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Manure applied in early with warmer temperatures can have higher nitrification rates 

and nitrogen loss potential, but waiting for cooler conditions in later fall risks an early winter 

conditions that may prevent application. Nitrate is susceptible to leaching and denitrification, 

which potentially could be minimized by including a nitrification inhibitor (NI) when applying 

manure. In this three-year study on corn, nitrapyrin was incorporated into liquid hog manure 

and applied at various fall timings and in spring. Soil samples were collected in the preceding 

fall, spring, and post-harvest, and plant nitrogen content, grain and stover were measured in 

the growing season. The seasonal manure application timing had a greater impact on plant 

responses than including the inhibitor, with spring manure applications having greater yields. 

It was found that there was an optimal window in November where fall-applied manure 

treatments had an economic benefit to being applied with a nitrification inhibitor.  
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1 General Introduction 

 Background 

Nitrogen is the mineral element that typically requires the most supplementation for crop 

production to accommodate the growth of the plant and to maximize yield (Ma and Dwyer 

1998; Bloom et al. 2002). If the plant does not have sufficient nitrogen, the plant may 

experience stunted biomass growth and have a decreased yield (Ding et al. 2005). 

Nitrogen (N) can be added into the soil through the addition of fertilizer or manure.  

Fertilizers are industrially produced using fossil fuels and have heavy energy 

requirements for production and transportation which contributes to greenhouse gas 

emissions and global warming (Ahlgren et al. 2008). Canadian livestock produced 177.5 

million tonnes of manure in 2001, with cattle producing 86.2%, hogs 8.3%, and the 

remainder produced by poultry (2.7%), horses (2.2%) and sheep and goats (0.6%) 

(Hofmann and Beaulieu 2001). Manure has a variety of nutrients which need to be 

carefully managed to avoid losses. When managing manure nutrients, farmers balance 

environmental risk with other management concerns, such as avoiding soil compaction, 

having sufficient manure storage space for ongoing operations, and being able to plant 

their crops as early as possible to maximise the growing season. 

The amount of N from applied manure that will be available to plants can be difficult to 

predict as N can be lost through various pathways throughout the N cycle (Peoples et al. 

2004). Manure left unincorporated on fields readily volatilizes releasing ammonia (NH3) 

which can cause acid rain, soil acidification, and health impacts from smog (Fillery 1983). 
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In anaerobic conditions, N can also be lost as nitrous oxide (N2O) through denitrification 

which contributes to global warming (Munch and Velthof 2007). Nitrate is highly mobile in 

soil and is susceptible to leaching out of the rooting zone when there is a high soil water 

content, which can contaminate groundwater and drinking water (Brye et al. 2001). In 

addition to these environmental concerns, this also represents an economic loss of plant 

available N. These losses can be mitigated by utilizing optimal management strategies, 

but these can vary regionally due to variations in soil types, and climatic factors. More 

research is needed to understand how these factors influence N dynamics in Ontario.  

 Nitrogen Dynamics 

Nitrogen naturally enters agricultural systems through lightning fixation and bacterial 

fixation, but these levels tend to be insufficient for most non-leguminous crops (Brady and 

Weil 2008). Residual organic-N in soil is largely unavailable to plants until soil microbes 

are able to hydrolyze these amino acids into ammonium (NH4) through mineralization, but 

only 1.5-3.5% of organic-N in soil organic matter mineralizes per year (Brady and Weil 

2008). As such, mineralization often does not provide high N demanding crops like corn 

with sufficient N at their peak N demand in conventional cropping systems (Osterholz et 

al. 2017). 

Fertilizers added to meet crop demand can be synthetic (containing predominantly 

mineral-N) or organic (such as manure which contains both organic-N and mineral-N). 

Different manure sources have different nutrient profiles and ratios of mineral-N to 

organic-N. Out of the total N in manure, liquid hog manure is typically 66% mineral-N, 

solid hog manure is 26%,  liquid dairy cattle manure is typically around 42%, and solid 
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dairy cattle manure is 21% (OMAFRA 2006). These high values of mineral-N can result 

in a higher loss potential, but the high mineral-N in manure also results in a greater 

amount of plant available N at application (McCormick et al. 1983). Depending on the 

source, rate, and application method, between 20% and 90% of organic-N will mineralize 

in the two years after a manure application (Havlin 2004). 

The seasonal timing of the manure application as well as the manure source can also 

impact the plant available N, as manure sources with greater mineral-N may have 

increased loss potential from seasonal water budgets (Jayasundara et al. 2010; Reynolds 

et al. 2016). This is related to the proportion of organic-N vs mineral-N, as organic-N 

requires time to mineralize before it is in a form that can be taken up by plants. A 

metanalysis by Lauzon (2013) found that liquid hog manure has less plant available N 

when applied in fall compared to spring (40% vs 58% of total N in the manure) (Lauzon 

2013).  Liquid cattle manure had higher apparent mineral-N available in the spring than 

fall (39% vs 32%), but solid cattle manure has almost twice as much (29% versus 15%) 

apparent available mineral N when applied in the fall instead of the spring due to 

mineralization (Lauzon 2013). The variability of these factors can make it challenging to 

manage N supply to crops. 

 Gaseous Nitrogen Loss  

1.3.1 Volatilization  

Nitrogen can be released into the air through ammonia volatilization. This process is 

primarily controlled by soil pH, as more basic soils with hydroxides (OH-) are favourable 

for the production of ammonia (NH4
+ + OH- ↔ H2O + NH3) (Freney, J. R. et al. 1983).  The 
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dispersion of NH3 into the atmosphere prevents the reaction from reaching equilibrium, 

and so it has a greater loss potential as the lack of NH3 build up prevents the reaction 

from naturally slowing as it would in a closed system (Freney, J. R. et al. 1983). Other 

factors influencing ammonia volatilization rates include soil characteristics (soil texture, 

buffering capacity, soil moisture), N source (manure or fertilizer), application method, 

residue cover, and climate (wind speed, temperature, solar radiation, rainfall) (Soares et 

al. 2012; Sadeghpour et al. 2015; Van Andel et al. 2017).  

A key management factor influencing ammonia volatilization rates from manure 

applications is the time to incorporation. The soil can provide buffering of pH reducing the 

potential for NH3 production, so unincorporated manure left at the surface has less pH 

buffering capacity (Freney, J. R. et al. 1983). The rate of volatilization is also influenced 

by the amount of ammonia available, which is variable as it can sorb onto minerals, 

organic matter, and dissolve in water (Freney, J. R. et al. 1983). Immediate incorporation 

was found to reduce volatilization from 45% for unincorporated manure to 0 to 12% for 

immediately incorporated manure (Thompson and Meisinger 2002). Surface applied 

manure left unincorporated was found to result in 70% of the ammonium volatilizing within 

72 hours, and losses were over 90% after a week (Sadeghpour et al. 2015). In Canada, 

38.5% of hog manure applied was injected into the soil or incorporated on the same day, 

33.8% was incorporated within 1 to 7 days, and 27.7% was incorporated after 7 days or 

left on the surface in 2001 (Beaulieu 2004). 

For manure incorporated into the soil, the volatilization rate is related to the depth of the 

NH3 and it’s ability to move through the soil as a gas or a liquid (Freney, J. R. et al. 1983). 

NH3 at depth could be brought to the surface through diffusion through water when the 
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soils are fully saturated (Freney, J. R. et al. 1983). Temperature is still an important factor 

that controls the rate of volatilization, as the imparted energy from warmer temperatures 

will allow it faster movement through the soil matrix (Freney, J. R. et al. 1983). 

Warmer soil temperatures increase ammonia volatilization rates, which are generally 

greater at the soil surface (Clay et al. 2010). Increased temperatures also decrease the 

solubility of NH3 in water and increase the diffusion of NH3 gas through the soil (Freney, 

J. R. et al. 1983). Applying manure in Ontario in the fall or spring when temperatures are 

cooler would result in a lower risk of volatilization when compared to warmer areas. The 

risk of volatilization in Ontario would be lowest in the winter and highest in the summer. 

The release of ammonia gas can react in the atmosphere which creates fine particulate 

matter that can travel long distances before being deposited (Bittman et al. 2015). These 

particulates can form cloud nuclei which can result in acid rain (Peoples et al. 2004).  The 

deposition of NH3 can cause soil acidification which can decrease biodiversity (Peoples 

et al. 2004; Bittman et al. 2015). Smog can decrease visibility and has human health 

impacts, including irritation to eyes, nose and throat (Peoples et al. 2004). It can also 

potentially worsen heart and lung conditions, and can cause lung cancer with long term 

exposure (Health Canada 2018).  

1.3.2 Denitrification  

N can be lost through denitrification when bacteria convert nitrate into nitrite, to nitric 

oxide, to nitrous oxide, and to nitrogen gas using metabolic enzymes along a reductive 

series (Bloom et al. 2002; Spanning et al. 2007). Denitrifying bacteria are impacted by 

soil pH which determines what gases are released, as well as temperature with warmer 
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temperatures favouring denitrification (Bryan 1981). Denitrification requires soil nitrate, 

anoxic conditions, and an electron donor (often organic carbon) (Munch and Velthof 2007; 

Robertson and Groffman 2015). Soil moisture is a key factor in denitrification as saturated 

pore spaces can lead to limited oxygen movement through pore spaces which can result 

in anoxic conditions after bacteria have used the available oxygen (Lin et al. 2017).  This 

can occur after a rainfall when pore spaces are over 60% filled with water, but can also 

occur in flooded areas, irrigated soil, unsaturated soils with aggregates limiting 

connectivity of pore spaces, within the rhizosphere, or areas with a high groundwater 

table (Ruser et al. 2006; Munch and Velthof 2007; Robertson and Groffman 2015; Lin et 

al. 2017).  

