) of 0.0075. The 
standard deviation of the average total (direct + indirect) annual N2O-N emissions is in brackets.  

TRT N2O-N (direct) NO3-N 
leached  

N2O-N (indirect) Total N2O-N  
(direct + indirect)  

% of total N2O-
N from indirect 
emissions 

DF 8.80 20.0 0.15 8.95 (3.96) 1.7 

RF 3.90 11.5 0.09 3.99 (1.44) 2.3 

DS 12.10 33.3 0.25 12.35 (9.15) 2.0 

RS 2.95 45.0 0.34 3.29 (2.25) 10.3 

IS 4.07 19.4 0.15 4.22 (1.31) 3.6 

CS 2.42 20.8 0.16 2.58 (0.36) 6.2 

 

3.3.4.2 Clay Field 

3.3.4.2.1 N2O Fluxes (Digestate & Raw Dairy Manure) 

Mean N2O fluxes for DG and RM treatments (spring and fall applications combined) in each 

period of each year are provided in Table 3-26. Unlike the sandy-loam field, there was no 

significant difference in N2O fluxes between RM and DG treatments over the entire study period 
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(p=0.867;Table 3-27), nor was there significant interactions of year or period with N source 

(Table 3-27).  

Table 3-26 Mean N2O fluxes (kg N2O-N ha-1 d-1) for DG and RM treatments in the clay field  for 
each period within each experimental year of the study. Standard deviation of the mean is 
provided in brackets. Significant differences (p<0.05) in N2O fluxes between DG and RM in each 
period of each year are indicated by different letters. 

Experimental Year Period DG RM 

1 1 0.006(0.008)a 0.005(0.007)a 

 2 0.013(0.011)a 0.013(0.010)a 

 3 0.023(0.012)a 0.015(0.005)a 

 4 0.015(0.010)a 0.020(0.012)a 

 5 0.001(0.000)a 0.000(0.001)a 

Year 1 Average 0.011(0.012)a 0.011(0.010)a 

2 1 0.003(0.003)a 0.004(0.004)a 

 2 0.003(0.003)a 0.002(0.002)a 

 3 0.039(0.020)a 0.068(0.073)b 

 4 0.046(0.022)a 0.042(0.022)a 

 5 0.002(0.002)a 0.001(0.001)a 

Year 2 Average 0.018(0.024)a 0.024(0.043)a 

3 1 0.002(0.004)a 0.002(0.002)a 

 2 0.005(0.003)a 0.006(0.003)a 

 3 0.015(0.012)a 0.012(0.010)a 

  0.007(0.009)a 0.015(0.028)a 

Overall 0.013(0.017)a 0.015(0.028)a 

 

Table 3-27 A summary of the ANOVA for the effects of N source on N2O fluxes in the clay field 
as well as the effects of the interaction of N source with period and year.  

Experimental Years Source (effect) F value P value 

All years N source* 0.03 0.867 

 N source x period 0.18 0.9472 

Year 1 and 2 N source x period 0.44 0.7817 

 N source x year 1.23 0.27 

 N source x period x year 2.1 0.0859 

Year 1,2 and 3* N source x period 0.37 0.6916 

 N source x year 2.47 0.0900 

 N source x period x year 1.9 0.1171 

* Note that mean N2O fluxes from only P1-P3 were included in the ANOVA that tested for 
significant differences between N sources in experimental years 1, 2 and 3 in order to keep a 
balanced dataset (see section 3.2.4 for more description on the N2O flux statistical analysis). 
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3.3.4.2.2 N2O Fluxes (DF, RF, DS, RS, IS, C) 

There was also no overall significant effect of treatment (DF, RF, DS, RS, IS, C) on mean 

N2O fluxes overall (Table 3-29, also see Table 3-28 for mean N2O fluxes of each treatment in 

each period of each experimental year). There were however, significant interactions of 

treatment x period, treatment x year, and treatment x period x year (Table 3-29). As such, when 

treatments were compared on a yearly and period within year basis—especially those periods 

with peak fluxes— significant differences between treatments did arise.  

In year 1 (P1, P2, P3, P4 and P5) and year 3 (P1, P2, and P3) there was no significant 

difference between treatments over the entire year or in any of the periods (Table 3-28). Even in 

P3 and P4, when peak fluxes occurred, there was no significant difference between treatments 

or between the N amended plots and the control. During spring thaw (P3) in year 2 however, all 

N source treatments had significantly higher N2O fluxes than the control. In addition, RF had 

significantly higher N2O fluxes than DF (p=<0.0001) and the DS and IS treatments, applied 

almost 1 year prior, had significantly higher N2O fluxes than RS (p=0.004 and <0.0001, 

respectively) (Table 3-28).  

The delayed effect of DS and IS on N2O fluxes during spring thaw (almost 1 year following 

their application) may be attributed to an initial immobilization of N following the spring 

application in 2012—during which an increase in organic N was observed (not shown)—

followed by the mineralization of the soil organic N at the time of spring thaw. The higher 

organic C content supplied by RS compared to DS and IS may have restricted organic N 

mineralization leading to potentially less NH4 available for nitrification and subsequently less 

NO3 available for denitrification compared to the other spring applied N sources (DS and IS) 

over time. Indeed, a lack of net mineralization by liquid dairy manure over a 180 day incubation 

period in comparison with solid dairy manure which had a lower volatile fatty acids (VFA) 

content—an easily decomposable form of C was observed by Burger and Venterea (2008). 

However, this does not explain the significantly higher N2O fluxes from RF compared to DF 

during spring thaw of 2013 (year 2).  

The higher N2O fluxes from RF compared to DF during P3 in year 2, was likely due to a 

number of factors, including: N source characteristics and interactions of each N source with soil 

texture and environmental conditions. Since both N sources were applied at the same rate of 

crop available N, differences in total N and ratios between organic N and NH4-N were expected 

to appear between treatments and may have contributed to the differences in mean N2O fluxes 
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during P3 of experimental year 2. For instance, the increased NH4-N content of DG compared to 

RM always resulted in more RM being applied by volume compared to DG. In addition, it was 

thought that more total N would also be supplied by RM due to the fact that more manure 

overall had to be added to match the target rate of available N. The latter was not the case 

however. In fact, the total N (TKN) applied by both the fall and spring DG in the clay field was 

often equal or slightly higher than the RM treatment (Table 2-5). The additional organic N 

provided by DF was probably due to the contribution of organic waste added for more efficient 

CH4 production during aerobic digestion. Interestingly, a comparison of the total N (TKN), TAN 

and organic N applied by each N source during both fall applications (year 1 and year 2) show 

different organic N to NH4-N ratios for RF applied in year 1 (October 2011) compared to year 2 

(October 2012). In year 1, RF resulted in higher organic N to NH4-N ratios, compared to DF. In 

year 2 however, RF supplied 26 kg less organic N compared to TAN. As such, the N sources 

were applied at similar available N rates, as required, but the ratio of organic N to NH4-N was 

1.2 in year 1 and decreased to 0.5 in year 2 for RF while the ratio of organic N to NH4-N for DF 

remained constant both years at 0.7.  

A definite explanation for the significantly higher N2O fluxes observed from RF compared to 

DF once during the study period is difficult to pinpoint and the changes in N composition from 

year 1 to year 2 may not fully account for the occurrence. A potential explanation is that the 

interaction between the additional C supplied by RM combined with a low organic N to NH4-N 

ratio led to less N immobilization and potentially more nitrification and NO3-N readily available 

for denitrification during the spring thaw of 2013. Petersen (1999), also observed higher N2O 

rates from untreated compared to digested slurry and attributed the difference to the greater 

amount of metabolizable C for soil microbes in the untreated slurry, which may have caused an 

oxygen deficient environment from greater N turnover with the additional energy source of the 

carbon. They also attributed better soil distribution associated with digested compared to 

untreated slurry as a potential reason for lower N2O emissions because such a characteristic, as 

low viscosity, could reduce the number of anaerobic sites ideal for denitrification. On the other 

hand, it can also be argued, as previously mentioned in a study by Senbayram et al. (2009), that 

lower viscosity increases soil infiltration which may promote denitrification.   

The significant difference between RF and DF during the spring thaw (P3) of year 2 (2013) 

did not last long. By the time of spring application (P4) in year 2, N2O fluxes from RF and DF 

were not significantly different. In fact, while N2O fluxes from DF, DS, RS and IS were 

significantly higher than the control, RF was not (Table 3-28). A potential reason for significant 
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differences in N2O fluxes between treatments in year 2 compared to years 1 and 3 could be due 

to the additional precipitation observed during P2 of year 2 (December 26, 2012 -March 18, 

2013;Table 2-12). In fact, there was 59 mm and 91 mm more precipitation in P2 of year 2 than 

in P2 of years 1 and 3 respectively. In addition, it was only in year 2 that WFPS was >50% in 

the clay field following spring applications (i.e. more precipitation could have led to greater 

WFPS). In fact, WFPS was >50% in the clay field on multiple chamber sampling dates 

throughout the growing season in 2013 compared to 2012 (see Appendix I for records of 

average WFPS for each field on each chamber sampling date that it was measured on). As 

such, the relatively high WFPS observed in year 2, likely due greater precipitation, may have led 

to the significant differences between N source treatments (DF, DS, RS, IS) and the control, 

whereby the amendments provided additional N under potentially ideal conditions for 

denitrification to take place. 

Table 3-28 Mean N2O fluxes (kg N2O-N ha-1 d-1) for all treatments in each period of each 
experimental year (clay field).  Standard deviation of the mean is provided in brackets. 
Significant differences (p<0.05) between treatments in each period of each year are indicated 
by different letters. 

Year Period DF RF DS RS IS C 

1 1 0.012a 
(0.008) 

0.009a 
(0.007) 

0.000a 
(0.000) 

0.000a 
(0.000) 

0.000a 
(0.000) 

0.000a 
(0.000) 

 2 0.018a 
(0.015) 

0.011a 
(0.005) 

0.009a 
(0.000) 

0.015a 
(0.013) 

0.009a 
(0.003) 

0.009a 
(0.000) 

 3 0.027a 
(0.016) 

0.011a 
(0.005) 

0.018a 
(0.000) 

0.018a 
(0.000) 

0.018a 
(0.007) 

0.018a 
(0.000) 

 4 0.008a 
(0.004) 

0.017a 
(0.012) 

0.022a 
(0.008) 

0.023a 
(0.011) 

0.010a 
(0.003) 

0.007a 
(0.005) 

 5 0.001a 
(0.001) 

0.000a 
(0.000) 

0.001a 
(0.000) 

0.001a 
(0.001) 

0.001a 
(0.001) 

0.001a 
(0.001) 

Year 1 Average 0.013a 
(0.013) 

0.011a 
(0.005) 

0.009a 
(0.000) 

0.015a 
(0.013) 

0.009a 
(0.003) 

0.009a 
(0.000) 

2 1 0.004a 
(0.005) 

0.007a 
(0.003) 

0.002a 
(0.002) 

0.001a 
(0.001) 

0.001a 
(0.001) 

0.001a 
(0.001) 

 2 0.005a 
(0.002) 

0.003a 
(0.001) 

0.001a 
(0.003) 

0.001a 
(0.002) 

0.004a 
(0.009) 

0.002a 
(0.001) 

 3 0.028b 
(0.021) 

0.115a 
(0.081) 

0.051c 
(0.013) 

0.022b 
(0.018) 

0.064c 
(0.034) 

0.002d 
(0.002) 

 4 0.038ac 
(0.020) 

0.033ab 
(0.020) 

0.054c 
(0.024) 

0.052ac 
(0.023) 

0.036ac 
(0.025) 

0.016b 
(0.010) 

 5 0.002a 
(0.002) 

0.000a 
(0.001) 

0.002a 
(0.001) 

0.001a 
(0.001) 

0.001a 
(0.001) 

0.001a 
(0.001) 

Year 2 Average 0.015a 
(0.019) 

0.032c 
(0.055) 

0.022ac 
(0.028) 

0.016a 
(0.023) 

0.021ac 
(0.031) 

0.004b 
(0.007) 

3 1 0.003a 0.001a 0.002a 0.003a 0.003a 0.001a 
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(0.004) (0.001) (0.004) (0.003) (0.003) (0.001) 

 2 0.003a 
(0.002) 

0.005a 
(0.003) 

0.006a 
(0.002) 

0.006a 
(0.003) 

0.002a 
(0.002) 

0.003a 
(0.002) 

 3 0.015a 
(0.016) 

0.012a 
(0.012) 

0.015a 
(0.010) 

0.013a 
(0.010) 

0.011a 
(0.008) 

0.008a 
(0.006) 

Year 3 Average 0.007a 
(0.010) 

0.006a 
(0.008) 

0.008a 
(0.008) 

0.007a 
(0.007) 

0.005a 
(0.006) 

0.004a 
(0.005) 

Overall  0.012a 
(0.015) 

0.017a 
(0.036) 

0.014a 
(0.019) 

0.012a 
(0.017) 

0.012a 
(0.021) 

0.005a 
(0.007) 

 

Table 3-29 Summary of ANOVA for the effects of treatment on N2O fluxes in the clay fieldas well 
as the effects of the interaction of treatment with period and year.  

Year Source (effect) F value P value 

All years Treatment 2.78 0.1224 

 Treatment x period 2.75 0.0007 

Year 1 and 2 Treatment x period 3.38 <.0001 

 Treatment x year 5.71 <.0001 

 Treatment x period x year 3.7 <.0001 

Year 1,2 and 3* Treatment x period 2.93 0.0022 

 Treatment x year 5.75 <.0001 

 Treatment x period x year 4.31 <.0001 

* Note that mean N2O fluxes from only P1-P3 were included in the ANOVA that tested for 
significant differences between N sources in experimental years 1, 2 and 3 in order to keep a 
balanced dataset (see section 3.2.4 for more description on the N2O flux statistical analysis). 

 

3.3.4.2.3 Annual N2O-N Emissions  

The average annual N2O-N emission among chambers was 4.0 kg ha-1 yr-1 (2.3 kg less than 

the sandy-loam field). The highest annual N2O-N emission among treatments measured in the 

clay field was 11.8 kg ha-1 yr-1 (Table 3-30 and Table 3-32), which was also substantially lower 

than the highest annual N2O-N emission measured in the sandy-loam field (see max. annual 

N2O-N emission for sandy-loam field in Table 3-22). Interestingly, the highest annual N2O-N 

emission from the clay field was from RF, which during each treatment year, had relatively 

similar N2O-N emissions among chambers (the standard deviation of annual N2O-N emissions 

for 4 chambers within RF was 1.0 and 2.8 kg N2O-N ha-1  for treatment years 1 and 2, 

respectively; see Table 3-32). This suggests that there was potentially lower spatial variability in 

N2O-N annual emissions among chambers within treatments in the clay field, especially 

compared to the sandy-loam field where the standard deviation of the annual N2O-N emission of 

DS (the treatment with the highest annual N2O-N emission) in treatment year 2 was 8.9 kg N2O-

N ha-1  (see Table 3-22). 
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Overall and within each treatment year, DG and RM showed similar average annual N2O-N 

emissions in the clay field (Table 3-30).  As such, there were no significant differences between 

these two N sources overall (p=0.6578; Table 3-31) or in either treatment year (p=0.3638 and 

0.1194 for treatment year 1 and 2, respectively; see Table 3-30). As such, there was also no 

significant interaction of N source x year (Table 3-31). Similar results were also reported by 

Clemens et al. (2006); they found no difference between plots receiving cattle slurry compared 

to digestate, applied at 60 kg of NH4-N ha-1  on a poorly drained soil, and advocated biogas 

production because of its ability to reduce GHG emissions during manure management.   

In addition, there were no significant differences in annual N2O-N emissions between N 

sources (DG and RM) on an N yield, total N or available N scaled basis (see Table 3-31). There 

was however, a significant effect of year on annual N2O-N emissions when N sources were 

compared on a yield, total N and available N scaled basis. Indeed, year 2 had significantly 

higher N2O-N emissions than year 1. Moreover, there was a significant interaction of N source x 

year based on N yields and total N, whereby RM had greater N2O-N emissions than DG in year 

2 but not in year 1. Interestingly, on an available N scaled basis there was no significant 

difference in annual N2O-N emissions between N sources in either treatment year.  

Annual N2O-N emissions among treatments in the clay field ranged from 1.37-4.28 kg N ha-1 

in year 1 and from 1.96-9.07 kg N ha-1 in year 2 (Table 3-32). Other N2O emissions studies 

conducted on clay soils including Chantigny et al. (2013) and (Rochette et al. 2008a) also 

reported similar or higher measurements of cumulative N2O-N emissions over snow free 

seasons ranging from 1.3-10.7 kg ha-1 yr-1 and 6.7-45.1 kg ha-1 yr-1, respectively. Although 

conducted on a loam soil, Venterea et al. (2005), reported an annual N2O-N emission from UAN 

applied at 120 kg N ha-1 to be 13.0 kg N ha-1 yr-1. Similarly, Parkin and Kaspar (2006), 

measured N2O fluxes year round and reported annual N2O-N emissions ranged from 7.6-15.4 

kg N ha-1 yr-1 when 202 kg ha-1 of UAN was applied to corn.  