Denitrification can be affected by interacting factors including pore space, soil texture, soil 

compaction, aggregates, soil organic matter, temperature, pH, and the presence of toxic 

substances (Fillery 1983; Ruser et al. 2006; Munch and Velthof 2007). Soil texture can 

influence the movement of soil oxygen through its structure, pore interconnectivity and 

pore size, so denitrification is more likely in soils like clays and loams that have lower 

hydraulic conductivity than sandy soils with a greater hydraulic conductivity (Munch and 

Velthof 2007).  

An increase in temperature can also increase the rate of denitrification. One study found 

that for every 10°C increase, the rate of denitrification increased by two or more times 

(Lin et al. 2017). Denitrification rates are low when the temperature is close to freezing, 

but the rate can increase exponentially between 15°C and 30°C (Fillery 1983). 

Denitrification in temperatures below 15°C have a greater potential of producing N2O, 
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meaning that denitrification in later fall and early spring would have the optimal 

temperatures and water content to favour the production of N2O (Fillery 1983).  

A major concern with denitrification is the production and release of N2O due to its long 

atmospheric lifetime of 116 ± 9 years  (Remde and Conrad 1991; Keuskamp et al. 2012; 

Prather et al. 2015; Robertson and Groffman 2015). N2O is a potent greenhouse gas 

(GHG) that has a radiative forcing potential 300 times greater than carbon dioxide due to 

it’s heat retention and  residence time in the atmosphere (Barrett 2005; Munch and Velthof 

2007). 

 Nitrogen Loss - Leaching 

Increased denitrification and volatilization can result in lower potential N loss through 

nitrate leaching into groundwater (Munch and Velthof 2007). The mineral-N faction of 

manure is predominantly ammonium which is bacterially nitrified into nitrite and nitrate, 

which are water soluble and are easily leached from the upper soil profile (Jackson and 

Volk 1992; Vitousek et al. 1997; De Jong et al. 2009). Positively charged ammonium ions 

attach more readily to soil particles due to their cation exchange capacity and their smaller 

hydrated radius, unlike the negatively charged nitrite and nitrate ions (Brady and Weil 

2008; Prosser 2011). Hydraulic conductivity and the soil water supply can heavily 

influence leaching rates (Munch and Velthof 2007). 

As nitrate is highly mobile, in the presence of excess water it can easily be leached from 

the upper soil profile into ground water, which then migrates away from the site (Vitousek 

et al., 1997). This can lead to dangerously high nitrate levels in drinking water which can 

cause methemoglobinemia (Conley et al., 2009). The release of H+ ions produced during 
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the nitrification process can also acidify soil and water, and excess N can cause 

eutrophication in nearby water sources (Conley et al., 2009; Vitousek et al., 1997). A 

survey completed in Ontario in the 1992 found that of 1292 wells on farms sampled, 14% 

exceeded the provincial maximum allowable limit for drinking water for nitrate, 

presumably as a result of leaching (Goss et al. 1998). A review of the 20th century by the 

USGS found that as fertilizer applications increased, nitrate and nitrite levels in ground 

and surface water also increased (Dubrovsky et al. 2004).  

The movement of N to non-targeted areas can lead to a decrease in biodiversity in both 

terrestrial (N-demanding plant species outcompete other plants) and aquatic (as 

eutrophication causes declines in benthic and planktonic species) ecosystems (Vitousek 

et al. 1997). N losses are of agricultural and environmental concern when applying 

manures and fertilizers. N efficiency in temperate climates is typically less than 70% of 

applied N (Malhi et al. 2001). Some studies have found that as much as 10% to 70% of 

nitrogen from fertilizers can be lost through these various pathways (Jokela and Randall 

1997). In climates like southern Ontario’s, nitrate is particularly susceptible to leaching in 

the fall through spring time period which is when up to 95% of nitrate leaching occurs, 

with the loss potential of 50 to 70% of the accumulated nitrate in the soil (Drury and Tan 

1995; Di and Cameron 2002) which is related to the water budget for the area. 

 Water Budgets 

Climatic factors, crops, and soil type influence the amount of soil water present in the soil 

at a given time, which can impact N loss through denitrification and leaching (Dadfar et 

al. 2010; Brown et al. 2013). As nitrite and nitrate are water-soluble and highly mobile, 
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the addition of N to soils needs to be carefully managed.  At a local scale, soil hydraulic 

conductivity determines the potential for surplus water to drain to groundwater (deep 

drainage) or to run off to surface water. On average, clay soils experience more run off 

potential and less deep drainage potential, whereas loam and sandy soils experience 

more deep drainage than surface runoff (though sandy soils have less surface run off 

than loams) (Brown et al. 2013). Coarse textured sand or sandy soils are at higher risk of 

nitrate leaching through deep drainage, silt loam and loams are at medium risk, and clay 

and silt soils have a low to very low risk of leaching (Dadfar et al. 2010; Reynolds et al. 

2016).  

In Ontario, summers typically have warm temperatures and high incoming solar radiation 

which increases the rate of evaporation and transpiration resulting in soil water depletion 

in the upper soil profile through the growing season. Temperatures fluctuate seasonally 

in Ontario, but precipitation is relatively evenly distributed over the year. In the non-

growing season from October to March, lower temperatures result in less evaporation and 

surplus soil water drains through the soil profile or remains as surface water (Brown et al. 

2013; Reynolds et al. 2016). Approximately 70-90% of groundwater recharge and 

southern Ontario’s annual tile drainage occurs during the non-growing season, meaning 

the non-growing season has the greatest risk of N loss by leaching (Saso et al. 2012; 

Reynolds et al. 2016).  

Annual and seasonal water budgets can significantly vary between regional locations and 

soil types, even within Ontario (Dadfar et al. 2010). As surplus water in soils with high 

hydraulic conductivities can lead to leaching and groundwater infiltration, care must be 

taken regarding the timing and quantity of nutrient applications to avoid contamination of 
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groundwater (Fallow et al. 2003, 2007). In Ontario in 2011, a study reviewing nitrate 

leaching found that 86% of leaching occurred during the non-growing season compared 

to 14% during the growing season (Drury et al. 2016b). Chloride (which mimics the 

movement of nitrate in soil but is not involved in the N cycle) was used in a tracer study 

in Ontario by Reynolds et al (2016). Their study found that 60 to 96% of their tracer was 

leached below the rooting zone in the non-growing season for five different soil types 

(which included a well drained Guelph loam and a poorly drained Maryhill loam at the 

Elora Research Station). Their study found that although most leaching occurred during 

the non-growing season, the seasonal timing was variable with most leaching occurring 

in fall for the Maryhill loam at 65%, whereas leaching was similar during fall (38%) and 

winter-spring (45%) for the Guelph loam (Reynolds et al. 2016). 

 Nitrification and Nitrification Inhibitors 

Agriculture and Agri-Food Canada’s Indicator of the Risk of Water Contamination by 

Nitrogen indicates that 60% of farmland in Ontario had moderate to very high risk of 

contaminating groundwater to due excess nitrogen (Drury et al. 2016b). Nitrate leaching 

is a larger concern when oxidizing conditions favour the nitrification of ammonium to nitrite 

(Bloom et al. 2002). Autotrophic nitrification is believed to be the dominant nitrification 

method, which is completed in two steps. First, ammonia oxidizing bacteria (AOB) like 

Nitrosomonas convert ammonia into nitrite, which is then quickly converted into nitrate by 

nitrite oxidizing bacteria (NOB) such as Nitrobacter (Robertson and Groffman 2015). 

Nitrification rates are heavily impacted by warmer temperatures favouring the conversion 

of ammonium into nitrate, with optimal temperatures being 25 to 35°C (Gomes and 
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Loynachan 1984; Subbarao et al. 2006). Microbial processes slow as temperatures 

decrease, and delaying manure application until soil temperatures are below 5°C can 

inhibit the transformation of ammonium and organic-N into nitrate which can decrease the 

N loss potential (Bundy 1986).  

Many farmers apply manure in the fall and winter for various reasons, including  easier 

access to labour and equipment and saved storage space from using manure instead of 

storing it over the winter (Dow AgroScience 2018). The large storage demand of storing 

manure over the winter to wait until spring to apply is often a concern for farmers 

(Sadeghpour et al. 2015). In 2011, 63% of Canadian farms only had the capacity to store 

liquid manure for less than one year, which could result in applying manure to fields at 

non-ideal times to empty their storage systems (Agriculture and Agri-Food Canada 2016). 

Farmers with smaller operations may not be able to afford to upgrade their storage 

capacity and apply manure at sub-optimal timings when warmer temperatures increase 

the nitrification rate and N loss potential (Beaulieu 2004). Cooler temperatures in later fall 

would decrease the N loss potential from fall applied manure, but there could be the risk 

of an early winter and their manure storage systems are full. Applying manure in winter 

is difficult to incorporate due to the soil being frozen, and unincorporated manure left on 

the surface can run off overland which can impact surface water (Fallow et al. 2007). 

Nitrification inhibitors (NIs) were developed to slow or delay the nitrification process.  

Nitrosomonas bacteria use the ammonia monooxygenase (AMO) enzyme to catalyze the 

reaction of ammonium into nitrite (Robertson and Groffman 2015). There are a variety of 

NIs, but only a few have been extensively field tested (Subbarao et al. 2006). Applying 

fertilizer with a NI could slow the rate of nitrification and allow farmers to apply fertilizers 
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earlier in the fall and have an equivalent amount of ammonium as a fertilizer applied later 

in the fall without an inhibitor (Gomes and Loynachan 1984).  

DMPP (3, 4-dimethyl pyrazole phosphate) is widely used in Europe, provides inhibitory 

effects for 4 to 10 weeks, has relatively low mobility in the soil, and doesn’t readily 

volatilize (Subbarao et al. 2006). Dicyandiamide (DCD) is a bacteriostatic inhibitor that 

suppresses the biological activity of Nitrosomonas bacteria and doesn’t readily volatize 

making it more suitable for tropical climates but is easily leached from the rooting zone 

(Subbarao et al. 2006). Nitrapyrin [2-chloro-6-(trichloromethyl) pyridine] is the commonly 

used NI in North America (McCarty 1999). 

The mobility of nitrapyrin in soil is lower than that of ammonium (Subbarao et al. 2006), 

which should result in it staying positionally close to the point of application with NH4. 

Nitrapyrin tends to be absorbed by soil organic matter and requires a higher application 

rate in soils with high SOM, so Dow Agrosciences recommends doubling the application 

rate for manure when compared to fertilizer (Touchton et al. 1979; Subbarao et al. 2006). 

Soils with pH greater than 6.5 may require greater application rates of nitrapyrin as the 

rate of nitrification increases when soil pH is greater than 6 (Subbarao et al. 2006). 

Nitrapyrin has been found to break down faster with higher temperatures with a half life 

of 22 days when incubated at 4ºC, and 7 days when incubated at 21ºC (Touchton et al. 

1979). Nitrapyrin has also been found to hydrolyze and break down faster in saturated 

soils (Subbarao et al. 2006). In cooler and drier soils, nitrapyrin was found to  persist for 

5 to 92 days before it hydrolyzed, and has the potential of staying active in the soil until 

spring when there is a high leaching potential as water is released from melting snow (Lin 

et al. 2017; Woodward et al. 2019). Applying nitrapyrin and manure in mid to late fall when 
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it is cooler optimizes the time period when bacterial activity in the soil is lower and limits 

the degradation of the inhibitor (Touchton et al. 1978a; Slangen and Kerkhoff 1984; Malhi 

et al. 2001; Wolt 2004).  

Evaluating NIs and their impact on plant nitrogen availability and loss is challenging as N 

fertilizer applications (timing, source, rate, placement), soil factors (texture, soil organic 

matter, clay content, pH), crop management strategies, experimental design, and 

environmental factors (temperature, soil moisture) can have complex interactions on both 

how well the inhibitor performs as well as how long the inhibitory effects last (Touchton et 

al. 1979; Bundy 1986; Wolt 2004). Although NIs can limit N losses, there may not be 

significant measurable results in plant N uptake and grain yield if sufficient N is present 

after losses to meet the N demand of the crop (Burzaco et al. 2014).  

Numerous studies have been done on the effectiveness of nitrapyrin applied with fertilizer 

and/or manure. Some studies found significant increases in yield and/or soil N retention 

(McCormick et al. 1983, 1984; Wolt 2004; Luo et al. 2017; Vetsch et al. 2017). However, 

other studies found no significant differences in yield or negative yield responses to NIs 

(Burzaco et al. 2014; Kyveryga and Blackmer 2014; Sassman 2014).  

In a three-year trial, Sassman (2014) found a negative yield response in corn to spring 

applied urea with the nitrification inhibitor in two out three years (wetter than average, and 

average precipitation), and no response in the third year (which was drier than average). 

Blackmer and Sanchez suggested in 1988 several possible reasons why a negative yield 

response could be seen, including adding nitrapyrin increased the crop’s susceptibility to 

water stress (by N dynamics influencing the plant’s ability to increase root growth to 



 

14 

subsoil water) or ammonia toxicity. They also suggested that experiment’s sensitivity was 

insufficient to detect the response or the inhibitor did not last long enough for an effect to 

be seen. 

Wolt (2004) completed a meta-analysis of studies in the Midwestern US that included 

manure or fertilizer applied in the fall or spring, with and without nitrapyrin. These studies 

measured grain yield, soil nitrogen levels, and gaseous flux. This meta-analysis found 

that the average of spring or fall manure applications with an NI increased yield by 7% on 

average, soil N retention increased by 28% for year-long or seasonal N retention, N 

leaching decreased by 16% (again for year-long or seasonal measurements), and N2O 

emissions decreased by 51% (Wolt 2004). Wolt’s study concluded that although using a 

nitrification inhibitor increased soil N retention and crop yield, and decreased N loss in 

more than 75% of studies, the effectiveness of nitrapyrin is difficult to measure since 

performance can have variation due to interactions between crop, environment, and 

management decisions. 

A study in Indiana by Burzaco et al. (2014) investigated the response of corn to three 

rates of urea fertilizer (0, 90, and 180 kg N ha-1, applied at planting or sidedress at V6 

growth stage) with or without nitrapyrin, at two field sites (a silt soil and a loamy sand soil). 

Their study did not find any significant nitrification inhibitor effects in the grain yield or 

plant nitrogen uptake, but did have a significant effect for nitrogen use efficiency and 

nitrogen recovery efficiency (Burzaco et al. 2014). 

Vetsch et al. (2017) completed a study comparing two timings of fall applied liquid hog 

manure with three rates of nitrapyrin (as Instinct) on corn crops over four years in southern 
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Minnesota. This study found that later fall (first week of November) manure applications 

with nitrapyrin increased fall and early spring soil nitrogen retention. This study also found 

that the November manure application increased yields, but the yield response to Instinct 

was greatest with the October manure application (Vetsch et al. 2017). 

In a nitrapyrin greenhouse study with two types of cattle manure (based on diet) and urea, 

Luo et al., (2017) found that on a sandy loam soil, the addition of nitrapyrin did not impact 

corn yield. However, leaching was decreased by 32-56% in soils amended with cattle 

manure and nitrapyrin and decreased by 24% with urea and nitrapyrin. 

Sassman (2014) investigated the impact of multiple nitrapyrin rates mixed with liquid hog 

manure applied at two different fall timings in central Iowa, and compared against an 

unamended control plot and spring applied anhydrous ammonia in a three-year trial. He 

found that anhydrous ammonia (with or without nitrapyrin) had higher yield than any liquid 

hog manure application they tested, and only the lowest nitrapyrin rate with manure had 

a higher yield than other manure treatments, with or without the inhibitor.  

Kyveryga & Blackmer (2014) conducted 26 trials over two years across Iowa to 

investigate the variability of yield response in corn to fall applied liquid hog manure applied 

with nitrapyrin (Instinct), and found that there was no yield response found in the first year 

with average precipitation but there was a yield response in the second year with above 

average precipitation. 

McCormick et al. (1983) applied liquid hog manure in spring to a silty clay loam, with and 

without nitrapyrin. There were no plants grown in this trial. The plots were monitored over 

the growing season for mineral-N content for 24 weeks. Their study found that in the 
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treatment without inhibitor, ammonium was nitrified within 7 weeks of application and 

there was no mineral-N found after 11 weeks suggesting it had been leached or 

denitrified. In contrast, the nitrapyrin treatment delayed nitrification for 15 weeks, and 

more than 50% of the initial mineral-N was recovered after 24 weeks. Another study by 

McCormick et al. in 1984 found that liquid hog manure fall-applied with nitrapyrin generally 

resulted in higher corn grain yields than the corresponding treatment without nitrapyrin in 

their three year trial. Their study applied manure at three different rates with or without 

nitrapyrin, and in one year there was no inhibitor response seen at the higher manure 

application rates but there was a response seen at the lowest manure application rate. 

Most of the research on nitrapyrin field trials were completed in the Midwestern USA, 

which has different climactic patterns and soil types than Ontario. In addition, most trials 

with nitrapyrin are used with commercial fertilizers as opposed to manure. More research 

is therefore needed to understand how nitrapyrin will respond with manure to Ontario’s 

soils and climate 

 Rationale, Objectives and Hypothesis 

The United Nations is predicting that the world population will increase by two billion by 

2050 (United Nations - Department of Economic and Social Affairs n.d.). As the 

population continues to grow, more food needs to be produced. This increase in 

production needs to be balanced with more sustainable agricultural practices to optimize 

yield while minimizing environmental damages caused by climate change, soil 

degradation, and water quality decline. In 2011, 1,334,081 hectares of Canadian land 

were seeded with corn crops, with Ontario growing 61% of Canada’s corn (Statistics 
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Canada 2015). The addition of NIs has the potential to increase soil N retention, minimise 

greenhouse gas emissions and reduce nitrate leaching. This improvement in soil N 

retention could improve corn grain yields and help feed the growing population. The 

reduction in loss potential can depend on regional factors including soil type and 

characteristics, climactic regime, and growing conditions, and so research is needed to 

evaluate the effectiveness of nitrapyrin in Ontario. 