Although there were no significant differences in annual N2O emissions between N sources 

(DG and RM) in the clay field, all treatments (DF, RF, DS, RS, IS) did have significantly higher 

cumulative N2O emissions than the control overall, leading to a significant effect of treatment 

(DF, RF, DS, RS, IS, C) on N2O-N emissions (p=0.0023;Table 3-34). There was also 

significantly higher N2O-N emissions in year 2 compared to year 1 (p=0.0002) as well as a 

significant effect of treatment x year (p=0.0325; Table 3-34). In year 1 only DS and IS had 

significantly higher annual N2O-N emissions than the control (p=0.0428 and 0.0338, 
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respectively; Table 3-32) whereas in year 2, all organic N source treatments (DF, DS, RF, RS) 

had significantly higher annual N2O-N emissions than the control (p=0.0153, 0.0028, <.0001, 

0.0053, respectively; Table 3-32). In addition, the RF treatment had significantly higher N2O-N 

emissions than DF, DS, IS and RS in year 2 (p=0.0076, 0.0371, 0.0008, 0.0213 respectively; 

Table 3-32). This significant interaction of treatment x year is likely due to the wetter conditions 

observed in year 2 which may have led to more denitrification in the clay soil.  

In contrast to the sandy-loam soil, there were overall significant effects of treatment, year 

and/or treatment x year interactions on average annual N2O-N emissions based on N yields, 

total N and available N applied (Table 3-34). On an N yield scaled basis, RF, DS and RS had 

significantly higher annual N2O-N emissions than the control overall (Table 3-33). Moreover, RF 

had significantly higher annual N2O-N emissions than DF and IS (Table 3-33).  When yield 

scaled N2O-N emissions were compared on a treatment year basis, RF had significantly higher 

N2O-N emissions than DF, DS, IS and RS (Table 3-33 and Figure 3.6). In addition, DS and RS 

also had significantly higher N yield scaled N2O-N emissions than IS in treatment year 2 (Table 

3-33 and Figure 3.6).  

Based on total N applied, there were no overall significant differences in annual N2O-N 

emissions between treatments (Table 3-34 and Figure 3.6). However, there was a significant 

interaction of treatment x year on total N scaled annual N2O-N emissions (Table 3-34). As such, 

there was significantly higher cumulative N2O-N emissions from IS compared to all the other N 

sources in year 1, while in year 2, significant differences between treatments were similar to that 

based on yield scaled N2O-N emissions (RF>DF, DS, IS and RS; see Table 3-33). Similarly, 

there were no overall significant differences in annual N2O-N emissions based on available N 

applied between treatments (Table 3-34 and Figure 3.6). However, there was a significant 

interaction of treatment x year (Table 3-34). While there were no significant differences in 

available N scaled N2O-N emissions between treatments during treatment year 1, the treatment 

differences in year 2 were the same as those from total N scaled annual N2O-N emissions in 

year 2 (i.e. (RF>DF, DS, IS and RS; see Table 3-33) 

The significantly higher annual N2O-N emissions based on total N applied from IS compared 

to all other treatments in year 1 may be the result of a combination of factors including: 

increased nitrification due to the drier soil conditions that year combined with the lack of applied 

organic carbon which may have increased rates of mineralization of organic N already in the soil 

from continuous manure applications in years prior to the onset of the study.  At the same time, 
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less total-N was supplied by IS compared to the organic treatments (DG and RM) which may 

not have been mineralized and nitrified as quickly due to the addition of carbon also applied with 

such amendments.  

Chantigny et al. (2013) also reported greater area based and fertilizer induced annual N2O 

emissions from their mineral fertilizer compared to their organic treatments applied on clay soils 

(55-64% clay, pH=6.3-6.7 and total carbon=3.5-4%). They attributed the higher N2O emissions 

from the mineral fertilizer to greater soil NO3 concentrations rather than carbon availability. 

Interestingly, some studies have found that the difference in N2O emissions between organic 

and inorganic amendments is dependent on the C content of the soil, whereby the C content 

supplied by manures has a greater influence on N2O-emissions in low C soils whereas NO3 

concentration has a greater influence on N2O emissions in C rich soils (Chantigny et al. 2010; 

Pelster et al. 2012). 

Although RF produced significantly higher total N and available N scaled N2O-N emissions 

compared to all other treatments only in year 2, similar treatment differences have also been 

reported by other studies comparing N source effects on N2O emissions in clay soils.  Vallejo et 

al. (2006), found larger N2O-N emissions from untreated compared to digested pig slurry applied 

at the same rate of available N on a clay loam soil. Amon et al. (2006), also found higher N2O-N 

emissions from undigested liquid manure compared to anaerobically digested manure applied to 

permanent grassland. Both studies attributed their findings to the lower labile carbon in the 

digestate which may have ultimately reduced microbial activity and thus anaerobic conditions 

ideal for denitrification. Similarly, Lemke et al. (2012) found that anaerobically digested swine 

manure had lower N2O losses compared to conventionally treated liquid swine manure. They 

highlighted the potential for certain substances in the digested manure to reduce ammonia 

oxidizer activity which can lead to N2O production from nitrification and subsequently 

denitrification processes (Nyberg et al. 2004).  

Emission factors, based on the total N applied, ranged from 0.6% (RF) to 2.6% (IS) in year 1 

and 1.2% (IS) to 3.5% (RS) in year 2 (Table 3-33). These ranges are similar to those reported 

by Chantigny et al. (2013); they reported fertilizer induced emission factors (FIEF) ranging from 

3.0-5.5% and from 0.9-1.1% for their organic amendments. Although within range of the IPCC 

methodology, the emission factors for each treatment in the present study (see Table 3-33) 

were slightly higher at times than the 1% default factor. Interestingly, they were on average 

1.2% in treatment year 1 and 1.8% in treatment year 2. Thus during treatment year 2, it may be 
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argued that the emission factors for treatments applied in this study were, on average, close to 

the emission factor estimate for Eastern Canada of 1.7% as proposed by Rochette et al. 

(2008c).  

Table 3-30 Average annual N2O-N emissions (kg ha-1 yr-1) for DG and RM N sources   in clay 
field for treatment years 1 and 2. Significant differences (p<0.05) between DG and RM nitrogen 
each year and overall are indicated by different letters.  

Treatment Year N Source Average Annual  N2O-N 
Emissions*   

Std dev Min. Max. 

1 DG 4.05a 1.63 1.43 7.02 

 RM 3.07a 0.98 1.57 4.38 

2 DG 5.77a 2.17 3.36 9.34 

 RM 7.48a 2.84 2.88 11.84 

Overall** DG 4.91a 2.06 1.43 9.34 

 RM 5.28a 3.07 1.57 11.84 

*N=8 for treatment year 1 and treatment year 2 (i.e. each N source has 8 chambers, 4 in spring 
applied plots and 4 in fall applied plots). **N=16 for both treatment years overall. 

 

Table 3-31 Summary of the ANOVA for the effects of N source on annual N2O-N Emissions in 
the clay field as well as the effects of the interaction of N source with year. 

Basis of N2O-N Emissions Effect F value P value 

Area based N source 0.2 0.6578 

(kg ha-1 yr-1) Year  21.39 0.0002 

 N source x year 4.1 0.0564 

Yield Based N source 3.63 0.0712 

(kg N2O-N/kg of N uptake) Year  21.08 0.0002 

 N source x year 13.01 0.0018 

Total N Based N source 0.68 0.4178 

 Year  16.18 0.0007 

 N source x year 5.69 0.0270 

Available N based N source 0.24 0.6309 

 Year  9.99 0.0049 

 N source x year 3.08 0.0945 

 

Table 3-32 Annual N2O emissions (kg N2O-N ha-1) for each treatment in the clay field.  
Significant differences (p<0.05) in annual N2O emissions are indicated by different letters within 
each column within each treatment year. 

Treatment year Treatment Mean Std Dev Minimum Maximum 

1 DF 3.957ab 2.328 1.431 7.023 

 RF 3.485ab 1.031 2.462 4.377 
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  DS 4.14a 0.886 3.065 5.172 

  RS 2.657ab 0.834 1.567 3.51 

  IS 4.281a 1.719 2.429 6.353 

  C 1.373b 0.325 1.091 1.654 

2 DF 5.327b 1.885 3.432 7.555 

 RF 9.071a 2.753 6.001 11.835 

  DS 6.218b 2.636 3.357 9.344 

  RS 5.894b 2.126 2.875 7.764 

  IS 4.175cb 1.614 2.521 5.691 

  C 1.963c 1.119 0.89 3.536 

Overall Years DF 4.642a 2.093 1.431 7.555 

 RF 6.278a 3.553 2.462 11.835 

 DS 5.179a 2.133 3.065 9.344 

 RS 4.276a 2.287 1.567 7.764 

 IS 4.228a 1.545 2.429 6.353 

 C 1.668b 0.826 0.890 3.536 

 

Table 3-33 Yield scaled, available N and total N scaled N2O-N emissions for each treatment 
(TRT) in the clay field  for both treatment years. Significant differences (p<0.05) in annual N2O 
emissions are indicated by different letters within each column. Also, total N2O-N emissions 
from the control during fall and spring treatment years were subtracted from the total and 
available N scaled N2O-N emissions from fall and spring applied treatments respectively. 

 Yield Scaled N2O-N 
Emissions  
(kg N2O-N/kg of N uptake) 

Available N Scaled N2O-N 
Emissions (kg of N2O-
N/kg of available N 
applied) 

Total N scaled N2O-N 
Emissions (kg of N2O-
N/kg of total N applied) 

TRT Year 1 Year 2 Overall Year 1 Year 2 Overall Year 1 Year 2 Overall 

DF 0.013ab 0.018bc 0.016bc 0.015a 0.025b 0.020a 0.009b 0.015b 0.012a 

RF 0.010ab 0.055a 0.032a 0.013a 0.055a 0.033a 0.006b 0.035a 0.021a 

DS 0.023a 0.025b 0.024ab 0.025a 0.030b 0.026a 0.012b 0.015b 0.013a 

RS 0.015ab 0.033b 0.023ab 0.015a 0.025b 0.021a 0.007b 0.014b 0.011a 

IS 0.020ab 0.005c 0.015bc 0.025a 0.013b 0.020a 0.026a 0.012b 0.019a 

C 0.003b 0.008c 0.004c N/A N/A N/A N/A N/A N/A 

 

Table 3-34 Summary of ANOVA for the effects of treatment on clay field annual N2O-N 
emissions as well as the effects of the interaction of treatment with year. 

Basis of Total N2O-N Emissions Effect F value P value 

Area based  Treatment 4.84 0.0023 

(kg ha-1) Year  18.23 0.0002 

 Treatment x year 2.84 0.0325 

Yield Based Treatment 5.28 0.0333 
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(kg per kg of N uptake) Year 12.97 0.0011 

 Treatment x year 8.7 <.0001 

Total N Based Treatment 1.77 0.2708 

 Year 4.53 0.0433 

 Treatment x year 6.07 0.0015 

Available N based Treatment 1.26 0.3948 

 Year 5.68 0.0251 

 Treatment x year 3.71 0.0166 

 

Figure 3.6 Average annual N2O-N emissions scaled by area (A), total N (B), biomass N (C) and 
available N (D) in the clay field.  Overall significant differences in N2O-N emissions between 
treatments are indicated by different letters.  
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3.3.4.2.4 Direct + Indirect N2O-N Emissions  

Using the IPCC emission factor for N leached (EF5) to estimate the indirect N2O emissions 

from the total NO3-N leached (Chapter 2) in the clay field under both the tile drainage and 

lysimeter collection systems, total N2O-N emissions for each treatment were calculated. Under 

both drainage collection systems, indirect N2O emissions from NO3-N leached was less than 1 

kg ha-1 for all treatments. Thus, total N2O-N emissions did not substantially change from the 

N2O emissions measured directly.  

3.3.4.2.5 Direct + Indirect N2O-N Emissions from Tile Drains 

In treatment year 1 (the relatively dry year) both the direct and indirect N2O emissions were 

the highest from DS and IS (Table 3-35). In year 2 however, RF had greater direct N2O-N 

emissions compared to DF but slightly lower indirect N2O-N emissions (i.e. less NO3-N leached) 

(Table 3-36). Moreover, in year 2, DS and RS had slightly higher direct N2O emissions 

compared to IS but IS had higher indirect N2O-N emissions compared to the spring applied 

organic amendments due to a greater amount of total NO3-N leached. These observations 

suggest that during the wetter year (year 2) pollution swapping of direct N2O emissions to NO3-

N leaching (or indirect N2O) may have occurred especially for the IS treatment.   

Table 3-35 Direct and indirect N2O emissions (kg N2O-N ha-1 yr-1) from NO3-N leached (kg ha-1 
yr-1) via the tile drainage collection system in year 1 for each treatment (TRT) in the clay field.  

TRT Mean N2O  
(direct) 

Mean NO3-N 
leached  

Mean N2O  
(indirect) 

Mean Total N2O-N  
(std dev) 

% of Total N2O-N 
emissions from indirect 
emissions 

DS 4.140 9.49 0.071 4.21(0.57) 1.69 

RS 2.657 5.23 0.039 2.70(0.49) 1.44 

IS 4.281 16.82 0.126 4.41(1.93) 2.86 

CS 0.654 3.37 0.025 0.68(0.49) 3.68 

 

Table 3-36 Direct and indirect N2O emissions (kg N2O-N ha-1) from NO3-N leached (kg ha-1 yr-1) 
via the tile drainage collection system in year 2 for each treatment (TRT) in the clay field. 

TRT mean N2O  
(direct) 

Mean NO3-
N Leached 

Mean N2O  
(indirect) 

Mean Total N2O-N  
(std dev) 

% of Total N2O-N 
emissions from 
indirect emissions 

DF 5.327 14.72 0.110 5.44(2.16) 2.02 

RF 9.071 11.63 0.087 9.16(3.25) 0.95 

CF 1.703 4.25 0.032 1.74(1.01) 1.84 

DS 6.218 7.54 0.057 6.27(0.18) 0.91 

RS 5.894 3.87 0.029 5.92(2.00) 0.49 
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IS 4.175 16.02 0.120 4.29(1.93) 2.80 

CS 2.224 2.43 0.018 2.24(0.94) 0.80 

 

3.3.4.2.6 Direct + Indirect N2O-N Emissions from Lysimeters 

Treatment differences in indirect N2O-N emission results from lysimeters in year 2 followed 

the same trend as observed in the tile drainage system in year 2, whereby DS and RS had 

higher direct N2O-N emission measurements but lower indirect N2O-N emissions compared to 

IS due to the greater amount of NO3-N leached by the IS treatment in the lysimeter system as 

well (Table 3-37). These results of indirect N2O-N emissions suggest that lower direct N2O-N 

emissions were offset by leached NO3-N. However, since the fraction of N leached estimated to 

be lost as N2O is only 0.75% this NO3-N leached may be interpreted as a way to reduce total 

N2O-N emissions but at the expense of ground and surface water pollution via NO3-N leaching. 

Table 3-37 Direct and indirect N2O emissions (kg N2O-N ha-1) from NO3-N leached via 
lysimeters in year 2 for each treatment (TRT) in the clay field. 