Other studies have compared applying manure in the fall versus the spring as well as 

investigated the effectiveness of applying manure in the fall with a NI  (Jayasundara et al. 

2010; Lin et al. 2017; Vetsch et al. 2017). However, there is a lack of research regarding 

the optimal timing of fall applied manure with a NI. This study will evaluate the 

effectiveness of nitrapyrin in Ontario by adding manure at four times in the fall and once 

in the spring, with each application timing consisting of two liquid hog manure 

applications, either with or without a NI. The crop being used in this study is corn, which 

accounts for 26% of Ontario’s cropland’s in the 2011 agricultural census (Clearwater et 

al. 2016). The plots that receive manure without the NI can be compared against plots 

that do receive the NI. Yield, soil ammonium and nitrate, early plant growth biomass, total 

biomass, plant N concentration and content, fertilizer N equivalents, and total N uptake 

are metrics that will be compared in this thesis.  

It is hypothesized that the fall applications of liquid hog manure with nitrapyrin will perform 

significantly better than the manure treatments applied without nitrapyrin at the 

corresponding time. This improved performance in treatments with the NI is predicted to 

be seen through crop responses, and through evidence of delayed conversion of soil 

ammonium to nitrate.  
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2 Chapter 2 

 Introduction 

Nitrogen (N) is the mineral element most often in limited supply for the production of corn 

crops (Zea mays L.) to accommodate the growth of the plant and to maximize yield (Ma 

and Dwyer 1998). Manure N is likely to be more carefully managed as more stringent 

environmental policy is enacted and the price of synthetic fertilizers continues to rise. 

Improvements in N use efficiency could greatly reduce the amount of supplemental N 

fertilizer required and reduce environmental issues associated with N losses. Agriculture 

and Agri-Food Canada’s Indicator of the Risk of Water Contamination by Nitrogen 

indicates that 60% of farmland in Ontario had moderate to very high risk of contaminating 

groundwater to due excess nitrogen (Drury et al. 2016b). 

Different manure sources have different ratios of mineral-N to organic-N. Liquid hog 

manure is a commonly used manure source in Ontario due to the size of the hog 

production industry. Liquid hog manure is very high in plant available mineral-N, with a 

typical ratio of around 66% mineral-N to 34% organic-N (OMAFRA 2006). The high 

mineral-N content represents a potential advantage to crops over lower mineral-N content 

manures, but may also represent a greater potential loss if not managed properly 

(McCormick et al. 1983). The manure source and the seasonal timing it is applied can 

affect the amount of plant available N due to differences in loss potential from seasonal 

water budgets (Jayasundara et al. 2010; Reynolds et al. 2016). The optimal application 

time for high organic-N manures would be the fall, whereas the optimal time to apply high 

mineral-N manures would be spring ( Lauzon 2013). These different factors can make it 

challenging to manage N supply to crops. 
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Farmers have various management concerns to balance when choosing when to apply 

manure. In Canada, 43.6% of liquid hog manure is applied during the spring, 20.8% during 

the summer, and 32.7% is applied during the fall (Beaulieu 2004). Lower 

evapotranspiration rates in the non-growing season in Ontario can lead to wet or 

waterlogged soils, with 70-90% of the annual groundwater recharge occurring in the non-

growing season (Drury et al. 2016a; Reynolds et al. 2016).  Applying manure to wet soils 

in late fall or early spring can be challenging as the weight of the farm equipment can 

increase the potential of soil compaction. As manure is bulky, limited storage could result 

in the requirement for more than one manure application timing. When spring-applying 

manure, waiting for soils to dry sufficiently to avoid soil compaction could delay planting.  

Applying in the summer after plants have begun growing is challenging due to the risk of 

damaging plants. Applying manure in winter in Ontario is restricted by the Nutrient 

Management Act as frozen soils prevent incorporation, and can lead to manure runoff in 

surface water when thawing occurs.  

Many farmers apply manure to their fields in fall to avoid storing it over the winter and 

applying it when they have more time and access to labour and equipment (Dow 

AgroScience 2018). As soil conditions in Ontario are generally less favourable as winter 

approaches, many farmers apply manure in earlier fall to avoid the risk of an early winter 

and minimize soil compaction (Fallow et al. 2007). The downside of applying manure in 

earlier fall is that temperatures tend to be warmer, and increase the rate of nitrification of 

ammonium to nitrate. One study found that in the lab, that the nitrification rate in incubated 

soils increased 3.6 times for every 10°C increase in temperature between 5°C and 25°C 

(Chen et al. 2010). The large amount of groundwater recharge in Ontario occurring during 
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the non-growing season can lead to a high nitrate leaching potential (Drury et al. 2016a). 

Delaying fall manure applications until microbial nitrification is minimized by soil 

temperatures below 5°C can help to limit the nitrogen loss potential (Bundy 1986; Chen 

et al. 2010). 

Delaying nitrification may reduce N losses from manure applied in earlier fall when soil 

conditions are more appropriate for application. Nitrification inhibitors (NIs) were 

developed to slow the rate of nitrification by inhibiting the enzyme used by Nitrosomonas 

bacteria to convert ammonia into nitrate. Nitrapyrin [2-chloro-6-(trichloromethyl) pyridine] 

is the most commonly used nitrification inhibitor (NI) in North America (McCarty 1999; 

Subbarao et al. 2006). Applying manure with a NI could allow farmers to apply manure 

earlier in the fall and retain more nitrogen in the soil as ammonium which has a lower 

leaching risk than nitrite and nitrate. The effectiveness of nitrapyrin at preventing 

nitrification can vary depending on application methods, soil factors, crop management 

strategies, and climatic factors (Touchton et al. 1979; Bundy 1986; Wolt 2004).  

The length of time that nitrapyrin remains active in soil can vary with soil organic matter 

content, soil texture, and environmental conditions (Woodward et al. 2019). In particular, 

the breakdown of the inhibitor is temperature dependent, with warmer temperatures 

decreasing the degradation rate of the inhibitor (Woodward et al. 2019). These factors 

can make crop yield responses to nitrapyrin region specific, and most nitrapyrin studies 

are located in the Midwestern USA corn belt (Wolt 2004).  

As the world population is expected to grow to 9.8 billon by 2050, more food will need to 

be produced (United Nations - Department of Economic and Social Affairs n.d.). This 
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increase in production needs to be balanced by more sustainable agricultural practices 

to optimize yield while minimizing agriculture’s contribution to climate change, soil 

degradation, and water quality decline. Ontario grows 61% of the corn produced in 

Canada according to the 2011 Statistic Canada Census of Agriculture and produces 

approximately 101,959 Mg manure N ha-1 annually, making this an important location to 

investigate the response of corn to nitrapyrin in fall applied manure (Yang et al. 2011). 

Applying manure with a NI has the potential to increase soil N retention which could 

improve crop yields and help feed the growing population. The reduction in N loss 

potential can depend on regional factors such as soil characteristics, climatic regime, and 

growing conditions. More Ontario-based research is needed to evaluate the effectiveness 

of nitrapyrin as Ontario grew 61% of corn in Canada in 2011 (Statistics Canada 2015). 

There is a lack of research regarding the optimal timing of fall applied manure with a NI 

in Ontario. This study using corn will apply manure at four times in the fall and once in the 

spring, with each timing consisting of two treatments receiving a liquid hog manure 

application, and either with or without nitrapyrin. The treatments that receive manure 

without the NI can be compared against treatments that do receive the NI. Soil ammonium 

and nitrate, early plant growth biomass, yield, total biomass, plant N concentration, and 

total plant N uptake are metrics that will be compared in this thesis.  

It is hypothesized that the fall applications of liquid hog manure with nitrapyrin will increase 

the ammonium content and decrease the nitrate content of the soil samples relative to 

the treatments without nitrapyrin. It is also hypothesized that there will be a crop response 

to the inclusion of an inhibitor, which could be seen through greater yields, total biomass, 

and the nitrogen content when compared to the manure treatments applied without 
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nitrapyrin at the corresponding time. This improved performance in treatments with the 

NI is predicted to be seen through greater yields, and more delayed conversion of soil 

ammonium to nitrate in the fall and spring. 

 Methods 

2.2.1 Experimental Design 

A three crop-year experiment was carried out at the University of Guelph Elora Research 

Station (43°38'26.5"N 80°24'19.5"W). This study consisted of 15 treatments with four 

replicates per year. Liquid hog manure was applied at four times in the fall (± NI = 8 

treatments) and once in the spring (± NI= 2 treatments) to provide a target total N rate of 

150 kg ha-1 (Table 2.1). There were four treatments receiving increasing rates of 46-0-0 

urea fertilizer (50, 100, 150 and 200 kg N ha-1) (4 treatments). There was a control plot 

treatment that did not receive any manure or fertilizer and did not have a NI applied (1 

treatment). These were laid out in a randomized complete block design. The study had a 

site in the 2016, 2017 and 2018 growing seasons with plots that were 6m x 10m in Years 

1 and 2, and 4.5m x 15m in Year 3. Different sites at the Elora Research Station (6182 

2nd Line East, Ariss, Ontario) were used each year. The crop for this experiment was corn 

(Zea mays L.) due to its high nitrogen demand throughout growth and development. The 

soil type for all three trials was an imperfectly drained silt loam (London series of the 

Guelph Catena, classified as a Brunisolic Grey Brown Luvisol) (Hoffman et al. 1963; 

Jarvis et al. 1998), and the previous crop was barley (Hordeum vulgare L.) in all cases.  

Meteorological data (daily temperature and precipitation) were retrieved from the 

Environment Canada - Elora Research Weather Station, which was located within 1 km 

of all sites. 
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The liquid hog manure used in this study was stored in a circular concrete-lined open pit 

prior to application. Manure samples were collected immediately before application by 

filling a sample bottle from the centre of the manure tanker while the manure is being 

recirculated in the tank to determine the initial concentration of nitrogen applied (Table 

2.1). The manure was surface applied using a Nuhn manure tanker then incorporated 

with a swept tooth cultivator to a depth of 10 cm approximately 1 hour after application.  

The manure application rate was 50,000 L ha-1 with a target N rate of 150 kg N ha-1 of 

total nitrogen. This application rate was considered suboptimal for crop growth to give a 

greater possibility of observing differences in the treatments related to manure N 

availability from the various treatments.  Phosphorus and potassium fertilizers were 

applied at a rate greater that crop requirement to minimize the potential impact of manure 

P and K on crop response. There was 400 kg ha-1 of 0-20-20 fertilizer airflow applied by 

broadcast at planting, resulting in fertilization rates of 80 kg ha-1 P2O5 and 80 kg ha-1 K2O. 

In Year 1 after the first manure application on 03 Oct. 2015, it was discovered that the 

manure tanker used for the application was damaged and likely had an unequal flow rates 

between plots. As the quantity of manure applied at this timing was varied and 

inconsistent, it was decided to not analyze any results from these treatments. In Year 2, 

the soil was very wet during the fall manure application time, and it was decided to delay 

one manure application until spring (Table 2.1) to avoid soil compaction. 
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Table 2.1. Manure application dates and Total Kjeldahl Nitrogen (TKN) and Ammonia-N 
(ppm) results from manure analyses, averaged by timing 

Crop Year Manure Application Date TKN (%) 
Ammonia N 

(ppm) 
Number of  
samples 

2016 23 Oct. 2015  0.231 1495 2 
  17 Nov. 2015  0.270 1675 2 
  10 Dec. 2015  0.268 1620 1 
  06 May 2016  0.260 1550 1 

2017 19 Oct. 2016 0.230 1440 1 
  01 Nov. 2016 0.232 1550 1 
  03 Dec. 2016 0.236 1718 4 
  24 Apr. 2017 0.236 1815 2 
  10 May 2017 0.230 1490 1 

2018 03 Oct. 2017 0.216 1600 2 
  17 Oct. 2017 0.180 1575 2 
  08 Nov. 2017 0.210 1985 2 
  06 Dec. 2017 0.310 1990 2 
  18 May 2018 0.235 2400 2 

The NI being used in this study was eNtrench, which contains the active ingredient 

nitrapyrin. The amount of eNtrench applied remained constant throughout the experiment 

at 5.4L ha-1 which is the manufacturer’s (Dow AgroScience) recommended rate for 

incorporation with manure which would have a concentration of 0.01% NI at application.  

The Nuhn tanker used in this trial allowed the pump to recirculate the manure in the tank. 

The NI was added to the manure tanker and allowed to recirculate for 20 minutes to 

ensure it was well mixed with the manure.  

All plots were tilled in the spring prior to planting with two passes of a swept tooth cultivator 

with finger harrows to a depth of approximately 10 cm. The site was seeded with 

DEKLAB-DKC39-97RIB at a rate of 78,500 seeds per hectare which were planted with a 

John Deere Max Emerge 2 planter with a 75 cm row spacing. Planting occurred on 10 

May 2016, 12 May 2017, and 18 May 2018. Four plots per block received one of four urea 
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fertilizer treatments (50, 100, 150, 200 kg N ha-1) that were applied by broadcast and 

incorporated just prior to spring tillage before planting on the same day. Plots were treated 

with Roundup (active ingredient: glyphosate) for weed control in all three years at 

approximately the six-leaf stage. In Year 3, plots were also treated with Frontier Max, and 

also with Banvel-II, Aatrex, (active ingredients: s-dimethenamid, dicamba and atrazine) 

pre-emergence. 

2.2.2 Soil Sampling  

Soil ammonium and nitrate levels were monitored by taking 10 soil cores (2.5 cm 

diameter) per plot collected from a depth of 0 to 30 cm, which were homogenized and a 

composite sample taken.  Soil samples were collected soon after 7 days after a manure 

treatment had been applied. In the fall, soil samples were only collected from control plots 

and plots that had received a treatment prior to soil sampling. Soil samples from all plots 

were sampled in the spring at planting, when plant samples were collected, and after 

harvest. Soil samples were stored in the freezer at -18oC until they were sieved with a 

4.75mm sieve and extracted, and the extracts were frozen until they were analyzed. 

Mineral-N in these samples were extracted in the lab using a potassium chloride 

extraction procedure as outlined by Maynard et al. (2008) and were analyzed a SEAL 

Analytical dual channel flow segmented AAIII autoanalyzer. For the Year 1 trial, there 

were six soil sampling collection times, seven soil sampling times in Year 2, and nine soil 

sampling times in Year 3.  
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2.2.3 Plant Sampling  

Corn plants were sampled twice during the growing season in 2017 and 2018, with five 

plants from the centre of each plot collected and analyzed for biomass production and 

nitrogen content. These early growth plant samples were collected at the V5 growth stage 

(approximately 10 leaves) on 05 July 2017 and 06 July 2018. Samples were collected 

again at later growth stages (when approximately 50% of corn plants were silking) on 31 

July 2017 and 26 July 2018. These samples were weighed, dried, weighed again, and 

were analyzed for their N content. No in-season samples or silking counts were collected 

in 2016. 

Corn grain was hand harvested from a sample area along two rows of an undisturbed 5-

meter section from the centre of the plot. The corn cobs collected were weighed (fresh), 

and a subsample of approximately 10 cobs were weighed then dried in an oven at 60°C 

and weighed again before and after shelling. The associated stover from these rows was 

also harvested and weighed.  A subsample of approx. 10 plants were shredded using a 

leaf shredder, weighed, dried in an oven at 60°C and weighed again. Grain yields were 

calculated at 15.5% moisture content.  These dried samples were ground and sent to the 

laboratory at SGS Canada Inc. in Guelph where it underwent LECO combustion analysis 

to analyze nitrogen content. 

Grain was collected 11 and 15 November 2016, 30 October and 01 November 2017, and 

09 and 10 October 2018. Stover was hand harvested 06 and 09 December 2016, 03, 24, 

and 27 November 2017, and 16 and 18 October 2018. The weight of the grain and stover 

was summed to determine the weight of the total aboveground biomass. 
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2.2.4 Statistical Analyses and Calculations 

All statistical analyses were analyzed using Proc Glimmix in SAS version 9.4 (2018). 

Assumption of normal distribution was checked using Proc Univariate. The data met this 

assumption, although some soil sampling times required log transformation prior to 

analysis to meet the conditions of normality required by the Shapiro Wilk’s test. SAS 

calculated the residuals (the difference between the value predicted by the regression 

equation and the observed values) and data points with studentized residuals (residual 

divided by its standard error) greater than ±3.4 were removed as outliers. In a generalized 

linear mixed model in SAS (Proc Glimmix), it is predicted that 99.9% of studentized 

residuals will be within 3.4 units of 0, and so values greater than this are excluded to avoid 

skewing the results (Bowley 2015). The values removed were either unrealistic or had 

field notes justifying their exclusion. More information about data that was excluded from 

analyses can be found in Appendix B. Each year was analyzed separately as annual 

weather patterns could interfere with the results. Block was a random effect, and timing 

of application and presence of a NI were fixed factors. The data was compared using 

LSMeans tests with treatment differences of P <0.05 accepted when using the Tukey-

Kramer method. The grain yield was analyzed in two ways; one with all manure 

treatments (fall and spring) included, and the fall treatments were analyzed separately to 

determine if there were any fall specific effects. 

The N content of the plant was calculated by multiplying the N concentration by the grain, 

stover, or total plant biomass weights. Crop responses for the fertilizer treatments (0 to 

200 kg N ha-1) underwent regression analyses and were graphed to confirm that the plant 

response was due to the increased nitrogen from the applied fertilizer N. These quadratic 
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equations represent the fertilizer nitrogen response curve, and were used to calculate the 

fertilizer nitrogen equivalent required to obtain a similar response as was obtained from 

the manure application. The regression analyses were done in SAS using Proc Glimmix. 