TRT N2O-N 
(direct) 

Mean 
NO3-N 
Leached 

N2O-N 
(indirect) 

Total N2O-N (direct + 
indirect) (std dev) 

% of Total N2O-N 
emissions from 
indirect emissions 

DS 6.22 29.64 0.22 6.44(2.53) 3.42 

RS 5.89 20.73 0.16 6.05(2.13) 2.65 

IS 4.17 67.63 0.51 4.68(1.99) 10.90 

CS 1.96 28.72 0.22 2.18(1.19) 10.09 

 

3.3.5 Effect of Soil Type on N2O Fluxes  

3.3.5.1 Effect of Soil Type and Interactions with Years on N2O Fluxes 

Mean N2O fluxes for each field in every period of each experimental year are shown in Table 

3-38. Mean N2O fluxes in each period and experimental year were similar between fields with 

the exception of P3 and P4 in years 1 and 2. As such, although there was no overall significant 

effect of soil type (field) on N2O fluxes there were significant interactions of field x year, field x 

period and field x year x period during experimental years 1 and 2 (Table 3-39). Indeed, mean 

N2O fluxes were significantly higher in the sandy-loam field compared to the clay in year 1 

(p=0.012) but not in year 2 (p=0.9996) (see Table 3-38). Moreover, there were significantly 

higher mean N2O fluxes during P3 and P4 of year 1 in the sandy-loam field and significantly 

higher mean N2O fluxes in P4 of year 2 in the clay field.  
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 Compared to experimental years 2 and 3, relatively less precipitation fell in year 1 

potentially creating drier soil conditions (see Table 2-12). Indeed, this finding may suggest that 

during a dry year, the sandy-loam field produces higher N2O fluxes during peak periods; 

probably due to greater rates of nitrification under aerobic soil conditions. Other studies have 

also observed lower N2O emissions from finer textured soils and have attributed this effect to 

either (i) lower gas diffusivity resulting in more N2O reduction to N2 (Gu et al. 2013) or (ii) the 

cation exchange capacity of clay soils limiting the amount of available NH4 for nitrification 

(Jarecki et al. 2008b). The latter explanation could be more relevant to this study, since the 

significant differences in N2O fluxes between fields occurred in the drier year, when there was a 

higher potential for more nitrification to have occurred. Also, during the period of the most 

precipitation in year 2 (P4) (see Table 2-12), the clay field had significantly higher N2O fluxes 

than the sandy-loam field (Table 3-38).  Rochette et al. (2008b), also reported that emissions 

from their loam soil were higher in the drier year compared to their clay soil which had higher 

emissions in the wetter year. They too, attributed this observation to the main sources of N2O 

being from nitrification in the loam soil and denitrification in the clay soil.  

Table 3-38 Mean N2O fluxes (kg N2O-N ha-1 d-1) for the clay field and sandy-loam field in each 
period of each year. Significant differences (p<0.05) in mean N2O fluxes between fields are 
indicated by different letters for each row.  

Year Period Clay Field Sandy-Loam Field 

1 1 0.004(0.007)a 0.006(0.007)a 

 2 0.012(0.008)a 0.012(0.022)a 

 3 0.018(0.008)a 0.048(0.056)b 

 4 0.014(0.010)a 0.029(0.034)b 

 5 0.001(0.001)a 0.001(0.001)a 

Year 1 overall 0.010(0.010)a 0.019(0.035)b 

2 1 0.003(0.003)a 0.003(0.003)a 

 2 0.003(0.004)a 0.005(0.011)a 

 3 0.047(0.050)a 0.057(0.049)a 

 4 0.038(0.022)a 0.025(0.037)b 

 5 0.001(0.001)a 0.002(0.001)a 

Year 2 Overall 0.018(0.031)a 0.018(0.035)a 

3 1 0.00 (0.00)a 0.00 (0.00)a 

 2 0.00 (0.00)a 0.00 (0.01)a 

 3 0.01 (0.01)a 0.02 (0.04)b 

Year 3 Overall 0.01 (0.01)a 0.01 (0.03)a 

 

Table 3-39 Summary of ANOVA for the effects of field on N2O fluxes (all treatment included), as 
well as the effect of the interaction of field with period and year.  

Year Effect F value P value 
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All years Field  1.32 0.2529 

 Field x period 5.34 0.0005 

Years 1 and 2 Field 1.97 0.1616 

 Field x year 6.84 0.0093 

 Field x period 3.93 0.004 

 Field x year x period 3.08 0.0165 

Year 1, 2, 3 … Field 8.89 0.0031 

(only periods 1,2,3) Field x year 0.83 0.4370 

 Field x period 7.92 0.0004 

 Field x year x period 0.72 0.5804 

 

3.3.5.2 Effect of Soil Type Interaction with N Source (DG & RM) on N2O Fluxes 

In addition to the significant interactions of soil type (field) with years and periods, there were 

significant interactions of field x N source, and field x N source x period but no significant 

interactions with year (Table 3-40). More specifically, DG had significantly higher N2O fluxes in 

the sandy-loam field compared to the clay field overall (p=0.0018). Interestingly, when the 

interaction of field x N source x period was analyzed, DG treatments in the sandy-loam field had 

significantly higher N2O fluxes than DG treatments in the clay field during P3 (p=<0.001) and 

RM treatments in the clay field had significantly higher N2O fluxes than RM treatments in the 

sandy-loam field in P4 (p=0.008). As such, this interaction of field x N source x period revealed 

that while DG tended to have significantly higher N2O fluxes in the sandy-loam field, RM tended 

to have significantly higher N2O fluxes in the clay field during specific periods.  These results 

suggest that the different physical and/or chemical characteristics of DG and RM caused them 

to be influenced by the interaction of soil type and climatic conditions (annual periods). There 

was however, no significant interaction of field x timing as both spring and fall applications of 

each N source resulted in the same outcome in both fields as previously described in Section 

3.3.3.  

Table 3-40 Summary of the ANOVA for the effects of field on N2O fluxes as well as the effects of 
the interaction of field with N source, timing, period and year.  

Year Effect F value P value 

All years Field x N source 9.93 0.0022 

 Field x N source x timing 0.28 0.5977 

 Field x N source x timing x period 1.94 0.1098 

 Field x N source x period 4.84 0.0013 

 Field x timing 1.70 0.1953 

 Field x timing x period 1.80 0.1345 

Years 1 and 2 Year x field x N source 2.13 0.1459 

 Year x field x N source x period 0.87 0.4828 
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Year 1, 2, 3 … Year x field x N source 1.36 0.2585 

(only periods 1,2,3) Year x field x N source x period 0.90 0.4672 

3.3.5.3 Effect of Soil Type Interaction with Treatment on N2O Fluxes 

Although there was no significant interaction of field x treatment, there was significant 

interactions of field x treatment x period, as well as year x field x treatment and year x field x 

treatment x period (Table 3-41). More specifically, there were significantly higher mean N2O 

fluxes from DF, DS and IS treatments in the sandy-loam field compared to the clay field during 

P3 (p=<0.0001, 0.0042 and 0.0186, respectively) and significantly higher mean N2O fluxes from 

RF and RS treatments in the clay field compared to the sandy-loam field in P4 overall. 

Interestingly, there were significantly higher fluxes from DF in the sandy-loam field compared to 

the clay field during P3 in both experimental years 1 and 2 and DS resulted in significantly 

higher N2O fluxes in the sandy-loam field compared to the clay field during P3 of year 3. In 

contrast, it was only the RF treatment that resulted in significantly higher N2O fluxes in the clay 

field compared to the sandy-loam, specifically during P3 and P4 of year 2. As such, these 

results reinforce the tendency for interactions of N source with soil type and the annual and 

inter-annual climatic conditions that potentially influence the processes controlling N2O fluxes. 

Table 3-41 Summary of the ANOVA for the effects of field on N2O fluxes as well as the effect of 
the interaction of field with treatment, period and year.  

Year Effect F value P value 

All years Field x Treatment 1.36 0.2442 

 Field x Treatment x period 3.37 <.0001 

Years 1 and 2 Year x Field x Treatment 3.53 0.004 

 Year x field x Treatment x period 2.07 0.005 

Year 1, 2, 3 … Year x field x Treatment 4.23 <.0001 

(only periods 1,2,3) Year x field x Treatment x period 3.16 <.0001 

 

3.3.6 Effect of Soil Type on Annual N2O Emissions 

As previously described for each soil type in Section 3.3.4, average annual N2O-N emissions 

from all chambers in the sandy-loam field was 6.3 kg N2O-N ha-1 yr-1 compared to 4.0 kg N2O-N 

ha-1 yr-1 in the clay field. As such, there was an overall significant effect of field on annual N2O 

emissions (Table 3-42 and Table 3-43).  

Similar to the N2O flux results, there was also a significant interaction of field x N source 

(Table 3-42), whereby DG applied to the sandy-loam field had significantly higher N2O 
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emissions than DG applied in the clay field (p=0.0004). More specifically, there was also a 

significant interaction of field x treatment (Table 3-43), whereby DF applied to the sandy-loam 

had higher annual N2O-N emissions than DF applied in the clay field overall (p=0.0005).  There 

was however, no significant effect of year x field x N source (Table 3-42) nor year x field x 

treatment (Table 3-43). 

Also, there was a significant interaction of year x field (Table 3-42 and Table 3-43) as well as 

a year x field x timing interaction on N2O emissions (Table 3-42). More specifically, in year 1, the 

sandy-loam field had higher N2O emissions than the clay field (p=0.0027) and N2O emissions 

from fall applications of the DG and RM treatments were significantly higher in the sandy-loam 

field than in the clay field (p=0.0003) during that year. The increased emissions from fall 

applications in the sandy-loam field in year 1 may be attributed to more N nitrification from 

potentially better soil aeration during the fall of 2011. Such soil conditions may have resulted in 

more N available for denitrification during the following spring thaw period when peak N2O 

fluxes took place. Indeed, a slight peak in N2O fluxes (0.1 kg ha-1 d-1) did occur in the sandy-

loam field in the fall of 2011 signalling potentially more nitrification may have occurred following 

manure application compared to the clay field that fall (see Figure 3.2).     

On an N yield scaled basis, significant interactions of field x treatment (and field x N source) 

as well as year x field x treatment (and year x field x N source) on annual N2O emissions 

resulted (Table 3-42and Table 3-43). More specifically, DF had significantly higher yield scaled 

N2O-N emissions in the sandy-loam field compared to the clay overall (p=0.0006) in year 1 

(p=0.0019) while RF and RS resulted in significantly higher yield scaled N2O-N emissions in the 

clay field compared to the sandy loam field in year 2.  

On a total N scaled basis, there was a significant effect of year x field on annual N2O-N 

emissions (Table 3-42and Table 3-43), whereby the sandy-loam field had higher annual N2O-N 

emissions overall compared to the clay field in year 1 but not in year 2. Also, similar to the 

results from comparisons of N yield scaled N2O-N emissions, there was a significant effect of 

field x N source (Table 3-42), whereby the DG applied to the sandy-loam field had greater N2O 

emission than DG applied to the clay field (p=0.0028). Also, there was a significant effect of 

year x field x treatment (Table 3-43) whereby DF applied to the sandy-loam resulted in 

significantly higher N2O-N emissions compared to DF applied to the clay field in year 1 

(p=0.004).  
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On an available N scaled basis, there was no significant effect of field on annual N2O-N 

emissions but again, significant interactions of year x field, field x treatment (field x N source), 

and year x field x treatment did result (see Table 3-42 and Table 3-43). More specifically, and 

similar to the ANOVA results based on total N, only DF had significantly higher N2O-N 

emissions in the sandy-loam field compared to the clay field overall, based on available N 

applied. As these ANOVA results show, the interactions of field and year with N source play a 

significant role in the evolution of annual N2O emissions.  

Abubaker et al. (2013) also measured N2O production from cattle slurry and biogas residues 

applied to different soil types. In contrast to our results, they found lower N2O emissions from 

cattle slurry applied on a clay soil compared to a sandy soil. They also applied their organic 

amendments based on mineral N and as such considered the differences in C content and other 

macro nutrients when interpreting their results. They explained that although the cattle slurry 

was likely to increase N2O emissions via denitrification—due to the added available C compared 

to the biogas residues—the ability of the clay soil to hold more water and thus create more 

anaerobic sites potentially led to complete denitrification (i.e. the reduction of N2O to N2) 

compared to the sandy soil. In keeping with their explanation, the increased N2O fluxes and 

N2O-N emissions from RM in the clay field during year 2 of our study could be attributed to 

increased denitrification—from the added available C—which was not completed (i.e. N2O was 

not further reduced to N2) due to the improved drainage of the clay field equipped with tile 

drains. Moreover, this could also explain the higher N2O fluxes and N2O emissions from DG in 

the sandy-loam field, whereby the lower C content of both DG and the sandy-loam soil also 

resulted in incomplete denitrification, especially since the other components necessary for 

denitrification were likely met (i.e. the other components met for denitrification included: (1) 

greater total N supplied by DG, especially compared to IS, providing available N over time in 

combination with (2) high soil moisture—water was often pooling in the sandy-loam field during 

spring thaw—resulting in more anaerobic sites). 

Chiyoka et al. (2011) compared anaerobically digested beef cattle manure with raw manure  

(applied at 100 and 200 kg N ha-1) on black (silty clay) and dark brown (clay loam) chernozemic 

soils from Alberta, in a laboratory study. They found that although the raw manure resulted in 

higher N2O fluxes than the digestate treatments in the dark brown soil, the pelletized 

anaerobically digested beef cattle manure had higher fluxes than the raw manure treatment in 

the black soil. They attributed the higher fluxes from the raw manure in the dark brown soil to 

the higher available N in the raw manure (because of the solid/liquid separation of their 
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digestate—most of the available N in the digestate was in the liquid part which was not applied) 

combined with the lower carbon content of the soil. Interestingly, the black soil had a higher 

organic carbon content compared to the dark brown and it was in this soil that the pelletized 

anaerobically digested beef cattle manure had higher N2O fluxes than the raw manure. 

Although, when their treatments were compared based on cumulative N2O emissions N2O 

losses from both N sources were similar.  

However, even amendments with similar C:N ratios may result in different amounts of 

mineralized N due to other chemical differences (Diacono and Montemurro 2010) and thus 

potentially different rates of the main N2O producing process: nitrification and denitrification. 

Another possible explanation for higher overall N2O-N emissions in the sandy-loam field may 

have been caused by a lower soil pH compared to the clay field. Indeed, it has been suggested 

by a number of studies that low pH can inhibit the reduction of N2O to N2 during denitrification 

(ŠImek and Cooper 2002). For instance, Čuhel et al. (2010) studied the effects of soil pH on 

denitrifier activity and found that the N2O/(N2O+N2) ratio increased with decreasing pH. Thus, 

the variables controlling denitrification as well as its outcome as either N2O and N2 include:  pH, 

available C, available N and soil oxygen can all be influenced by soil type as well as N source 

and the interactions of each.  

Table 3-42 Summary of ANOVA for the effects of field on annual N2O emissions as well as the 
effect of the interaction of field with N source, timing and year.  

Basis of cumulative N2O Emissions Effect F value P value 

Area based Field 5.45 0.0247 

(kg ha-1) Field x N source 9.79 0.0033 

 Field x timing 1.10 0.3001 

 Field x N source x timing 0.41 0.5278 

 Year x field 4.78 0.0348 

 Year x field x N source 2.41 0.1286 

 Year x field x timing 6.04 0.0184 

 Year x field x N source x timing 0.55 0.4618 

Yield scaled Field  0.10 0.7533 

Kg Of N2O –N/kg of plant N uptake Field x N source 16.92 0.0002 

 Year x Field 1.77 0.1914 

 Year x Field x N source 6.09 0.0180 

Total N scaled N2O-N  Field  2.87 0.0978 

Kg of N2O-N/ kg of Total n applied Field x N source 7.88 0.0077 

 Year x Field 5.12 0.0292 

 Year x Field x N source 1.53 0.2234 

Available N Scaled Field  3.07 0.0876 

 Field x N source 8.36 0.0062 

 Year x Field 4.35 0.0434 
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 Year x Field x N source 2.06 0.1585 

 

Table 3-43 Summary of the ANOVA for the effects of field on annual N2O emissions as well as 
the effect of the interaction of field with treatment and year.  

Basis of cumulative N2O Emissions Effect F value P value 

Area based Field 5.76 0.0197 

(kg ha-1) Field x Treatment 2.46 0.0437 

 Year x field 5.82 0.0191 

 Year x field x treatment 2.31 0.0555 

Yield scaled Field 2.17 0.1464 

Kg of N2O–N/kg of plant N uptake Field x treatment 5.09 0.0006 

 Year x field  2.28 0.1369 

 Year x field x treatment 3.06 0.0162 

Total N scaled N2O-N  Field 1.82 0.1837 

Kg of N2O-N/ kg of Total N applied Field x treatment 2.20 0.0822 

 Year x field  4.52 0.0384 

 Year x field x treatment 2.96 0.0283 

Available N Scaled Field 2.62 0.1118 

Kg of N2O-N/kg of available N applied Field x treatment 2.84 0.0336 

 Year x field  4.57 0.0374 

 Year x field x treatment 3.61 0.0117 

 

3.4 Summary and Conclusion 

There was no significant effect of application timing on average annual N2O emissions (kg 

ha-1 yr-1) in either the sandy-loam or clay field. This was due to the fact that equally significant 

peak emission events shifted between periods depending on the application time. As such, it 

may be concluded from these results that there is no significant reduction of N2O emissions 

from spring applications. However, fall applications did have significantly higher average annual 

N2O emissions than spring applications in the sandy-loam field when scaled based on total N. 

Thus, although the effect of application timing depends on its interpretation, the most important 

conclusion drawn from the results presented is how the peak fluxes from fall applications during 

spring thaw were offset by the peak fluxes from spring applications in late May and early June.  