The fertilizer nitrogen equivalents (FNE in kg ha-1) based on the quadratic equations were 

calculated for grain yield, and total aboveground biomass N content values. Any negative 

values calculated were reset to 0 as there cannot be a negative amount of fertilizer 

applied. If a value being input into the quadratic equation to calculate the fertilizer 

equivalent was greater than the response curve, it returned an error so they were replaced 

with the maximum FNE predicted by the quadratic equation at the quadratic y-maximum. 

None of the quadratic roots were ambivalent, as the x-values on the far side of the 

quadratic curve were much higher than the N rates used without seeing a correspondingly 

higher value for grain or total biomass. The quadratic curve was visually determined to 

be a better fit than a quadratic plateau.  

Based on the fertilizer nitrogen equivalent for grain yield, the value that each treatment 

would represent compared to urea was calculated. The value for urea N used was $1.20 

CAD per kilogram. The cost of the inhibitor was $18.60 per hectare. To break even using 

a NI, the grain FNE for NI treatments would need to be at least 15.5kg ha-1 higher than 

treatments without NI [cost of inhibitor/cost of urea]. 

These fertilizer equivalent values (kg ha-1) were then divided by the actual amount of N 

(kg ha-1) in the manure application for that timing (as determined by lab analyses) to 

determine the Fertilizer-Nitrogen Equivalents (% FNEs). These % FNE values represent 
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how efficient the manure N treatments are when compared to fertilizer N treatments, and 

are expressed as a percentage (shown below). 

%FNE = 100% ×
Fertilizer Nitrogen Equivalent (kg ha−1)

Total Mineral N in manure at application (kg ha−1)
  

The levels of nitrate and ammonium extracted from the soil were added to determine the 

total mineral-N (TMN) levels. There were two types of analyses done, which included a 

factorial analysis of manure application timing and nitrification inhibitor use and a 

treatment analysis, which compared all manure and fertilizer treatments. 

 

 Results and Discussion 

2.3.1 Meteorological Data 

Daily meteorological data was retrieved from the on site Environment Canada - Elora 

Research Station weather station (Government of Canada 2019). Any missing values 

were filled in with data from the nearby weather station Fergus Shand Dam, 

approximately 15 km away from the site. The 30-year climate normals calculated by 

Environment Canada were available for this site, and were used to compare against the 

daily data summed into monthly values collected at the Elora Research Station. 
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Figure 2.1. Average monthly mean temperatures for Fall 2015 to Fall 2018 (ºC) recorded at the 
Environment Canada - Elora Research Station with 30-year climate normal values (1981-2010) 
recorded at the Environment Canada - Fergus Shand Dam weather station and tabulated by 
Environment Canada (Environment and Climate Change Canada 2019) . 

 

Figure 2.2. Average monthly precipitation (mm) for Fall 2015 to Fall 2018 recorded at the 
Environment Canada - Elora Research Station with 30-year climate normal values (1981-2010) 
recorded at the Environment Canada - Fergus Shand Dam weather station and tabulated by 
Environment Canada (Environment and Climate Change Canada 2019). 

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

160.0

180.0

P
re

c
ip

it
a
ti
o
n
 (

m
m

)

2015 2016 2017 2018 Average (1981-2010)

-10.0

-5.0

0.0

5.0

10.0

15.0

20.0

25.0

T
e
m

p
e
ra

tu
re

 (
°C

)

2015 2016 2017 2018 Average (1981-2010)



 

31 

 

In Year 1 the non-growing season (October to April) was warmer than average with 

November, December, January, and February being 2.5°C, 6.2°C, 1.4°C and 2.0°C 

warmer than average respectively (Error! Reference source not found.). The non-

growing season had greater than average precipitation in March (Figure 2.2). Over the 

whole growing season (May to September), there were average temperatures and 

precipitation; however, May and June had slightly lower than average precipitation than 

average at -29.6 and -30.6mm. In February 2016, there was a warm period where above 

freezing temperatures melted the snow while the ground was still frozen which could have 

led to increased winter run-off as opposed to spring infiltration (Appendix A).  

In Year 2, the non-growing season was warmer than average and the growing season 

was near normal to cooler. The non-growing season (October to April) was much wetter 

than average with 174.3 mm more precipitation than average, except for November which 

had -37.0 mm precipitation less than average. There was a warm period in late January 

that melted the snow cover, which could have influenced the amount of spring infiltration 

(Appendix A). May and June received 51.6 and 34.0 mm more rain than average, whereas 

summer (July to September) received -119.7 mm less rain than average. 

In Year 3, the non-growing season (October to April) received 115 mm of precipitation 

more than average with January, February and April receiving 22.0 mm, 36.2 mm, and 

64.5 mm more precipitation than average respectively. The growing season received -

175.5mm less precipitation than average. December and April were cooler than average 

at -3.3°C and -4.4°C cooler. October and May were warmer than average at 2.6°C and 
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3.3°C warmer. There was a warm period in mid-January 2018 which could have 

influenced the amount of spring infiltration (Appendix A). 

2.3.2 Soil Data 

There was a large amount of variability in the soil mineral N data. As a result, it required 

that there were large differences between treatments before the statistical analysis 

identified them as significantly different. This was particularly evident when including the 

fertilizer application treatments in the analysis, where treatment means varied by almost 

100 kg N ha-1 before they were identified as significantly different. 

2.3.2.1 2016 

Due to an error in records, the first soil sampling date is recorded as 02 October 2015, 

whereas the first manure application date was 23 October 2015. It is assumed that the 

correct soil sampling date was actually 02 November 2015, which would have been the 

first non-rainy weekday opportunity to sample after waiting >7 days. The tables in this 

section have been updated to reflect this change.  

In the 2015-2016 season, there were no significant inhibitor or timing*inhibitor effects 

found for NH4 (Table 2.2). There was a significant or near significant timing effect for all 

sampling timings. The trend in the fall was for the most recent applications having more 

NH4 than earlier manure applications. The opposite trend was seen at the 27 May 

sampling time, with the greatest NH4 contents being seen at the earlier manure 

applications. There was a significant overall treatment effect seen at the 27 Nov. soil 

sampling, with the 17 Nov. manure application with an NI having significantly more NH4 

than 23 Oct. treatment without NI and the control.  
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 There were no significant inhibitor or timing*inhibitor effects found for NO3 in the 2015-

2016 experimental site (Table 2.3). There was a timing effect seen in the samples 

collected on 15 Dec., where the amount of nitrate was lowest for the most recent manure 

application (10 Dec.) which could indicate that the temperature at the time was cool 

enough to reduce the rate of nitrification. There was also a significant treatment effect for 

the 15 Dec. sampling, with all manure treatments having significantly more nitrate than 

the control plot. There was a second significant timing effect with the samples collected 

on 27 July, with the spring treatments having more NO3 than the fall manure treatments, 

and had comparable NO3 levels to the urea fertilizer applications. There was also a 

treatment effect for this sampling time, with the manure treatments not being significantly 

different but the fall treatments were significantly lower than the 150 kg N ha-1 urea 

treatment.  

There were no significant inhibitor or timing*inhibitor effects found for TMN for the 2015- 

2016 site (Table 2.4). There was a treatment effect seen at the 15 Dec. sampling, with 

the control having lower TMN than all manure treatments. There was a significant timing 

and overall treatment effect found for the 27 July sampling, with the amount of TMN 

generally decreasing as time from manure application increases. The spring manure 

application had TMN levels that were not significantly different than the urea fertilizer 

applications. 
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Table 2.2. Soil ammonium content (kg N ha-1) for Trial Year 1 (2015-2016), collected at the Elora Research Station by taking a composite 
sample of 10-15 soil cores collected from 0-30 cm depth.  

   Soil Sampling Date 

 Application date 02 Nov. 15  27 Nov. 15 15 Dec. 15t f
  27 May 16t 27 Jul. 16t,f  

T
re

a
tm

e
n
t 

A
p
p

lic
a
ti
o

n
 D

a
te

 

23 Oct. 2015  18.66 10.95 (k) 9.26 18.64 6.84‡ (k) 

23 Oct. 2015 (NI)  17.95 11.31 (k) 9.57 20.09 7.52 (j k) 

17 Nov. 2015    19.05 (j) 12.05 12.12 7.38 (j k) 

17 Nov. 2015 (NI)   13.86 (jk) 12.56 17.29 7.24 (k) 

10 Dec. 2015      11.81 14.13 6.93 (k) 

10 Dec. 2015 (NI)      13.55 6.92 7.58 (jk) 

06 May 2016       8.88 8.47 (jk) 

06 May 2016 (NI)       9.19 8.85 (jk) 

Inhibitor p value*  -  0.203 0.489 0.981 0.150 

Timing p value* -  0.015 0.052 0.055 0.003 

Timing*Inhibitor p value* -  0.150 0.891 0.444 0.646 

Standard error of factorial analysis 
- SE = ± 1.723 SE = ± 1.886 SE = ± 4.343 

SE = ± 0.629 
SE‡ = ± 0.675 

Control 9.83 9.94 (k) 11.21 8.22 7.41 (j k) 

10 May 2016 - 50 kg N ha-1 urea        14.13 7.58 (j k) 

10 May 2016 - 100 kg N ha-1 urea        13.13 7.41 (j k) 

10 May 2016 - 150 kg N ha-1 urea       21.43 8.64 (j k) 

10 May 2016 - 200 kg N ha-1 urea       20.46 9.66 (j) 

 treatment p value** 0.122 0.014 0.321 0.223 0.002 

 
Standard error of treatment analysis 

SE = ± 2.777 SE = ± 1.771 SE = ± 1.597 SE = ± 6.226 
SE = ± 0.781 
SE‡ = ± 0.833 

t, f indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ Indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More information on 

missing or excluded data can be found in Appendix B. 
*p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis. 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-k show significance of treatment main 
effects and include all treatments (p<0.05) 
Means with the same letter codes are not significantly different. 
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Table 2.3. Soil nitrate content (kg N ha-1) for Trial Year 1 (2015-2016), collected at the Elora Research Station by taking a composite 
sample of 10-15 soil cores collected from 0-30 cm depth.  