The comparison of N2O emissions between DG and RM resulted in contrasting results 

between fields. While N2O emissions from DG were significantly higher compared to RM in the 

sandy-loam field, there were no significant differences in N2O emissions between N sources in 

the clay field, overall. Thus, due to the interactions of field and N source a firm conclusion on the 

effect of land applied DG compared to RM on N2O emissions is difficult to state without further 
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testing. Moreover, climatic conditions played an important role in the evolution of N2O 

emissions, which became especially evident when all treatments were compared, particularly in 

the clay field where differences between N sources were observed in year 2 (wetter year) but 

not in year 1 (dry year). Interactions of soil type and yearly weather conditions were also 

apparent by the fact that total emissions in the dry year (year 1) were highest from the sandy-

loam field while total emissions in the wetter year (year 2) were higher in the clay field. Thus, 

generalizations about the best N source for reducing N2O emissions is difficult to state due to 

year to year variability, a conclusion also pointed out by Hernandez-Ramirez et al. (2009a) 

following their evaluation of N sources based on N2O-N losses.  

Additional insight into potential pollution swapping between direct N2O emissions and NO3-N 

leaching was also provided by this study. While relatively lower direct N2O emissions were 

observed from RS in the sandy-loam and IS in the clay field, these N sources resulted in the 

greatest amount of NO3-N leached in those fields respectively. Although the estimated indirect 

N2O emissions only accounted for a relatively small fraction (ranging from 0.49-11%) of the total 

N2O-N emissions calculated for each treatment, the potential for increased ground and surface 

water contamination should not be overlooked as it is not only an environmental concern but 

also another pathway for N loss that reduces crop NUE. As such, this study demonstrates the 

importance of measuring all potential N losses for a particular treatment, especially when 

examining its potential impact on the environment as a whole. That stated, this study also 

shows that based on total N2O losses alone, direct N2O emissions are more dominant that 

indirect emissions.  

Moreover, this study also illustrates the range of direct N2O emission factors not only for 

each type of N source (organic vs. inorganic or raw vs. digested manure) but also for soil types 

and the interactions between soil type and N source. For instance, emission factors for total N 

applied among treatments ranged from 1.1-1.9% on average in the clay field and from 0.3 to 

4.4% on average in the sandy-loam field. Thus, while emission factors were within range of the 

1% provided by the IPCC, emission factors among treatments in sandy-loam field were at least 

2% higher on average. These higher emission factors than provided by the IPCC is, as results 

showed, due in part to spring thaw emissions which are also not considered in the IPCC default 

direct N2O emission factor. Indeed, the most accurate emission factors will be those that 

consider more of the variables influencing N2O emissions such as: soil-climatic conditions, N 

application practices and both the physical and chemical properties of each N source applied.  

In addition, scaling N2O emissions based, not only on area (kg N2O ha-1) and total N applied (kg 
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N2O/kg of total N applied), but also on N biomass yields (kg N2O/kg of biomass N) and available 

N applied (kg of N2O/kg of available N applied) revealed variable results in significant 

differences in N2O emissions between treatments. As such, presenting N2O emissions based on 

multiple scales provided a more detailed representation of how each treatment affected N2O 

emissions, which aids in a more comprehensive interpretation of N source cropping system 

practices.  

Since general recommendations across years, and especially soil types, are difficult to make 

based on the results presented in this study alone, testing the effects of N sources over many 

years using a model will help identify the most robust beneficial management practice for 

reducing agricultural N2O emissions. Indeed, the field data collected for this study provides a 

strong basis for how N2O emissions respond to particular environmental and management 

conditions which can be used to calibrate a model.  
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Chapter 4 Testing the DAYCENT Model against Field Measurements 

4.1 Introduction 

Since increasing atmospheric nitrous oxide (N2O) emissions are a global concern, numerous 

studies have been conducted to measure N2O emissions from one of the largest anthropogenic 

emitting sources: agricultural soils (Mosier and Kroeze 2000). However, because the soil 

microbial processes involved in releasing N2O emissions are complex—as they are influenced 

by both environmental conditions and agricultural management decisions—inconsistency in 

results between N2O emission studies is common. As Petersen and Sommer (2011) point out, 

the effects of anaerobic digestion, in particular, on N losses to the environment are especially 

complex and have thus resulted in conflicting reports among studies comparing treated vs. 

untreated manure. Likewise, the effects of digestate on N2O emissions (as presented in Chapter 

3) were conflicting between soil textures (sandy-loam vs. clay) even though other influencing 

factors remained constant, including: weather conditions, agronomic practices and N source 

characteristics. Moreover, the effects of management practices on N2O emissions can differ 

depending on the years included in each study. For instance, although there was no overall 

significant effect of application timing (fall vs. spring) on N2O emissions in the sandy-loam field 

(as presented in Chapter 3), there was significantly higher N2O emissions from fall compared to 

spring applications in year 1 but not in year 2. As such, the effect of yearly variations—mainly 

due to changes in climatic conditions—on N2O emissions from a particular agricultural system, 

make it difficult to reach a consensus on better management practices (BMPs) for dairy 

livestock producers. Thus, the next step in evaluating potential BMPs for agricultural producers 

committed to reducing their N losses, is to run a model over many years to obtain the effects of 

management practices on N2O emissions overall.   

DAYCENT is an agro-ecosystem model, designed for the simulation of N2O fluxes, among 

other biogeochemical processes. It has been used by numerous studies around the world 

including the U.S. National GHG inventory to quantify emissions from different management 

practices (EPA 2013). Similar to the CENTURY model, it can simulate nutrient stocks and flows 

in response to environmental variables within a complex system such as an agricultural soil (Del 

Grosso et al. 2011b). More specifically, DAYCENT simulates the stocks and flows (i.e. amount 

and movement) of various forms of carbon and nitrogen between different pools in the soil as 

well as areas within the environment (i.e. atmosphere, vegetation, soil, and water) (Del Grosso 

et al. 2005). For example, the amount of carbon in a soil represents the “stock” at a point in 

time, which, depending on its composition (i.e. lignin concentration, C:N ratio) and soil abiotic 
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factors (such as temperature and moisture) will flow between active, slow and passive SOM 

conceptual pools.  Also, the amount of carbon and nutrients added from other sources such as 

plant residues and manures contribute towards this “flow” or movement of C and N from one 

pool to another within the soil system. Thus, a number of interacting variables can affect the rate 

of SOM decomposition and nutrient (i.e. nitrogen) flow to pools that result in trace gas fluxes 

(Del Grosso et al. 2002).  

One of the advantages to employing the DAYCENT model is that it explicitly represents 

these complex stock and flow systems including the processes of both nitrification and 

denitrification on a daily time step, in addition to distinguishing the proportion of N that is lost as 

either N2O or N2 (Del Grosso et al. 2011b).  In comparison, CENTURY does not distinguish 

between N gas losses and assumes the same proportion of available N applied is lost during a 

monthly time step (Del Grosso et al. 2011b). Indeed, these improvements in DAYCENT  (Daily 

CENTURY) compared to CENTURY increase the accuracy of N2O simulations since N2O fluxes 

generally respond more to instantaneous changes in soil conditions such as soil volumetric 

water content (Del Grosso et al. 2011b). However, it has been shown that the daily simulation 

outputs from DAYCENT are not as accurate as the simulation of seasonal N2O emission 

patterns (Del Grosso et al. 2002). This discrepancy between accuracy at small and large 

temporal scales can ultimately be attributed to the complexity of factors influencing the multiple 

processes that produce N2O in both space and time (Farquharson and Baldock 2008). For 

instance, in order for N2O fluxes and seasonal N2O emissions to be accurately predicted, 

simulations of nitrification and denitrification regulating variables such as soil moisture, 

temperature and mineral N must be well generated. Thus, DAYCENT’s robustness and ability to 

accurately simulate the processes that control nutrient stocks and flows relies on testing against 

actual field measurements, ideally under a variety of management strategies, crops, soil types 

and regions.  

The objective of this study was to test if the DAYCENT model is effective at simulating 

measured environmental parameters (soil temperature, moisture and available N 

concentrations) and N2O fluxes by comparing predicted outputs against measured values. This 

comparison of predicted vs. measured values will provide insight into areas of improvement for 

a more robust model.  Indeed, a thoroughly tested model will be a useful tool for further 

evaluating potential N2O mitigation strategies simulated over many years.  
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4.2 Materials and Methods 

4.2.1 Experimental Site 

A detailed description of the experimental site used for this exercise (including: the 

geographic location and climate normals) is provided Chapter 2, section 2.2.1. Although the field 

experiment was established on two soil types—with contrasting soil textures (sandy-loam vs. 

clay) and hydrological properties (freely drained vs. tile drained)—only data collected from the 

sandy-loam field was used for the purpose of this DAYCENT simulation due to the complexity of 

modeling the effects of the tile drainage system on soil processes.  More specifically, measured 

N2O fluxes from only one randomized block in the sandy-loam field was necessary to elucidate 

a model response for this preliminary exploration of simulated vs. measured N2O fluxes. The N 

application rates and dates of the treatments included in the simulation are outlined in Table 4-1 

and are also described in further detail in Chapter 2, section 2.2.2. In addition, the methodology 

for manure analysis is described in Chapter 2, section 2.2.3 and the manure characteristics, 

including total carbon is provided in Chapter 2, Table 2-4. 

The time period over which simulated vs. measured N2O fluxes were compared was from 

the first day of chamber flux measurements on October 30, 2011 to September 5, 2013, which 

includes both fall treatment years and the first spring treatment year (a visual representation of 

these time periods and the management activities that took place is shown in Chapter 2, Figure 

2.3). The comparison of simulated vs. measured soil volumetric water content (VWC) was from 

May 31, 2012 to October 8, 2013 and the time period during which simulated vs. measured soil 

temperatures were compared were from June 2012 to October 2013.  As such, the scope of this 

study was to use enough data to simulate the N2O fluxes of a few experimental plots during 

important climatic changes and management activities, including: spring thaw, winter conditions, 

fall and spring application times, without incorporating the complexity of the tile drained clay field 

or treatment comparisons within the sandy-loam field.  

Table 4-1 Modelled plots (treatments) in sandy-loam field using DAYCENT for the comparison 
with actual field measurements. Includes N application (app.) date as well as application rates of 
TAN, Organic N and Organic Carbon (kg ha-1) input into DAYCENT model. 
 

App. 
# 

Plot Treatment N app. date TAN  
(kg ha-1) 

Org-N  
(kg ha-1) 

Org-C 
(kg ha-1)* 

N/A 101 Zero-N control N/A N/A N/A N/A 

1 102 Digestate Spring (DS) May 23, 2012 139.8 131.6 1292 

1 103 Raw Manure Spring (RS) May 23, 2012 125.3 138.4 3784 

1 104 Inorganic (IS) May 23, 2013 140 0 0 
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1 105 Raw manure Fall (RF) October, 28, 
2011 

93.3 112.4 3740 

1 106 Digestate Fall (DF) October 28, 
2011 

116.6 89.6 1167 

2 101 Zero-N control N/A  N/A N/A N/A 

2 102 Digestate Spring (DS)** May 27, 2013 139.8 131.6 1292 

2 103 Raw Manure Spring 
(RS)** 

May 27, 2013 125.3 138.4 3784 

2 104 Inorganic (IS)** May 27, 2013 140 0 0 

2 105 Raw manure Fall (RF)** October 30, 
2012 

93.3 112.4 3740 

2 106 Digestate Fall (DF)** October 30, 
2012 

116.6 89.6 1167 

* Approximate value based on carbon analysis of RM and DG collected on various dates in 
2011- 2013 from Terryland Farm (the source of manure amendments) 
** the analysis of the manure applied for the second spring and fall applications had not been 
completed before this model was run, thus, the same TAN, Organic N and Organic C results 
from the first spring and fall application were used.  

 

4.2.2 Field Measurements 

Most of the field measurements and environmental data used for the purpose of this 

exercise are based on the data presented in Chapters 2 and 3. Weather data, including air 

temperature (°C) and rainfall (mm), during the measurement period were collected from an 

onsite weather station in combination with the Central Experimental Farm weather station 

located in Ottawa, ON, as described in Chapter 2, section 2.2.6. N2O flux measurements were 

collected using non-flow-through non-steady-state (NFT-NSS) chambers, the methodology for 

which is described in Chapter 3, section 3.2.2. Also, the methodology for the collection and 

analysis of the soil samples (0-15 cm), used for comparing simulated vs. measured soil mineral 

N from October 2011- December 2013, is explained in chapter 2, section 2.2.4. 

Continuous soil volumetric water content measurements were collected using water content 

reflectometers (WCR) (CS-616, Campbell Scientific Canada, Edmonton, AB) 30 cm in length, 

installed vertically from the soil surface in 4 locations within two plots of each field (see 

Appendix G Figure G.1).  Similarly, soil temperature sensors (Model #109, Campbell Scientific 

Canada, Edmonton, AB) were installed 5 cm below the soil surface and were located within 1m 

of each WCR. All sensors were connected to a datalogger (CR1000, Campbell Scientific 

Canada, Edmonton, AB) and programmed using Campbell Scientific’s Loggernet Short Cut and 

CRBasic Editor programs to collect measurements every 5 seconds by converting electrical 

signals sent by the sensors to the appropriate units. For example, the WCR sensors output 
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square wave electromagnetic signals to the datalogger that change in frequency or “output 

period” depending on the soil moisture; using the calibration equation provided by the 

manufacturer with each sensor (see Equation 4-1) the output period was converted to 

volumetric water content (VWC) (m3 m3) (Campbell Scientific 2012). The soil temperature 

sensors used thermistors, whereby the change in electrical resistance of the thermistor is 

dependent on soil temperature. The Steinhart-Hart equation was then used to convert the 

resistance to degrees Celcius (Campbell Scientific 2011). Collected measurements were 

averaged over each hour so that only hourly and daily averages, as well as maximum and 

minimum values, for each soil moisture and temperature sensor were recorded. Moreover, data 

were collected weekly from each datalogger during the growing season and added to a final 

dataset.   

Equation 4-1 Calibration Equation for the CS616 WCR, where VW=volumetric water content, 
PA_us is the period output (electronic signal) from the sensor to the datalogger and 0.0663 and 
0.0007 are factors associated with the specific sensor used to complete the calibration. 

                                         

4.2.3 DAYCENT Model Simulations 

The version of the DAYCENT model used to simulate soil moisture, soil temperature, soil 

mineral N and N2O fluxes was “DailyDAYCENT (01/03/2013)”. The first step in simulating the 

field site was to establish a 3000 year equilibrium simulation for a temperate deciduous mixed 

forest to ensure soil C and N pools were properly initialized (Del Grosso et al. 2008) (i.e. that C 

and N pools were ensured to be both stabilized and appropriately partitioned across active, 

intermediate and passive fractions of soil organic matter (SOM) before the onset of agricultural 

practices). Following the initialization of SOM levels and nutrient pools, the model was 

scheduled to run from 1910-2013. From 1911-1958, 90 kg N ha-1 was added at corn planting 

and from 1959-2008, N additions to the corn crop was increased to 110 kg N ha-1 and inputted 

into the schedule file used for the simulation of management practices. Inputs for the simulation 

from 1910-2006 were based on typical cropping systems used in the region during that time 

since site-specific records were unavailable. Such inputs were entered into a DAYCENT file that 

includes the schedule of cropping system management events. Table 4-2 provides an outline of 

the management practices included in the schedule file for the simulation of an example plot 

(plot 102) between 2006 and 2013 when most of the cropping system management history was 

available.  
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Other key site specific variables for this modelling exercise were input using DAYCENT’s 

site file. These variables included: the latitude and longitude of the site (see Chapter 2, section 

2.2.1), soil texture, soil bulk density organic carbon content, pH and hydrological parameters 

including: saturated hydraulic conductivity, wilting point, and field capacity, as well as the 

number of soil layers to be simulated (Keough 2010). All of the plots in the sandy-loam field 

were assumed to have the same soil characteristics and are shown in Table 4-3. The soil 

texture (0-15 cm) was sampled for each plot and since each plot used in this exercise had a 

similar soil texture (Appendix B), an average soil texture of all the plots was used. A detailed 

description of the determination of soil texture is provided in Chapter 2, section 2.2.4.3. Utilizing 

the average soil texture, bulk density and SOM inputs for the sandy-loam field, the field 

capacity, permanent wilting point and saturated hydraulic conductivity (required for the model 

simulation) were estimated using the soil texture triangle and soil water characteristic algorithm 

developed by Saxton and Rawls (2009) (see Table 4-3). The soil was described to a total of 210 

cm depth consisting of 14 soil layers, ranging in depth, all with the same soil properties. 