   Soil Sampling Date 

 Application date  02 Nov. 15 27 Nov. 15 15 Dec. 15t, f 27 May 16t, f 27 Jul. 16t, f 

T
re

a
tm

e
n
t 

A
p
p

lic
a
ti
o

n
 D

a
te

 

23 Oct. 2015  19.81 21.66 23.19 (kl) 40.01 20.49 (k) 

23 Oct. 2015 (NI)  16.69 27.34 23.81 (jk) 34.71 26.05 (k) 

17 Nov. 2015    19.21 25.21 (j) 33.67 31.29 (k) 

17 Nov. 2015 (NI)   22.46 21.66 (jkl) 42.91 24.83 (k) 

10 Dec. 2015      14.63 (kl) 37.32 27.29 (k) 

10 Dec. 2015 (NI)      13.41 (l) 36.63 21.60 (k) 

06 May 2016        54.95‡ 59.69 (jk) 

06 May 2016 (NI)        32.48 57.46 (jk) 

Inhibitor p value* -  0.236 0.439 0.363 0.625 

Timing p value* -  0.325 <0.001 0.863 <0.001 

Timing*Inhibitor p value* -  0.738 0.715 0.199 0.556 

Standard error of factorial analysis 
- SE = ± 4.661 SE = ± 7.275 

SE = ± 6.981 
SE‡ = ± 8.340 SE = ±13.62 

Control 10.89 15.65 6.73 (m) 32.58 28.09 (k) 

10 May 2016 - 50 kg N ha-1 urea        35.65 53.33 (jk) 

10 May 2016 - 100 kg N ha-1 urea        58.66 31.58 (k) 

10 May 2016 - 150 kg N ha-1 urea       63.75 97.31 (j) 

10 May 2016 - 200 kg N ha-1 urea       53.41  57.36 (jk) 

 treatment p value** 0.373 0.280 <0.001 0.301 <0.001 

 
Standard error of treatment 

analysis SE = ± 4.205 SE = ± 4.350 SE = ± 6.586 
SE = ± 12.69 
SE‡ = ± 14.41 SE = ± 24.73 

t, f indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ Indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More information 
on missing or excluded data can be found in Appendix B. 
*p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis. 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-l show significance of treatment 
main effects and include all treatments (p<0.05) 
Means with the same letter codes are not significantly different 
 



 

36 

Table 2.4. Total mineral-N content (kg N ha-1) for Trial Year 1 (2015-2016), collected at the Elora Research Station by taking a composite 
sample of 10-15 soil cores collected from 0-30 cm depth.  

   Soil Sampling Date 

 Application date  02 Nov. 15t 27 Nov. 15 15 Dec. 15t, f 27 May 16t 27 Jul. 16t,f 

T
re

a
tm

e
n
t 

A
p
p

lic
a
ti
o

n
 D

a
te

 

23 Oct. 2015  35.95 32.61 32.99 (j) 59.49 26.40‡ (k) 

23 Oct. 2015 (NI)  33.52 38.66 34.44 (j) 55.03 34.31 (k) 

17 Nov. 2015    38.26 38.05 (j) 47.24 39.50 (k) 

17 Nov. 2015 (NI)   36.32 35.83 (j) 60.36 32.42 (k) 

10 Dec. 2015     27.94 (jk) 52.67 34.86 (k) 

10 Dec. 2015 (NI)     28.60 (jk) 43.99 29.98 (k) 

06 May 2016      72.92‡ 69.59 (jk) 

06 May 2016 (NI)      45.87 67.39 (jk) 

Inhibitor p value* -  0.627 0.983 0.349 0.798 

Timing p value* -  0.695 0.085 0.710 <0.001 

Timing*Inhibitor p value* -  0.354 0.889 0.296 0.529 

Standard error of factorial analysis - SE = ± 5.215 SE = ± 7.747 
SE = ± 9.284 
SE‡ = ± 10.74 

SE = ± 14.24 
SE‡ = ± 15.33 

Control 19.47 25.58 18.08 (k) 41.21 35.92 (k) 

10 May 2016 - 50 kg N ha-1 urea        53.56  61.91 (jk) 

10 May 2016 - 100 kg N ha-1 urea        73.21  39.75 (k) 

10 May 2016 - 150 kg N ha-1 urea       87.68  109.06 (j) 

10 May 2016 - 200 kg N ha-1 urea       80.49 69.86 (jk) 

 treatment p value 0.152 0.171 0.008 0.293 0.002 

 
Standard error of treatment analysis 

SE = ± 6.250 SE = ± 4.924 SE = ± 7.384 
SE = ± 15.12 
SE‡ = ± 17.91 

SE = ± 25.62 
SE‡ = ± 28.05 

t, f indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ Indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More information 
on missing or excluded data can be found in Appendix B. 
*p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis. 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-k show significance of treatment 
main effects and include all treatments (p<0.05) 
Means with the same letter codes are not significantly different 
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2.3.2.2 2017 

There were significant treatment and timing effects seen was at the 09 Nov. and 08 Dec. 

samplings, with the most recent manure applications having higher NH4 contents, and 

were higher than the control plots (Table 2.5). There were no significant inhibitor or 

timing*inhibitor effects for NH4 this year at the p<0.05 significance level, but the NH4 

content from the 09 Nov. and 08 Dec. soil samplings are numerically greater in plots that 

received the NI when compared to the same timing without for the first two application 

times. 

There was a significant treatment effect seen in the NO3 soil data at the 09 Nov. sampling, 

with both treatments applied 19 Oct. and the 01 Nov. treatment without NI having 

significantly greater NO3 than the control plot (Table 2.6). At the 09 Nov. soil sampling, 

both treatments (19 Oct. and 01 Nov.) without the NI had numerically greater NO3 than 

the corresponding treatments applied with the NI (although this difference was not 

significant). There was a significant timing effect seen on 08 Dec. with the first two 

application timings having significantly more NO3 than the most recent application. There 

was also a treatment effect seen at the 08 Dec. soil sampling, where the 19 Oct. treatment 

with NI and the 01 Nov. treatment without the NI had significantly higher NO3 than the 03 

Dec. treatment without NI and the control. There was a significant timing effect seen on 

03 May, with the early spring manure treatment having significantly more NO3 than the 

early fall manure treatments, as well significantly more NO3 than the 01 Nov. manure 

treatment without the NI. The 17 July soil sampling had a significant timing*inhibitor effect, 

with the early spring treatment without NI having significantly more NO3 than the early fall 

treatment without NI. There was very little NO3 left in the soil post-harvest. 
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There were no significant differences in TMN seen in the fall at the 26 Oct. or 08 Dec. 

2016 sampling times ( 

Table 2.7). There was a significant treatment effect seen on 09 Nov. with the manure 

treatments having significantly more TMN than the control plot. The significant treatment 

effect seen at the first spring sampling after the 24 Apr. manure application showed that 

the amount of TMN decreased with time from application. There was a significant 

treatment effect seen at the 17 Jul. sampling, with the 24 Apr. treatment without NI having 

a comparable TMN to the 100 kg N ha-1 urea fertilizer. The 100, 150, and 200 kg N ha-1 

urea treatments had greater TMN than all manure treatments (excluding the 24 Apr. 

treatment without NI as mentioned). 
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Table 2.5. Soil ammonium content (kg N ha-1) for Trial Year 2 (2016-2017), collected at the Elora Research Station by taking a composite 
sample of 10-15 soil cores collected from 0-30 cm depth.  