However, it is unknown how deep the soil layers are at this field site. For future simulations, a 

detailed analysis of soil texture and hydrological properties at various depths (i.e. deeper than 

0.15 m) in each plot may improve the accuracy of the model outputs and thus the effects of 

each management strategy on N2O emissions.   

In addition to the site file, which described the general site information for DAYCENT, other 

input files were modified to characterize the site specific management and climate. The 

information in such files include: daily meteorology data, crop type, cultivation type, fertilizer 

(available N) rates, organic carbon additions from manure sources and the amount of plant 

material harvested (Keough 2010).  

The climatic drivers used for the simulation included: maximum and minimum daily air 

temperatures and total daily precipitation. This weather data were used to simulate the same 

climatic conditions that the experiment was conducted under. Also, DAYCENT uses this daily 

weather data to produce weather statistics such as monthly average precipitation values which 

are used for modelling functions such as atmospheric N deposition.  

Table 4-2 Outline of schedule file for example plot (plot 102). “Block” refers to a period of time 
that particular management practices were employed for and repeating sequence refers to the 
rotation of crops listed under the management section of this table.  

Block Years Management Nutrient 
amendments 

Repeating  
sequence 
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1 1-1910 temperate forest N/A 1 

2 1911-1958 silage corn, barley Inorganic N 2 

3 1959-1990 corn, barley Inorganic N   2 

4 1991-2005 corn, soybean Inorganic N (for corn) 2 

5 2006-2008 corn,corn, Buckwheat  Inorganic and Organic 
N 

3 

6 2009-2013 corn, corn, cover crop, silage 
corn, silage corn 

Inorganic and Organic 
N 

5 

 

Table 4-3 Average soil properties (0-15 cm depth) of sandy-loam field plots inputted into the 
model. Note: % silt is not inputted directly by the model, the model calculates it based on % 
sand and % clay inputs. 

Soil Parameter Value 

pH 6.2 

Bulk density (g cm3) 1.39 

SOM (%) 3.9 

% Sand 73 

% Clay 5 

Organic carbon (%) 1.9 

Field Capacity (%)* 15.3 

Permanent wilting point (%)* 6.6 

Saturated hydraulic conductivity (mm/hr)* 83.84 

* estimated based on soil texture, bulk density and SOM using the pedotransfer function 
developed by Saxton and Rawls (2009) 

 

4.2.4 DAYCENT Model Calibration 

Following the initial model simulation, outputs for biomass and total biomass N yields (i.e. 

stover N + grain N) were compared to field measurements for model calibration. Model 

calibration is required to improve model performance for a particular site-treatment combination 

through changes to generalized parameters (Del Grosso et al. 2011b). As such, model 

calibrations lead to better correlations between field measurements and other model outputs for 

evaluation.  For this simulation, changes were made to plant parameters such as net primary 

productivity and biomass to generate the best possible correlation between modelled and 

measured N yields and biomass. Since such parameters were changed in the model to 

elucidate the best fit with field measurements, biomass and N-yields were not compared for 

model evaluation purposes.  

Model evaluations (comparisons with field observations) were first conducted by comparing 

model outputs of soil physical characteristics (temperature and moisture), followed by chemical 
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characteristics (soil N pools), with field measurements. These comparisons were conducted first 

to see how well the model performed before finally making comparisons between modelled and 

measured N2O fluxes. This incremental approach helps identify ways in which the model can be 

improved to better represent N2O fluxes, since the physical and chemical soil characteristics 

dictate how N-losses will evolve. Comparisons between model outputs and field measurements 

of soil water content, soil temperature, soil mineral N and N2O fluxes are discussed in the 

following sections.  

4.3 Results and Discussion 

4.3.1 Comparison of Simulated vs. Measured Soil Moisture (30 cm) 

The comparison between DAYCENT volumetric water content (VWC) outputs (a weighted 

average of VWC in the simulated soil layers between 0-30 cm) and field measurements (30 cm) 

are shown in Figure 4.1. Overall, comparisons of simulated vs. measured VWC for RS and DS 

plots resulted in correlation coefficients of 0.57 (r2=0.32) and 0.32 (r2=0.10) respectively. Also, 

predicted average VWC was 0.11 m3m3 for both plots while the field measured average values 

for the RS and DS plots were 0.20 and 0.23 m3m3 respectively.  As illustrated in Figure 4.1, both 

measured and predicted values tended to rise and fall at similar times and responded to 

precipitation events. However, the simulated VWC was often 10-20% lower than the measured 

values in both the RS and DS plots (Figure 4.1). Interestingly, there was less of an offset 

between the measured and predicted values of VWC during the late growing season (between 

August and October) of year 1 (dry year) compared to year 2 (wetter year) (see Figure 4.1) but 

a slightly better correlation between measured and predicted values during that same period of 

year 2 (2013) compared to the year 1 (dry year) in the RS simulated plot (r=0.70 and 0.85 for 

late growing season of year 1 and year 2 respectively). The offset getting smaller during the dry 

year (year 1) is a function of the measured and predicted values both approaching the wilting 

point late in the growing season. 

Moreover, there was a slightly weaker correlation between measured and simulated VWC in 

the DS compared to the RS amended plot (see Figure 4.1). For instance, there is a noticeably 

larger offset between the measured and simulated VWC in the DS plot, especially following the 

spring application in 2013 (i.e. during the wetter growing season). Since DAYCENT assumes 

zero water is applied with each N source, an estimate of the additional water added with 

digestate (based on % dry matter) was added as an irrigation event on the same day as 

application to account for the additional liquid applied. Regardless of this irrigation event input, 
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DAYCENT still simulated the VWC of the DS plot poorly. Although this weaker correlation may 

be, in part, due to the fact DAYCENT does not currently have an input for the liquid fraction 

applied with each N source, it is still more likely that the discrepancies are caused by incomplete 

soil physical property data (i.e. lack of field measured hydraulic conductivity and soil texture at 

other soil depths).  

To eliminate the possibility of a potential calibration issue with the WCRs used for field 

measurements, periodic comparisons of WCR measurements against gravimetric 

measurements should be conducted to ensure the accuracy of the field measurement data. As 

such, average soil moisture (%) determined gravimetrically from bulk density soil samples (0-10 

cm), as well as instantaneous VWC measurements collected on chamber sampling dates using 

a time domain reflectometer (TDR) (0-12 cm), were compared with WCR measurements of 

VWC (0-30 cm) (see Figure 4.1). This comparison of soil moisture determination methods 

showed that the VWC measurements from the TDR as well as those measurements determined 

gravimetrically were often lower than measurements from the WCR sensors but still higher than 

soil moisture predictions by the model. The lower VWC measurements from the TDR and 

gravimetric methods compared to the WCR method was likely due to the differences in soil 

depth. It is reasonable to assume that soil moisture determined at shallower soil depths (0-12 

cm using TDR and gravimetric methods) would yield lower VWC measurements (compared to 

WCR measurements ranging from 0-30 cm) due to faster drying at the surface. Nevertheless, 

these comparisons show that the model still underestimated VWC, even with comparisons to 

soil moisture determination methods that were used on soils in the upper 0-12 cm soil surface. 

Interestingly, it was also observed that VWC field measurements, regardless of the 

determination method, were closer to model predicted VWC values during periods of relatively 

low soil moisture (i.e. growing season year 1) with the exception of a few outliers by the TDR 

measurements (see Figure 4.1). 

Scheer et al. (2013), also tested the DAYCENT model using field measurements of soil 

moisture and contrary to our results, they found that DAYCENT performed well (r2=0.57) at 

simulating soil VWC. They did note however, that DAYCENT slightly overestimated VWC during 

periods of soil drying. Jarecki et al. (2008a), also reported a poor correlation (r=0.263) between 

simulated and measured VWC in the upper 0-5 cm of soil. Similarly, they reported that the 

simulated VWC values were significantly (p<0.01) lower than measured VWC. Consistent with 

Scheer et al. (2013), they also found that while simulated VWC increased to similar levels as 
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measured values following precipitation events, it was during drying periods that primary 

differences between modelled and measured VWC was observed.  

The discrepancy between measured and modelled VWC in the present study may be due 

the estimates of hydrological properties (field capacity, wilting point and saturated hydraulic 

conductivity) used as inputs in the DAYCENT site file (see Table 4-3). Actual field 

measurements of such properties at varying soil depths would provide more accurate and 

detailed soil characteristics potentially resulting in a better simulation by DAYCENT. For 

instance, a higher field capacity input in the model would potentially yield higher predicted VWC 

values, especially during times of higher precipitation when soil is at or near saturation. In fact, 

observations of the maximum and minimum VWC field measurements of 30% and 10% 

respectively, suggest that the estimates used in the model for field capacity and permanent 

wilting point (which were based on a pedotransfer function) are not accurate (Table 4-3). 

According to Del Grosso et al. (2011a) field capacity and wilting point model inputs can be 

estimated by observations of the maximum and minimum VWC following rainfall events and dry 

down periods, respectively, or by using the algorithm developed by Saxton and Rawls (2009). 

Moreover, depending on the height of the water table, drainage out of the bottom of the soil 

profile may be blocked, potentially saturating the upper soil layers (Del Grosso et al. 2011a). 

Thus, another potential way to improve future simulations of VWC is to include monthly water 

table depth inputs. Although such inputs were not available for the sandy-loam field at the time 

of modelling, future simulations of this site could benefit from water table depths as field 

observations of standing pools of water for prolonged periods, especially in the spring, suggest 

there is a relatively high water table (approximately 1 m deep) that could influence the soil water 

contents at this site.   
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Figure 4.1 Comparison of DAYCENT predicted and field measured soil volumetric water content 
in a spring raw plot (top) and spring digestate plot (bottom). Note: some periods of 
measurement were excluded due to sensor removal or frozen soil conditions during which the 
continuous soil moisture sensors do not perform accurately. S represents spring N application 
and H represents time of harvest. 

 

4.3.2 Comparison of Simulated vs. Measured Soil Temperature (5 cm) 

The comparison between DAYCENT soil temperature outputs and actual soil temperature 

measurements at a 5 cm soil depth yielded a strong correlation coefficient of 0.98 (Figure 4.2). 

This is similar to the correlation coefficient of 0.96 for simulated vs. measured soil temperatures 

at 5 cm reported by Jarecki et al. (2008a). Also, both predicted and measured values 

corresponded appropriately with fluctuations in average daily air temperature (Figure 4.2). 

However, predicted and measured average soil temperatures were 7.8 and 11.3 °C 

respectively. This difference in average soil temperatures over the measurement period was 

mainly due to the model underestimating soil temperatures during the winter (Figure 4.2). For 

instance, a comparison of average measured vs. simulated values during periods above 
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freezing yielded a slightly closer agreement, with average soil temperatures of 16.8 and 15.3°C 

for predicted and measured, respectively. In contrast, during below freezing soil temperatures 

average measured and predicted soil temperatures were -0.5°C and -8.3°C, respectively. Thus, 

although a strong correlation coefficient resulted from the analysis of predicted and measured 

soil temperatures, this does not necessarily indicate that the model was accurately predicting 

soil temperatures throughout the entire modeling period. Jarecki et al. (2008a), also found that 

the accuracy of simulated soil temperatures decreased during winter when, similar to the results 

from the present study, predicted values were lower than measured temperatures. 

The thermal insulation function (a function in the model representing the thermal insulating 

effect of snow cover on soil temperatures) was set for this model simulation. However, this 

insulating function does not take into account snow depth but is rather a function that sets a 

constant soil temperature during the snow cover period. When this function was not included in 

the simulation, the predicted soil temperature followed that of the air temperature, also yielding 

a poor relationship during the period of frozen soil. Indeed, the discrepancy between measured 

and model predicted values, when the thermal insulation function was set during the winter 

period, suggests an issue with the models ability to accurately estimate the insulating effect of 

snow on soil temperature. Such an underestimation of the insulating effects of snow cover was 

also reported by Zhang et al. (2013).  This is likely due to the fact there was no option for 

incorporating actual snow depth (i.e. the level of insulation) into the version of DAYCENT used 

for this exercise. Instead, snow accumulation is estimated in the model based on precipitation 

during temperatures below freezing. 

DAYCENT’s limitations for snow depth inputs has been addressed by Parton et al. (1998) in 

their development of a land surface submodel for DAYCENT. The submodel they developed for 

DAYCENT included the effect of snow depth on soil surface temperature and resulted in fairly 

well simulated seasonal patterns, but with the greatest discrepancies still occurring during the 

winter months. They attributed these discrepancies to issues in simulating snow cover due to 

limited snow cover measurements, as well as snow cover variation on a spatial scale that could 

not be represented by the model. Although the spatial variation of snow cover in the field is 

difficult to include in a model, it would be beneficial for future simulations if improvements were 

made to the thermal insulation function in DAYCENT by incorporating snow depth, as 

developed by Parton et al. (1998). Indeed, this would be an improvement as snow depth may 

influence the insulating potential, keeping predicted soil temperatures from decreasing too low, 

rather than using an arbitrarily set soil temperature during periods of snow cover. 
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Figure 4.2 Comparison of DAYCENT predicted (from plot 101) and field measured soil 
temperature at 5 cm (average soil temp. in both plots with soil temperature sensors), also 
included is the average daily air temp. 

 

4.3.3 Comparison of Simulated vs. Measured Soil Nitrogen (0-15 cm) 

Correlation coefficients for simulated vs. measured soil NO3 and NH4 on soil sample dates 

are provided in Table 4-4. Soil NO3 concentrations were fairly well simulated for the organic 

amendments (r=0.52-0.89) but not as well for the C or IS plot (i.e. plots 101 and 104) (r=0.18-

0.36). Similar to comparisons determined by Jarecki et al. (2008a) , Scheer et al. (2013) and Del 

Grosso et al. (2008), soil nitrate was often underestimated by the DAYCENT model on most of 

the soil sampling dates (see Figure 4.3 for simulated vs. measured NO3 on six sampling dates in 

example plots 101(control), 103 (RS) and 105 (RF)).  

The underestimated NO3 concentrations by DAYCENT may be attributed to the fact that a 

homogeneous soil structure and hydrological properties were assumed across all depths of the 
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simulated soil profile. Although the description of the soil profile inputted into DAYCENT was the 

best approximation, given the available soil data for this modelling exercise, it is probable that 

the soil hydrological characteristics change at different depths, influencing the models ability to 

correctly simulate NO3 losses via leaching and subsequently N2O losses via denitrification. It is 

noteworthy, that annual mineral N leached (g m2) of stream flow (base flow + storm flow) was 

simulated by DAYCENT but could not be directly compared to measurements of NO3 leached 

due to various differences in the calculation of accumulated N leached. For instance, measured 

NO3 leached could not be calculated over a calendar year due to the timing of lysimeter 

installation and sample collection dates whereas DAYCENT simulations of total N leached were 

accumulated over a calendar year. Moreover, measurements of N leached were from a 30 cm 

soil profile while outputs for predicted NO3 leached based on the total N leached through the 

entire soil profile simulated (210 cm). Thus, although a direct comparison between DAYCENT 

predicted N leached and actual N leached could not be accurately conducted, it may be 

speculated that the model overestimated NO3 leaching losses in the sandy-loam field, which 

may explain the underestimation of soil NO3 at times.  

In contrast to the comparison of simulated vs. measured NO3 concentrations, simulations of 

soil NH4 concentrations were often overestimated leading to relatively poor correlation 

coefficients for the organic amendments and the control (Table 4-4). Interestingly, there was a 

very good correlation between simulated and measured NH4 concentrations for the IS plot (plot 

104). Soil NH4 simulations for inorganic fertilizer treatments may be easier for the model to 

simulate because the inputs into the system are simpler (soil receives just inorganic N 

compared to inorganic N + organic N + carbon). Thus, by its nature, there are potentially fewer 

N forms/transformations occurring at and shortly after the time of inorganic fertilizer application 

compared to an organic N source. Moreover, negative correlation coefficients were observed for 

both the fall applications of RM and DG on soil NH4 concentrations compared to positive 

correlation coefficients for spring applications. This suggests that nitrification rates for fall 

applications were more difficult for the model to simulate.  

Although simulated vs. measured NH4 concentrations were poor overall, comparisons 

between the treatment plots and the zero-N control plot for soil NH4 (see example in Figure 4.3) 

indicate that the model performed well at simulating the expected increase in NH4 following 

spring N applications (Figure 4.3). However, this effect of N application by the model was 

difficult to evaluate against field measurements because the soil samples did not reflect such 

NH4 peaks. This discrepancy between simulated and measured soil NH4 concentrations may be 
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due to the fact that nitrification happened so rapidly in the sandy-loam soil that the timing of soil 

sampling (approximately 1-2 weeks following application) did not capture the high increase of 

NH4 before being nitrified. Moreover, the potentially high rates of nitrification contributing to the 

low NH4 and peak NO3 measurements following N applications could be due to a well-adapted 

microbial community efficiently utilizing the free ammonium.  Therefore, DAYCENT was 

parameterized by the modellers to nitrify at the maximum rate that the model allowed to 

simulate a brief but very high spike in NH4, thus, reaching background levels by the time the soil 

samples were collected. Indeed, this is the reason why a high spike in NH4 was simulated soon 

following N applications. Interestingly, other model testing from experimental sites across the 

U.S. also showed that nitrifying at the maximum rates (i.e. allowing nitrification rates to be solely 

a function of soil NH4 at any concentration rather than limiting maximum nitrification after soil 

NH4 exceeds a specific threshold) produced more accurate results and is now considered the 

default parameter (Scheer et al. 2013). 

Table 4-4 Correlation coefficients for the comparison of simulated vs. measured NO3 and NH4 
concentrations from collected soil samples. 

Plot (treatment) Correlation Coefficient for 
simulated vs. measured soil 
NO3 concentrations 

Correlation Coefficient for 
simulated vs. measured soil 
NH4 concentrations 

101 (Control) 0.36 0.21 

102 (DS) 0.89 0.19 

103 (RS) 0.92 0.17 

104 (IS) 0.18 0.78 

105 (RF) 0.52 -0.24 

106 (DF) 0.77 -0.25 
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Figure 4.3 Comparison of simulated and measured soil NO3 (left) and soil NH4 (right) from plot 101 (control) (top), plot 102 (RS) 
(middle) and plot 105 (RF) (bottom). Six soil sample dates following each N application (or tillage in the case of the control plot) are 
shown. 
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4.3.4 Comparison of Simulated vs. Measured N2O Fluxes 

Correlation coefficients of simulated vs. measured daily N2O fluxes in each plot are shown in 

Table 4-5 and simulated vs. measured daily N2O fluxes over the sampling period for example 

plots 102 (DS) and 106 (DF) are show in Figure 4.4. Although peak N2O fluxes measured 

following spring N applications were simulated by DAYCENT, peak N2O fluxes measured during 

spring thaw in both the spring and fall application treatment plots were not fully represented, 

resulting in poor correlation coefficients (Table 4-5). These results are similar to those reported 

by Jarecki et al. (2008a) who also found a weak correlation coefficient (r=0.37) between 

measured and predicted daily N2O fluxes.  

Other studies comparing simulated vs. measured daily N2O fluxes using DAYCENT have 

found accurate predictions of annual N2O emissions even when correlations on a daily N2O flux 

basis were weak (Parton et al. 2001; Del Grosso et al. 2002). In contrast to these studies, but 

similar to Jarecki et al. (2008a), measured cumulative N2O emissions were often higher than the 

cumulative N2O emissions predicted by DAYCENT, especially for fall applied N sources (Table 

4-5). Interestingly however, DAYCENT did simulate relatively accurate cumulative N2O 

emissions for the control and DS plot overall, with a difference of 1-2 kg N2O-N ha-1  more from 

linear interpolated measured values (Table 4-5). While the similar outcomes for simulated vs. 

measured total N2O emissions in the control plot may provide evidence that the model can 

accurately predict background N2O (i.e. N2O from mineralized organic N) it seems that the 

interaction of environmental conditions combined with management operations (i.e. spring thaw 

soil conditions following fall N applications) overall, as well as on a daily time scale, are not as 

accurately represented by the model.  

A comparison of measured and simulated average daily N2O fluxes during each period 

further demonstrates how simulated N2O fluxes were especially underestimated during P2 and 

P3 (winter and spring thaw periods, respectively) for plots with fall applied N, and during P3 

(spring thaw) and P4 (following spring application) for plots with spring applied N (Table 4-6). 

Similarly, Zhang et al. (2013) reported that although simulated N2O fluxes increased following 

their fertilization events as expected, the DAYCENT model still underestimated those fluxes. As 

illustrated in the example plots in Figure 4.4, the underestimation of N2O fluxes during P3, in 

particular, was much greater for the fall compared to spring applied plot, indicating an issue with 

DAYCENT’s ability to simulate fluxes accurately from fall applied N during the peak spring thaw 

period. Moreover, there was a slight overestimation of daily N2O fluxes during P5 (late summer 
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and early fall), the period when most measured values were between 0.000 and 0.003 kg N2O-N 

ha-1 d-1.  

As it has been evaluated by Risk et al. (2013) in a literature review, the main mechanism 

causing spring thaw emissions is due to the increased denitrification from an increase in the 

availability of nutrients to soil microorganisms. Thus, the discrepancy between simulated and 

measured N2O fluxes, especially during the spring, may be attributed to the fact that DAYCENT 

does not currently account for increased denitrification when soils freeze and thaw. Moreover, a 

secondary cause of an N2O burst during spring thaw may be attributed to N2O accumulated 

under frozen soil layers, especially from nitrified and denitrified N from previous fall applications 

(Figure 4.4). This mechanism, also not explicitly represented in the DAYCENT version 

employed for this study, may be an especially important source of N2O fluxes in the spring 

during years or in regions where an ice cap forms over winter (Risk et al. 2013).   

Although it may seem likely that the weak correlation between simulated and measured N2O 

fluxes could be attributed in part to the offset of simulated vs. measured VWC affecting the 

potential for denitrification to be accurately represented in the model, this is probably not the 

case. In fact, as long as the model approaches field capacity in its soil moisture estimate, 

denitrification should occur regardless of the where field capacity was set, be it as 15% VWC or 

30% VWC. Interestingly however, Jarecki et al. (2008a) also attributed the difference between 

their measured and predicted cumulative N2O flux estimates to be due, in part, to DAYCENT’s 

underestimation of N2O fluxes following increased soil water content at rainfall events. They also 

attributed the discrepancies, in part, to the differences observed between their simulated and 

measured soil mineral N concentrations, which could also help explain the differences in 

simulated and measured N2O fluxes in the present exercise. For instance, if NO3 simulations 

underestimate the actual amount of NO3 in the soil, lower rates of NO3 to N2O conversion (via 

denitrification) will likely be simulated. 

Overall, if simulations of soil temperature, VWC and soil N are not correctly simulated during 

periods of peak fluxes, the accuracy of N2O daily flux outputs is going to reflect such errors. 

Certainly, the discrepancies observed for VWC and soil mineral N may, in part, be attributed to 

the homogenous soil hydrological properties characterized in DAYCENT which may not have 

accurately instructed simulations of nutrient transformations and movement when soil moisture 

tended to be higher (i.e. spring thaw). For instance, during times of low precipitation (i.e. the late 

growing season, when soil hydrological properties are not as influential on NO3 and N2O losses) 
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the model simulations fit more closely with measured values (see example plots in Figure 4.4). 

On the other hand, DAYCENT’s inability to accurately represent VWC and soil mineral N has 

been acknowledged by other studies, including the present study which suggests improvements 

are required in these sub-models if more representative estimates of soil N2O fluxes are to be 

obtained.  

Table 4-5 Correlation coefficients of predicted vs. measured daily N2O fluxes (kg N2O-N ha-1 d-1) 
for each simulated plot as well as both measured and cumulative N2O emissions (kg ha-1) from 
October 30, 2011 to September 5, 2013. Measured daily N2O fluxes were linear interpolated to 
calculate cumulative N2O emissions from measured values.  

Plot  
(treatment) 

Correlation 
Coefficient 
for Daily N2O 
fluxes 

Cumulative 
N2O-N 
Emissions 
(Simulated) 

Cumulative 
N2O-N 
Emissions 
(Measured) 

% difference between 
simulated and measured 
cumulative N2O 
emissions 

101 (C) 0.12 3.22 4.53 -29 

102 (DS) 0.53 7.74 10.11 -23 

103 (RS) 0.02 5.40 9.10 -41 

104 (IS) 0.07 3.77 6.15 -39 

105 (RF) 0.20 2.89 16.85 -83 

106 (DF) 0.08 5.51 22.23 -75 

 

Table 4-6 Measured and simulated average daily N2O fluxes (kg N2O-N ha-1) for each period. 

Plot (Treatment) Measured (M) or Simulated (S) P1* P2* P3* P4* P5* 

101 (C) M 0.001 0.003 0.017 0.012 0.000 

 S 0.001 0.001 0.013 0.004 0.007 

102 (DS) M 0.003 0.003 0.040 0.028 0.002 

 S 0.001 0.001 0.025 0.019 0.013 

103 (RS) M 0.002 0.003 0.029 0.032 0.002 

 S 0.002 0.001 0.014 0.015 0.009 

104 (IS) M 0.001 0.003 0.012 0.027 0.002 

 S 0.001 0.001 0.012 0.011 0.009 

105 (RF) M 0.013 0.032 0.064 0.010 0.002 

 S 0.003 0.003 0.009 0.003 0.004 

106 (DF) M 0.013 0.051 0.081 0.011 0.003 

 S 0.006 0.003 0.012 0.011 0.010 

* P1,P2, P3, P4 and P5 refers to Periods 1-5 as described in Chapter 2 Figure 2.3. Briefly, P1 is 
from Oct.19-Dec.25 (late fall and early winter), P2 is from Dec.26-Mar.18 (late winter and early 
spring), P3 is from Mar.19-May 20 (early spring to late spring), P4 is from May 21-Jul.31 (late 
spring and summer), P5 is from Aug.1-Oct.18 (later summer and early fall). 
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Figure 4.4 Example of simulated vs. measured daily N2O fluxes in the DF plot (A) and DS plot (C). Measured vs. simulated average 
daily N2O flux in each period for the DF and DS plots are shown in B and D respectively. Measured daily N2O fluxes were linear 
interpolated before calculating an average for each period.  



 

152 
 

4.4 Summary and Conclusions 

Although soil temperature was simulated very well during the snow free season, predicted 

values were substantially below measured values during the winter snow cover period. Thus, 

improvements could be made to the model by including inputs for actual snow depths that may 

help simulate the thermal insulation of the snow on soil temperatures. Predicted soil volumetric 

water content tended to follow similar fluctuations as measured values. However, there was a 

large offset, whereby the simulated VWC was substantially lower than the measured soil 

moisture values. This discrepancy between measured and predicted VWC was likely due to 

inaccurate soil parameters inputted into the model including: field capacity, wilting point and 

hydraulic conductivity. Similar to other evaluations of the DAYCENT model, simulations of soil 

NH4 was often overestimated (especially for the organic amendments), yielding a poor 

simulation, while NO3 was simulated better but at times underestimated. It may be speculated 

that the discrepancy between simulated and measured NH4 concentrations was due to a 

combination of high nitrification reaction rates combined with a low soil sampling frequency that 

may not have captured peaks in NH4 following N applications. As such, a nitrification potential 

assay or more frequent soil sampling following N applications may be help in understanding the 

soil N transformation dynamics at this site. Discrepancies between measured and modeled soil 

mineral N concentrations could also be due to issues with the model subroutines for running the 

nitrification and denitrification processes (Jarecki et al. 2008a).  

Most importantly, results from this exercise showed poor correlations between measured 

and predicted N2O fluxes. Simulated N2O fluxes were lower than measured values during peak 

periods (spring thaw) and higher during periods of low or zero N2O fluxes (late summer), 

especially for fall applied N sources. This result is not surprising given the poor simulations of 

soil physical and chemical conditions. For instance, the factors possibly contributing to the poor 

simulations of N2O fluxes include: the underestimated soil temperature during the winter/spring 

thaw when peak N2O fluxes tended to occur, the underestimation—for some plots—of soil NO3, 

the offset soil moisture which may have led to decreased simulations of denitrification and the 

lack of an explicit spring thaw mechanism simulating potential denitrification or “N2O bursts” 

during spring thaw. Overall, a few improvements to the model could be made in addition to 

obtaining detailed and accurate soil characteristics of the field site. Once these issues have 

been addressed, simulations on both field sites could be run over multiple years to better 

quantify the mitigation potential of the cropping management practices under evaluation in this 

thesis.   
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Chapter 5 Conclusions and Recommendations 

5.1 Conclusions 

The foremost objective of this thesis was to compare the effect of spring and fall applied 

digestate vs. raw dairy manure vs. urea, based on leached NO3 and N2O emissions. These 

comparisons were conducted to provide insight into the mitigation potential of the use of 

digestate as a fertilizer as well as applying N sources in the spring rather than the fall, on 

atmospheric N2O emissions. Field data (N-leaching, N2O flux measurements and ancillary data) 

for this thesis were collected for over 2.5 years on two contrasting soil types, resulting in a 

comprehensive dataset that also provides a strong basis for future model simulations aimed at 

assessing potential N2O mitigation strategies. As such, the final objective of this thesis was to 

conduct a preliminary evaluation of the DAYCENT model’s ability to predict N2O fluxes. Such a 

validation exercise has the potential to provide insight that could enhance the model’s 

evaluation of potential dairy livestock cropping system N2O reduction strategies. The following 

sections outline the primary conclusions made from the field study as well as recommendations 

stemming from conclusions and the results of the DAYCENT simulation exercise.  

5.1.1 Effect of N Source: 

As observed in both Chapter 2 and 3, N source effects on N-leaching and N2O emissions 

could not be generalized across soil types. Although the limitations of the experimental site and 

variability among lysimeters did not allow for testing the statistical significance of treatments on 

NO3-N mass loads, the inorganic fertilizer treatment resulted in a substantially higher annual 

NO3-N mass loads (38-47 kg ha-1 and 7-14 kg ha-1 more NO3-N leached per year under the 

lysimeters and tile drainage system respectively) compared to the organic N sources and 

control in the clay field. In contrast, both organic N sources (digestate and raw dairy manure) 

had relatively higher NO3-N losses compared to the inorganic fertilizer (14-26 kg ha-1 more NO3-

N leached per year under lysimeters) and control from lysimeters in the sandy-loam field. 

Moreover, while annual N2O emissions were significantly higher from digestate compared to raw 

dairy manure in the sandy-loam field overall, there was no significant difference between these 

N sources in the clay field. As such, there was a significant interaction of field x N source on 

N2O emissions, making it difficult to reach generalizations about the best N source for N2O 

mitigation across soil types. 
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Reaching firm conclusions based on N source was further complicated by investigating 

further, the variability of N source effects between years, as well as between scales from which 

N2O emissions were based upon (i.e. N2O emissions from each treatment were scaled by area, 

total N applied, available N applied and kg of biomass N harvested). For instance, while there 

was no significant interaction of treatment x year on annual N2O emissions in the sandy-loam 

field, there was a significant effect of treatment x year in the clay field whereby raw manure, 

applied in the fall, had significantly higher annual N2O emissions than all other N sources in year 

2 (wetter year) but not in year 1 (dry year). Moreover, while there was no overall significant 

difference between N treatments in the clay field (average annual N2O emissions of year 1 and 

year 2) based on kg of N2O ha-1, RF had significantly higher N2O emissions compared to DF 

overall when scaled by kg of biomass N.   

One of the unique aspects of this study was the advantage of observing N source effects on 

N losses to both air and water through simultaneous measurements of N2O fluxes and NO3 

leaching. In general, the contribution of indirect N2O emissions—as estimated based on the 

IPCC factor and from measured N leached—was minimal compared to direct N2O emissions. 

For instance, the percentage of total N2O emissions from indirect N2O emissions of NO3 leached 

was between 1-4% and 2-11% from treatments based on tile drainage systems and lysimeters, 

respectively. Although indirect N2O emissions from leached NO3 resulted in a smaller 

contribution to total N2O emissions compared to direct N2O emissions, pollution swapping 

between direct N2O emissions and NO3 leached was still observed. In fact, N sources with the 

lowest annual direct N2O emission in each field during year two (wetter year when more 

drainage was observed) had the highest NO3 mass load, which suggests that while more N loss 

to water may reduce N2O emissions (because of the estimated small fraction of emissions from 

indirect sources) N loss to the environment is still occurring and thus impacting the nitrogen use 

efficiency of the cropping system being managed. Furthermore, this observed relationship also 

provides insight into the influence NO3 leaching can have on N2O emissions (i.e. when more N 

is lost via leaching, less is lost via N2O, potentially due to the fact  that there is less NO3 at the 

soil surface available for denitrification to take place directly). 

5.1.2 Effect of Application Timing: 

Although the effect of application timing on NO3-N losses could not be thoroughly compared 

across soil types (most lysimeters in the sandy-loam field were installed following the second 

spring application and not the fall) higher NO3-N mass loads—7-8 kg ha-1 more NO3-N 
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leached—were observed from fall compared to spring applied N sources (digestate and raw 

dairy manure) from the tile drainage system in the clay field. In contrast, there was no overall 

significant effect of application timing on annual N2O emissions in either field, when based on 

available N applied and kg of biomass N yield in addition to kg N2O-N emissions ha-1. However, 

in the sandy-loam field, fall applications of N (DG+RM) resulted in significantly higher N2O 

emissions compared to spring applications overall when based on kg of total N applied. 

Moreover, during year 1 in the sandy-loam field fall applications resulted in significantly higher 

N2O emissions than spring applications based on kg ha-1, showing that annual variations in 

climatic conditions can interact with application timing to have an effect on N2O emissions. That 

stated there was no overall significant difference in N2O emissions from fall vs. spring N 

applications on a kg ha-1 basis, due to the fact that the peak N2O flux events associated with 

each application time had similar magnitudes that just occurred during different periods. More 

specifically, fall applications resulted in peak N2O emissions during spring thaw while spring 

applications resulted in peak N2O emissions following spring applications leading to similar 

overall N2O emissions.  

5.2 Recommendations 

5.2.1 For Future Studies: 

Based on the conclusions outlined above, it is obvious that soil type and climatic conditions 

(i.e. yearly variations) play an important role in the evolution of N2O emissions and can influence 

how certain cropping system management practices such as application timing and N source 

affect N losses. As such, studies examining the impacts of certain management practices on 

N2O emissions or total N losses should try to include comparisons on different soil types as well 

as over multiple years to effectively evaluate the management practices being investigated. In 

addition, studies should also consider measurement of other N losses in addition to N2O fluxes. 

Such measurements can provide insight into the potential reasons for treatment differences in 

N2O emissions, as observed in this study, in addition to revealing the overall impact of 

management practices on total N losses to the environment rather than just on direct N2O 

emissions alone. Indeed, pollution swapping is likely to occur, as observed in this study, thus 

affecting how the results of management practices are interpreted. For instance, results from 

this study could be interpreted (1) based only on the total N2O emissions, which would suggest 

that the contribution of N leached to total atmospheric N2O loss is relatively small or (2) based 

on total N loss, whereby the amount of N leached—although not entirely lost as N2O—is still lost 

from the soil system and therefore represents a nutrient inefficiency for farmers. 
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Furthermore, to reach a more thorough understanding of the effect of management practices 

on N2O emissions, future studies should also consider scaling N2O emissions not only by area 

(kg ha-1), but also by kg of total N applied, kg of available N applied and kg of biomass N 

harvested. Although not a primary objective of this thesis, the effect of scaling N2O emissions in 

multiple ways came about through the data analysis part of this thesis and showed further, how 

there can be numerous ways to interpret N2O emission data. Not only does such scaling lead to 

more informed conclusions but it also provides a way that results between studies can more 

easily be compared (i.e. not all studies apply N sources based on available N applied, but they 

can still scale N2O emissions as such).  

5.2.2 For improving IPCC Emission Factors 

Currently, the same N2O emission factor  of 1% (proportion of N2O emissions for each unit of 

total N applied) (IPCC 2006) is used for estimating N2O emissions from both organic and 

inorganic forms of nitrogen applied on all agricultural soil types. The direct N2O emission factor 

of 1.7% for Eastern Canada (Ontario and Quebec) however, can be adjusted to account for 

factors like soil texture whereby estimates are higher for clay soils than for sandy and loamy 

soils (Rochette et al. 2008c). While results from this study showed that the emission factors 

observed were somewhat within range of this regional factor as well as the IPCC factor (EF1) 

and (0.2-5.8% of total N applied lost as N2O among treatments), differences were observed 

across N sources, soil types and years. While it may be unrealistic to apply an emission factor 

dependent on multiple elements defining each individual management scenario, other 

interacting variables such as climate (geographic location) or soil type may be necessary in 

producing more accurate estimates of N2O emissions from different N sources. Such a concept 

has been addressed through the IPCC’s hierarchy of approaches to quantifying GHG emissions 

(Tier 1, Tier 2 and Tier 3). For instance the IPCC’s Tier 2 and Tier 3 methodologies for 

estimating GHG emissions involve the use of emission factors that take into account country 

specific data. Thus, similar to model validation, comparisons of IPCC emission factors with field 

measurements can aid in developing more robust estimates of N2O losses. 

Moreover, the IPCC’s FracLEACH factor assumes that 30% of the total N applied is leached, 

however, results from this study showed that FracLEACH was dependent on a number of 

interacting variables including: N source, soil type and total depth of the drainage system in 

place. The IPCC FracLEACH factor substantially overestimated the percentage of total N applied 

that was leached from all N sources in the sandy-loam field under lysimeters by 21-29%, and 
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from organic N sources in the clay field under both the tile drains and lysimeters by 26-30%. As 

such, it is recommended that the FracLEACH factor outlined by the IPCC be re-evaluated to 

account for organic vs inorganic N sources as well as the depth of the drainage system in place 

and the soil type under which management practices are being carried out.   

5.2.3 For Improving DAYCENT 

Quantifying the N2O mitigation potential of certain cropping system management practices 

was difficult due to the interacting variables of yearly weather variations and soil type. To reach 

firm conclusions about better management practices for dairy livestock cropping systems, model 

simulations over many years, based on collected field data are required. However, before 

evaluations of GHG mitigation strategies through DAYCENT can be interpreted with confidence, 

a few improvements should be addressed to increase the models reliability. For instance, 

results from Chapter 4 showed that there are simulation issues, to some degree, with soil 

temperature, moisture and soil mineral N, all of which are essential factors in simulating 

management effects on N2O fluxes. Although some of the simulation issues outlined in Chapter 

4 may have been the result of inaccurate estimates of soil hydrological properties, 

improvements to the land surface submodel of DAYCENT, including a more robust soil 

temperature routine, is recommended. More specifically, the influence of snow cover insulation 

on soil temperature should be addressed.  It is also recommended that an explicit mechanism in 

the model for spring thaw N2O fluxes be included, as such peaks are essential in obtaining 

accurate N2O emissions estimates in climates where spring thaw bursts make up the majority of 

total N2O emissions.  

5.2.4 For Dairy Livestock Producers 

Anaerobic digestion of raw manure has not only been shown to reduce atmospheric CH4 

emissions from manure storage but also provides a renewable energy source on and off the 

farm, making anaerobic digestion a widely accepted GHG mitigation strategy. Although 

digestate resulted in higher N2O emissions than raw dairy manure in the sandy-loam field 

overall, the additional benefits of GHG reduction and energy production associated with 

anaerobic digestion may offset the potential for increased direct soil surface N2O emissions—

especially considering the fact that there was no overall significant difference in N2O emissions 

between these two N sources in the clay field. Considering the benefits associated with 

anaerobic digestion and the lack of conclusive evidence suggesting a potential trade-off of the 



 

158 
 

reduction of one GHG (CH4) for the increased production for another (N2O), it may be concluded 

that there is indeed a synergy between the GHG benefits associated with anaerobically digested 

manure. 

Even though there was no overall significant difference in average annual N2O emissions 

between fall and spring application times of the organic N sources evaluated, there was higher 

NO3-N loading observed from fall compared to spring applied N sources under the tile drainage 

system in the clay field. In addition, there was a tendency, especially in the sandy-loam field, for 

higher biomass yields from spring compared to fall applied N sources. Thus, it may be 

concluded that although application timing did not have an effect on direct N2O emissions, 

timing does potentially influence a crop’s nitrogen use efficiency, whereby the closer the N can 

be applied to the time of crop needs, the more N losses—from both environmental and 

economic perspective—can be avoided.   
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Appendix A Literature Review of Studies Including Soil Texture Effects 

Table A-1 A sample of literature (50 studies listed alphabetically) on N2O emissions research. Seven studies (italicized) were 
conducted on more than one soil type in the same study location. 

 Reference Study Measurements Research Location Soil Type (s) 

1 
 

(Amon et al. 2006) CH4, N2O and NH3  emissions 
(chamber method) 

Gross Enzersdorf, Lower 
Austria 

unknown 

2 (Chantigny et al. 2007) N2O emissions (chamber 
method) 

near Quebec City, QC, 
Canada 

Loam and sandy loam 

3 (Chantigny et al. 2001) N2O emissions (chamber 
method) 

Chapais research farm 
(AAFC) Quebec City, QC, 
Canada 

Loamy sand 

4 (Chantigny et al. 2013) N2O emissions (chamber 
method) 

Harlaka Research Farm 
(AAFC) near Quebec City 
Canada 

Clay 

5 (Christensen and Tiedje 
1990) 

N2O emissions (chamber 
method) 

USA Sandy loam 

6 (Clemens et al. 2006) N2O and CH4 emissions 
(chamber method) 

Germany Poorly drained luvisol 

7 (Collins et al. 2011) GHG emissions (chamber 
method) 

Near Posser WA, USA Silt loam 

8 (Datta et al. 2013) GHG fluxes (chamber 
method) 

Columbus OH, USA Silt Loam 

9 (Drury et al. 2006) N2O emissions (chamber 
method) 

Woodlsee, ON, Canada Clay loam 

10 (Drury et al. 2008) N2O emissions (chamber 
method) 

Woodlsee, ON, Canada Clay loam 

11 (Drury et al. 2012) N2O emissions (chamber 
method) 

Woodlsee, ON, Canada Clay loam 

12 (Dusenbury et al. 2008) N2O emissions (chamber 
method) 

Montana, USA Silt Loam 

13 (Engel et al. 2010) N2O emissions (chamber 
method) 

Montana, USA Silt loam 

14 (Fassbinder et al. 2013) N2O emissions (chamber Northfield, Minnesota, USA Silt loam 
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method) 

15 (Gagnon et al. 2011) N2O emissions (chamber 
method) 

Harlaka Research Farm 
(AAFC) near Quebec City 
Canada 

Clay 

16 (Gregorich et al. 2008) N2O emissions (chamber 
method) 

Central Experimental Farm 
(AAFC) , Ottawa, ON, 
Canada 

Loam 

17 (Hernandez-Ramirez et al. 
2009a) 

GHG emissions (chamber 
method) 

West Lafayette, IN, USA Silty clay loam and silt loam 

18 (Kariyapperuma et al. 2012) N2O emissions (micromet. 
method) 

Arkell Research Station, 
Guelph, ON Canada 

Burford Loam 

19 (Cates and Keeney 1987a) N2O emissions (chamber 
method) 

Madison Wisconsin, USA  Loam 

20 (Kessavalou et al. 1998) GHG emissions (chamber 
method) 

High Plains Agricultural 
Research Laboratory at 
Sidney, NE 

Loam 

21 (Lemke et al. 1998) N2O emissions (chamber 
method) 

Alberta, Canada (6 different 
locations throughout the 
province) 

4 soil types each in 
different geographic 
locations 

22 (Lessard et al. 1996) N2O emissions (chamber 
method) 

Central Experimental Farm 
(AAFC), Ottawa, ON, 
Canada 

Brandon Loam 

23 (Ma et al. 2010) N2O emissions (chamber 
method) 

Ottawa, Guelph, ON and 
Saint-Valentin, QC Canada 

Loam, Silt and Clay loam 
(but not in same 
geographic location) 

24 (Maharjan et al. 2013) N2O emissions and nitrate 
leaching 

Becker, MN Loamy sand 

25 (Meade et al. 2011) Ammonia and N2O emissions 
(chamber method) 

Newcastle, Co. Dublin, 
Ireland 

Clay loam 

26 (Mkhabela et al. 2008b) Gaseous and nitrogen 
leaching losses 

2 sites: cumberland county 
NS, Canada and Turo NS, 
Canada 

Sandy, clay loam texture 
and ? (but from different 
sites) 

27 (Mkhabela et al. 2008a) N2O emissions (chamber 
method) 

Great Village, Nova Scotia, 
Canada 

Fine loam and Herbert 
sandy-skeletal 

28 (Möller and Stinner 2009) N2O and NH3 emissions 
(chamber method) 

Agricultural research station 
located in Villmar-Aumenau 

Silty loams 
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(Germany) 

29 (Mosier and Hutchinson 
1981) 

N2O emissions (soil cover 
and micromet. Methods) 

Berthoud, Colorado, USA Clay loam and silty mix 

30 (Nangia et al. 2013) GHG emissions (chamber 
method) 

Experimental watershed 
system in Eastern Ontario, 
Canada 

Silt loam 

31 (Nash et al. 2012) N2O emissions (chamber 
method) 

Missouri, USA Silt loam 

32 (Pain et al. 1990) NH3 volatilization and 
denitrification 

Hurley in Berkshire and 
North Wyke in Devon,UK 

Loam and clay loam (but in 
two different locations) 

33 (Pappa et al. 2011) N2O emissions and nitrate 
leaching 

Edinburgh, UK Sandy loam 

34 (Pelster et al. 2012) N2O emissions  
(chamber method) 

Laval University 
Experimental Farm 
(Quebec?) Canada 

Silty clay and Sandy loam 

35 (Petersen 1999) N2O emissions  
(chamber method) 

Jutland, Denmark 77% sand, 15% silt, 8% 
clay 

36 (Reay et al. 2009) Direct and indirect emissions 
and leaching losses of N 

Aberdeenshire, UK Catchment scale (2 sites 
no soil texture description) 

37 (Rochette et al. 2004) N2O emissions (chamber 
method) 

Near Quebec City, QC, 
Canada 

Le Bras loam 

38 (Rochette et al. 2008a) N2O emissions (chamber 
method) 

Harlaka Research Farm 
(AAFC) near Quebec City 
Canada 

Heavy clay and gravelly 
loam 

39 (Rochette et al. 2008b) N2O emissions (chamber 
method) 

Harlaka Research Farm 
(AAFC) near Quebec City 
Canada 

Clay and gravelly loam 

40 (Rochette et al. 2010) N2O emissions (chamber 
method) 

Sainte-Clotilde-de-
Chateauguay Research 
Farm (AAFC), 30 km east of 
Montreal, Canada 

Organic soil 

41 (Thomsen et al. 2010) N2O emissions (chamber 
method) 

Denmark Loamy-sand 

42 (Vallejo et al. 2006) N2O emissions (chamber 
method) 

Madrid Clay loam 

43 (van Groenigen et al. 2004) N2O emissions (chamber Central and northern Sandy soil and heavy clay 
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method) Netherlands (but in two different 
geographic locations) 

44 (Venterea et al. 2005) N2O and CH4 emissions 
(chamber method) 

Rosemount, MN, USA Silt Loam 

45 (Venterea et al. 2010) N2O and CO2 emissions 
(chamber method) 

Rosemount, MN, USA Silt Loam 

46 (Venterea et al. 2011a) N2O emissions (chamber 
method) 

Rosemount, MN, USA Silt loam 

47 (Wagner-Riddle et al. 2008) N2O emissions (micromet. 
Method) 

Elora research station, ON, 
Canada 

Loam 

48 (Wagner-Riddle et al. 1997) N2O emissions (micromet. 
Method) 

Elora research station, ON, 
Canada 

Silt loam 

49 (Zebarth et al. 2008) N2O emissions (chamber 
method) 

Two different islands in 
Saint John River, 20 km 
west of Fredericton 
NB,Canada 

Both sites classified as a 
silty loam 

50 (Zebarth et al. 2012) 
 

N2O and CO2 emissions 
(chamber method) 
 

Fredericton, NB, Canada Loamy soil 
 
 

 
 
Table A-2 A sample of literature (31 field studies listed alphabetically) on N-leaching research. Three studies (italicized) were 
conducted on more than one soil type in the same study location. 

 Reference Study Measurements Research Location Soil Type (s) 

1 (Bakhsh et al. 2005) Nitrate Leaching (effects of 

liquid swine manure) 

Iowa, USA Fine loamy soils 

2 (Bakhsh et al. 2007) Nitrate Leaching (N source 

effects) 

Iowa,USA Fine loamy soils 

3 (Ball-Coelho et al. 2004) Nitrate leaching as affected 

by liquid swine manure  

Delhi, Southwestern ON, 

Canada 

Fox loamy sand 

4 (Basso and Ritchie 2005) Nitrate leaching (impact of N Southwest Michigan, USA Fine loamy 
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source) 

5 (Blesh and Drinkwater 2013) N source and crop rotation on 

N leaching 

4 study sites in Mississippi 

River Basin (Iowa, Ohio, 

Minnesota and Wisconsin, 

USA) 

4 different geographic 

locations 

6 (Chang and Entz 1996) Nitrate losses from cattle 

manure applications 

(leaching estimate using 

chloride anoins as a tracer in 

soil solution) 

Lethbridge Alberta,Canada Clay loam soils 

7 (Di et al. 1999) N leaching from autumn 

applied dairy effluent and 

ammonium fertilizer 

South Island of New 

Zealand 

Fine sandy loam 

8 (Dufault et al. 2008) Nitrate runoff and leaching 

from organic and synthetic 

fertility 

Charleston, SC, USA Loamy sand 

9 (Evanylo et al. 2008) N source effects on soil and 

water 

Virginia, USA Silty clay loam 

10 (Fuller et al. 2010) Nitrate leaching (seasonal 

and crop rotational effects) 

Kentville,NS, Canada 

(AAFC research station) 

Gleyed Sombric Brunisol 

11 (Gupta et al. 2004) N-leaching (tillage and 

manure application effects) 

University of Wisconsin, 

USA 

Silt loam 

12 (Hendricks and Shukla 2011) Water and nitrogen 

management effects on N 

Southwest Florida, USA Fine sand 
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fluxes (tile drains) 

13 (Hernandez-Ramirez et al. 

2011) 

N loading (sub surface 

drains) 

Indiana, USA Silty clay loam and silt 

loam 

14 (Jayasundara et al. 2010) N leaching from liquid swine 

manure, using porous suction 

cup samplers 

Elora, ON and New 

Dundee, ON 

Sandy-loam and silt loam 

15 (Jaynes and Colvin 2006) N loss from nitrogen fertilizer 

application (subsurface 

drainage) 

Iowa, USA Clay loam soils 

16 (Milburn et al. 1990) Nitrate leaching from tile 

drained potato fields 

5 study sites in a 50 km 

radius in northern New 

Brunswick 

Similar soil types (5 

geographic locations- 

actual farms) 

17 (Miller et al. 2008) Leaching potential of beef 

manure (on soil cores) 

Lethbridge Alberta, Canada Clay loam 

18 (Misselbrook et al. 1996a) N losses (cattle clurry) using 

porous ceramic cups 

Southwest England Sandy loam 

19 (Misselbrook et al. 1996b) Nitrate leaching (effects of 

sewage sludge applications) 

using porous ceramic cups 

Two different grassland 

sites with similar soil types 

(Devon, England?) 

Sandy loam 

20 (Ng et al. 2002) Nitrate loss (effects of 

controlled drainage)-tile 

drains 

Southwestern Ontario Sandy loam 

21 (Paul and Zebarth 1997) N leaching (fall and winter 

dairy cattle slurry application) 

Agassiz and Sumas, BC 

Canada 

2 soil (medium and coarse 

textured) types but two 
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different geographic 

locations 

22 (Perego et al. 2012) N leaching under maize 

(using ceramic cups) 

5 monitoring sites in 

Northern Italy 

5 different geographic 

locations 

23 (Randall et al. 2000) N losses (dairy manure and 

Urea applied to corn) using 

subsurface drainage 

University of Minnesota 

USA 

Webster clay loam glacial 

till soil 

24 (Randall and Vetsch 2005) Nitrate losses (as affected by 

fall and spring application…) 

using tile drainge 

University of Minnesota, 

USA 

Poorly drained clay loam 

25 (Shepherd 1996) Nitrate leaching from sewage 

sludge using ceramic cup 

samplers 

Nottinghamshire (UK) Loamy medium sand 

26 (Stoddard et al. 2005) Nitrate and herbicide 

leaching (effects of fertilizer, 

tillage and dairy manure) 

using tension free “pan” 

lysimeters 

Lexington, KY, USA Silt loam 

27 (Stopes et al. 2002) N leaching (organic vs. 

conventional farms) using 

ceramic cups 

Multiple site in Lowland 

England 

On freely draining soils 

over sandstone, limestone 

or chalk (comparison of 10 

farms all different soil 

textures- all different 

geographic locations) 
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28 (Svoboda et al. 2013) N leaching (affects of biogas 

residue for maize) using 

ceramic suction cup samplers 

Northern Germany  Two geographic locations 

(each with one soil type) 

29 (Thomsen 2005) N leaching losses (affected 

by time and method of 

manure application) using 

lysimeters 

Denmark Loamy sand 

30 (van Es et al. 2006) Nitrate leaching (effect of 

manure application timing) 

using lysimeters 

Willsboro, NY,USA Clay loam and loamy fine 

sand 

 (Zhou et al. 2012) Nitrate leaching on sloping 

cropland in purple soil using 

lysimeters 

China Purple soil 
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Appendix B Soil Characteristics for Each Plot 

Table B-3 Average soil characteristics for each plot including: soil texture (% sand, % silt, % 
clay), average total carbon from two sample dates (one in 2012 and another in 2014), average 
total N, bulk density and pH from all sample dates over entire study period. 

Plot  Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Average 
Total C (%) 
 

Average 
Total N 
(kg ha-1) 

Average 
Bulk Denisty 
(g cm3) 

Average pH 

101  73 20 7 2.08 2819.73 1.18 6.15 

102  73 21 6 1.77 2586.71 1.19 6.48 

103  77 17 6 1.81 2961.99 1.23 6.46 

104 72 20 8 1.60 2757.78 1.23 6.20 

105 73 20 7 1.24 2129.66 1.19 6.45 

106 73 21 6 1.43 2541.51 1.22 6.45 

107 74 22 5 1.47 2574.34 1.32 6.47 

108 70 25 5 1.48 2897.68 1.23 6.11 

109 71 24 5 1.79 2682.20 1.14 6.32 

110 73 24 4 1.69 2629.04 1.19 6.62 

111 73 24 4 1.60 2534.86 1.19 6.38 

201 35 16 49 3.17 3352.75 0.98 7.07 

202 38 15 47 3.11 4359.69 1.06 7.06 

203 33 18 49 3.04 4142.10 1.11 6.98 

204 32 18 50 2.23 3582.52 1.16 7.01 

205 34 19 47 3.02 3755.08 1.12 7.19 

206 35 19 46 3.47 4713.38 1.20 7.11 

207 37 18 45 3.20 3914.94 1.14 7.11 

208 36 19 45 3.33 4031.87 1.19 7.05 

209 36 16 47 3.11 3764.41 1.15 7.22 

210 36 19 45 2.95 3873.30 1.12 7.21 

211 35 18 48 2.34 3270.19 1.16 7.28 

212 35 18 47 2.48 3253.74 1.11 7.00 
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Appendix C Equations Referred to in Methods Section of Chapter 2 

Equation C-1 Calculation for total solids (TS) where TS is total solids (mg L-1), A is Final TS 
weight (g), B is the initial empty dish weight that sample was placed in to dry (g) and volume of 
sample is the volume of the processed sample (L). 

   
          

                
 

Equation C-2 Calculation of % moisture where A is the final TS weight (g), B is the initial sample 
weight (wet weight) (g) and volume of sample is the volume of the processed sample (L). 

           
          

                
 

Equation C-3 Calculation of volatile solids (VS) where VS is volatile solids (mg L-1), A is the final 
TS weight (after drying) (g), C is the final VS weight (after igniting) (g) and volume of sample is 
the volume of the processed sample (L). 

   
          

                
 

 
Equation C-4 Calculation of % sand, % silt and % clay using the hydrometer method. Wsoil is 
the weight of the dry soil sample, R40 and R120 min is the hydrometer reading at 40 and 120 
minutes respectively, following the plunging; and Rblank is hydrometer reading at 40 and 120 
min of the blank sample (just water). 
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Appendix D Number of days drainage data was gap filled for 

Table D-4 List of the number of days in each month of each experimental year that either NO3-N concentration data and/or drainage 
volume data had to be gap filled or interpolated for respectively. Comments are provided for each month to provide an explanation 
for why data was missing. 

Year Month # of days NO3-N conc. 
data was gap filled  

# of days drainage 
volume was linear 
interpolated  

Comments: 

2011 November 24 3 Samples not collected frequently due to low 
drainage volumes, and datalogger malfunction 

 December  No NO3 concentrations or drainage volume data Datalogger malfunctioned between Dec.15  and 
May13 (due to the length of time between 
measurements data was not interpolated during 
this time) 

2012 January 

 February 

 March 

 April 

 May 15 0  

 June 12 0 Samples not collected frequently due to low drain 
flow 

 July 4 0  

 August 0 0  

 September 0 0  

 October 9 0 Samples not collected frequently due to low drain 
flow 

 November 24 18 Samples not collected frequently due to low drain 
flow; also drainage volumes collected manually at 
times due to stolen computer 

 December 19 19 

2013 January 24 19 

 February 16 20 

 March 22 28 Datalogger set up an running again, samples 
collected periodically 

 April 7 4  

 May 19 0 Samples collected less frequently 

 June 5 0  

 July 4 0  

 August 20 0 Low drain flow (samples collected less frequently) 
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 September 14 0  

 October 14 0  

 November 8 0  

 December 31 0 Samples not collected due to frozen conditions 

2014 January 27 0 

 February* 0 0 *Background NO3-N concentrations were 
assumed for February, March and April 2014 
based on 10 day composite samples collected 
each month. Also flooding occurred in the in the 
field from April 6-13- due to the long stretch of 
time, nothing was interpolated and that period was 
left blank. 

 March* 0 0 

 April* 0 0 
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Appendix E Average NO3-N concentrations (gap filling missing NO3 data)  

Table E-5 Table of average NO3-N concentrations for each plot in each period from 
measurements collected over the course of the entire study period. These average NO3-N 
concentrations were used to gap fill missing NO3-N data.  

Period Plot NO3-N 
Concentration 
(mg L-1) 

1 201 0.72 

 202 0.61 

 203 3.49 

 204 0.71 

 205 1.61 

 206 1.13 

 207 1.94 

 208 2.43 

 209 0.58 

 210 1.04 

 211 2.41 

 212 1.50 

2 201 0.61 

 202 0.60 

 203 1.66 

 204 0.62 

 205 1.20 

 206 0.95 

 207 0.89 

 208 1.01 

 209 0.73 

 210 0.90 

 211 0.87 

 212 1.00 

3 201 0.99 

 202 1.07 

 203 3.38 

 204 1.13 

 205 2.49 

 206 1.95 

 207 2.15 

 208 2.58 

 209 1.37 



 

185 
 

 210 1.96 

 211 1.78 

 212 1.88 

4 201 0.99 

 202 1.11 

 203 4.87 

 204 2.20 

 205 4.50 

 206 5.68 

 207 4.15 

 208 4.49 

 209 3.19 

 210 5.28 

 211 2.27 

 212 4.00 

5 201 0.20 

 202 0.25 

 203 0.82 

 204 0.27 

 205 0.37 

 206 0.57 

 207 0.35 

 208 0.29 

 209 0.29 

 210 0.49 

 211 0.31 

 212 0.58 
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Appendix F Comparison of CDA (RCS) weather Station and on site ET recordings 

Table F-6 Measurements of potential evapotranspiration from the CDA RCS weather station at the Central Experimental Farm (CEF) 
in Ottawa,ON during the growing season in 2013 (with the crop coefficient applied) in comparison to the atmometer measurements of 
actual evapotranspiration measurements (crop coefficient applied). 

Sample Date- Sample 
Date (2013) 

ET Ref 
(CEF) 

ET ref  
(sandy-loam) 

ET ref 
(clay) 

Crop 
coefficient (kc) 

ET ref 
(CEF) x Kc 

ET ref 
(sandy-loam) 
x Kc 

ET ref (clay) 
x Kc 

May 31-June 4 20.9 21 12 0.3 6.3 6.3 3.6 

June 5-June 13 28.8 22 22 0.3 8.6 6.6 6.6 

June 14-June 18 18 17 15.5 0.5 9.0 8.5 7.8 

June 19-June 20 8.8 11.5 9.5 0.5 4.4 5.8 4.8 

June 21-June 26 26.4 10 15 0.5 13.2 5.0 7.5 

June 27- July 2 20.1 20.5 17 0.8 16.1 16.4 13.6 

July 3- July 11 39.8 33 31 1 39.8 33.0 31.0 

July 12- July 15 20.7 15 14 1 20.7 15.0 14.0 

July 16- July 25 46.4 42 40.5 1 46.4 42.0 40.5 

July 26- July 30 20.5 17 16.5 1 20.5 17.0 16.5 

July 31- August 6 26.8 22 22 1 26.8 22.0 22.0 

August 7- August 12 23.5 23 21 1 23.5 23.0 21.0 

August 13- August 23 43.1 37 37 1 43.1 37.0 37.0 

August 24- August 29 22.7 18 18 1 22.7 18.0 18.0 

August 30- Sept. 5 18.5 15 16 1 18.5 15.0 16.0 

Sept. 6- Sept. 9 10.1 10 9 1 10.1 10.0 9.0 

Sept. 10- Sept.12 8.5 3 4 1 8.5 3.0 4.0 

Sept.13-Sept.17 6.8 6 2 1 6.8 6.0 2.0 

Sept. 18- Sept.24 14.6 14 14 1 14.6 14.0 14.0 

TOTAL 425 357 336  360 304 289 

 
 



 

187 
 

Appendix G Research site figures and photographs 

Figure G.1. Location of soil temperature (pendants and thermistors) and soil moisture sensors (CS616 WCR) in each field. Note: in 
the sandy-loam field arrows indicate the re-location of each pair of soil temperature (T109) and moisture sensors (WCR) from plot 
111 to plot 109 in the summer of 2013 for field maintenance reasons.  
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Appendix H Soil Temperature Gradient Results 

Figure H.2 Clay field soil temperature gradient (just below soil surface, 5 cm, 10 cm, and 20 cm depths) from November 2012 to April 
2014 (A) and during the spring thaw period in 2013 (B) and 2014 (C). 
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Figure H.3 Sandy-loam field soil temperature gradient (just below soil surface, 5 cm, 10 cm, and 20 cm depths) from September 
2013 to April 2014 (A) and during the spring thaw period in 2014 (B) 
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Appendix I % WFPS on chamber sampling dates (both fields) 

Table I-7 Average WFPS (%) for each field on chamber sampling dates, based on average 
VWC measurements collected using a TDR moisture meter.  

Chamber Sampling 
Date 

Clay Field WFPS 
(%) 

Sandy-loam Field 
WFPS (%) 

2011-10-30 48.41 32.33 

2011-10-31 33.15 26.31 

2011-11-02 32.36 27.71 

2011-11-04 40.60 26.57 

2011-11-06 33.00 22.51 

2011-11-08 39.20 22.60 

2011-11-10 33.08 22.98 

2011-11-12 42.24 29.25 

2011-11-15 39.82 36.93 

2011-11-17 41.06 27.92 

2011-11-19 43.00 31.46 

2011-11-21 31.81 16.09 

2011-11-25 41.44 40.41 

2011-12-01 28.78 27.91 

2011-12-06 40.04 42.07 

2011-12-12 24.46 35.46 

2011-12-14 40.86 45.64 

2012-03-20 60.92 87.51 

2012-04-04 44.11 55.06 

2012-04-12 48.67 50.78 

2012-04-17 45.11 48.23 

2012-04-30 52.43 54.42 

2012-05-07 55.00 50.75 

2012-05-14 64.83 56.35 

2012-05-28 28.79 38.72 

2012-06-05 33.11 55.48 

2012-06-14 37.56 56.85 

2012-06-19 24.01 41.88 

2012-06-28 23.94 40.12 

2012-07-05 18.92 29.61 

2012-07-16 12.54 11.83 

2012-07-26 33.60 39.59 

2012-08-01 19.97 21.47 

2012-08-08 21.35 25.06 

2012-08-14 45.99 48.75 
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2012-08-22 21.19 20.93 

2012-08-29 7.72 3.98 

2012-09-10 40.66 25.36 

2012-09-18 28.16 39.06 

2012-09-27 28.32 24.63 

2012-10-04 35.31 29.16 

2012-11-01 33.39 34.47 

2012-11-06 23.05 29.64 

2012-11-08 20.56 28.58 

2012-11-13 43.76 38.19 

2012-11-20 25.64  NS 

2013-04-11 50.97 73.34 

2013-04-15 43.28 69.30 

2013-04-22 40.05 59.99 

2013-04-29 36.83 50.80 

2013-05-08 15.92 34.79 

2013-05-14 40.48 42.51 

2013-05-21 48.24 45.48 

2013-05-31 55.26 45.65 

2013-06-04 36.64 24.63 

2013-06-13 55.77 33.54 

2013-06-18 38.49 28.41 

2013-06-26 55.95 38.09 

2013-07-02 43.29 34.05 

2013-07-11 59.89 37.00 

2013-07-15 29.27 24.94 

2013-07-16 0.00 34.39 

2013-07-25 37.64 31.52 

2013-07-30 41.38 29.05 

2013-07-31 NS 28.01 

2013-08-06 22.58 17.68 

2013-08-12 21.13 21.29 

2013-08-23 45.72 44.52 

2013-08-29 30.64 27.02 

2013-09-05 42.55 38.22 

2013-09-09 34.82 29.87 

2013-09-17 43.19 37.62 

2013-09-24 49.92 43.46 

2013-10-03 44.80 36.93 

2013-10-17 60.08 44.77 

2013-10-24 56.36 0.00 
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2014-04-17 53.62 84.95 

2014-04-28 64.87 51.15 

2014-05-08 50.61 49.69 

2014-05-20 56.60 48.79 

 