   Soil Sampling Date 

 Application date  26 Oct. 16t 09 Nov. 16t f 08 Dec. 16 03 May 17t f 24 May 17t f 17 Jul. 17t 12 Dec. 17 

T
re

a
tm

e
n
t 

A
p
p

lic
a
ti
o

n
 D

a
te

 

19 Oct. 2016 17.31 9.90 (jk) 10.59 (k) 2.20 2.74 5.26 10.72 

19 Oct. 2016 (NI) 18.96‡ 9.86 (jk) 16.80 (k) 1.89 3.35 8.26 12.06 

01 Nov. 2016  16.02 (j) 12.80 (k) 5.47 6.25 3.91 6.96‡ 

01 Nov. 2016 NI  23.69 (j) 19.49 (k) 3.36 4.61 4.80‡ 12.12 

03 Dec. 2016   41.15 (j) 3.43 3.70 4.80 11.58 

03 Dec. 2016 (NI)    40.61 (j) 2.23 6.68 9.58 8.48 

24 Apr. 2017     3.60 4.12 4.27 10.03‡ 

24 Apr. 2017 (NI)      3.37 3.99 4.73 12.08 

10 May 2017        4.60 4.78 11.60‡ 

10 May 2017 (NI)         5.50 5.83 10.40 

Inhibitor p value*  - 0.323 0.248 0.325 0.567 0.051 0.552 

Timing p value* - 0.005 <0.001 0.306 0.471 0.277 0.904 

Timing*Inhibitor p value*  - 0.313 0.637 0.939 0.769 0.611 0.417 

Standard error of factorial analysis - SE = ± 2.143 SE = ± 4.970 SE = ± 2.100 SE = ± 4.043 
SE = ± 1.579 
SE‡ = ± 1.843 

SE = ± 1.984 
SE‡ = ± 2.308 

Control 11.02 5.23 (k) 12.36 (k) 1.78 5.43 3.68 6.85‡ 

12 May 2017 – 50 kg N ha-1 urea         4.80 5.99 11.00‡ 

12 May 2017 – 100 kg N ha-1 urea         11.66 5.08 12.02 

12 May 2017 – 150 kg N ha-1 urea         7.14 4.68 11.12‡ 

 12 May 2017 – 200 kg N ha-1 urea         10.07 6.01 11.55 

 Treatment p value** 0.420 0.002 <0.001 0.573 0.412 0.685 0.773 

 Standard error of treatment analysis 
SE = ± 4.222 
SE‡ = ± 4.869 SE = ± 1.997 SE = ± 4.678 SE = ± 2.004 SE = ± 4.357 SE = ± 2.254 

SE = ± 1.828 
SE‡ = ± 2.105 

t, f indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More information on missing or excluded 
data can be found in Appendix B. 
* p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-k show significance of treatment main effects and include 
all treatments (p<0.05). 
Means with the same letter codes are not significantly different 
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Table 2.6. Soil nitrate content (kg N ha-1) for Trial Year 2 (2016-2017), collected at the Elora Research Station by taking a composite 
sample of 10-15 soil cores collected from 0-30 cm depth. 

   Soil Sampling Date 

 Application date 
26 Oct. 

16 09 Nov. 16 08 Dec. 16t f 03 May 17f 24 May 17f 17 Jul. 17t 12 Dec. 17f 

T
re

a
tm

e
n

t 
A

p
p

lic
a
ti
o

n
 D

a
te

 

19 Oct. 2016 26.80 40.37 (j) 50.36 (jk) 74.02 (klm) 78.33 38.10 (b) (l) 15.64 

19 Oct. 2016 (NI) 24.25‡ 33.71 (j) 62.89 (j) 68.28 (lm) 76.58  44.78 (ab) (l) 20.00 

01 Nov. 2016  36.10 (j) 64.78 (j) 76.97 (klm) 83.89  42.82 (ab) (l) 11.67‡ 

01 Nov. 2016 NI  27.03 (jk) 54.19 (jk)  89.76 (jklm) 79.73  53.00 (ab) (l) 13.95 

03 Dec. 2016   28.12 (kl) 100.44 (jk) 91.68 59.311 (ab) (l) 21.33 

03 Dec. 2016 (NI)   31.47 (jkl) 93.61 (jkl) 101.29 54.31 (ab) (l) 22.14 

24 Apr. 2017     122.18 (j) 108.68 84.82 (a) (k l) 19.81‡ 

24 Apr. 2017 (NI)        112.58 (j) 90.09 48.31 (ab) (l) 18.53 

10 May 2017          42.81 (ab) (l) 18.23‡ 

10 May 2017 (NI)        64.31 (ab) (kl) 15.68 

Inhibitor p value*  - 0.063 0.709 0.726 0.852 0.915 0.654 

Timing p value* - 0.174 0.001 <0.001 0.141 0.112 0.058 

Timing*Inhibitor p value*  - 0.752 0.479 0.378 0.964 0.043 0.764 

Standard error of factorial analysis - SE = ± 4.859 SE = ± 8.236 SE = ± 12.80 SE = ± 19.98 SE = ± 9.176 
SE = ± 3.829 
SE‡ = ± 4.209 

Control 27.60 12.77 (k) 19.38 (l) 60.58 (m) 79.56 43.27 17.53‡ 

12 May 2017 – 50 kg N ha-1 urea         105.36 20.18 (l) 16.60‡ 

12 May 2017 – 100 kg N ha-1 urea         146.67 149.58 (jk) 20.87 

12 May 2017 – 150 kg N ha-1 urea         155.66 203.59 (j) 26.72‡ 

12 May 2017 – 200 kg N ha-1 urea         162.00 205.22 (j) 25.90 

 Treatment p value** 0.956 <0.001 <0.001 <0.001 0.046 <0.001 0.140 

 

Standard error of treatment 
analysis 

SE = ± 
6.938 

SE‡ = ± 
8.011 SE = ± 4.817 SE = ± 12.196 SE = ± 12.20 SE = ± 23.08 SE = ± 15.70 

SE = ± 1.984 
SE‡ = ± 2.308 

t, f – indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More information on missing or excluded data can 
be found in Appendix B.  
*p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis. Means followed by letter codes a-b show significance of timing*inhibitor 
interaction effects for manure treatments (p<0.05). 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-m show significance of treatment main effects and include all 
treatments (p<0.05). Means with the same letter codes are not significantly different. 
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Table 2.7. Total mineral-nitrogen content (kg N ha-1) for Trial Year 2 (2016-2017), collected at the Elora Research Station by taking a 
composite sample of 10-15 soil cores collected from 0-30 cm depth.  

   Soil Sampling Date 

 Application date 26 Oct. 16 09 Nov. 16 08 Dec. 16f 03 May 17t f 24 May 17 17 Jul. 17t 

12 Dec. 17t 

f 

T
re

a
tm

e
n
t 

A
p
p

lic
a
ti
o

n
 D

a
te

 

19 Oct. 2016 46.96 51.08 (j) 60.88 (jk) 76.25 (kl) 85.11 43.36 (l) 27.08 

19 Oct. 2016 (NI) 43.97‡ 44.40 (j) 75.09 (j) 70.19 (kl) 80.41 53.04 (l) 32.40 

01 Nov. 2016  52.39 (j) 77.38 (j) 84.48 (jkl) 97.31 46.73 (l) 20.08‡ 

01 Nov. 2016 NI  50.78 (j) 34.23 (j) 94.70 (jk) 91.13 53.77‡ (l) 26.11 

03 Dec. 2016   71.41 (j) 104.68 (jk) 99.46 64.11 (l) 32.73 

03 Dec. 2016 (NI)   72.64 (j) 96.38 (jk) 118.25 63.87 (l) 30.77 

24 Apr. 2017    126.85 (j) 137.32 89.09 (kl) 30.01 

24 Apr. 2017 (NI)      117.06 (j) 105.92 53.04 (l) 31.57 

10 May 2017       128.82 47.58 (l) 30.41‡ 

10 May 2017 (NI)        136.99 70.13 (l) 25.61 

Inhibitor p value* - 0.486 0.420 0.595 0.807 0.922 0.542‡ 

Timing p value* - 0.517 0.771 <0.001 0.107 0.124 0.151 

Timing*Inhibitor p value* - 0.667 0.414 0.594 0.765 0.049 0.505 

Standard error of factorial analysis  SE = ± 6.341 SE = ± 9.940 SE = ± 13.47 SE = ± 20.52 
SE = ± 9.416 

SE‡ = ± 
11.04 

SE = ± 4.466 
SE‡ = ± 
5.025 

Control 39.32 18.58 (k) 33.60 (k) 62.09 (l) 87.47 47.60 (l) 30.89‡ 

12 May 2017 – 50 kg N ha-1 urea     114.01 56.96 (l) 29.02‡ 

12 May 2017 – 100 kg N ha-1 urea     162.54 157.34 (jk) 32.52 

12 May 2017 – 150 kg N ha-1 urea     164.17 210.05 (j) 36.70‡ 

12 May 2017 – 200 kg N ha-1 urea     175.49 211.55 (j) 36.02 

 treatment p value** 0.875 <0.001 0.009 <0.001 0.063 <0.001 0.418 

 
Standard error of treatment analysis 

SE = ± 9.856 
SE‡ = ± 
11.15 SE = ± 6.227 SE = ± 9.421 

SE = ± 
12.858 SE = ± 24.28 SE = ± 15.65 

SE = ± 4.615 
SE‡ = ± 
5.217 

 

t, f – indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More 
information on missing or excluded data can be found in Appendix B.  
*p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis. 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-l show significance of 
treatment main effects and include all treatments (p<0.05). Means with the same letter codes are not significantly different. 
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2.3.2.3 2018 

There was a significant timing effect seen at the 03 Nov. sampling, with the 17 Oct. 

manure applications having more NH4 than the 03 Oct. manure treatments (Table 2.8). 

There was a significant timing effect seen at the 17 Nov. sampling, with the amount of 

NH4 increasing as the time since the manure application decreases. There were 

significant inhibitor, timing, and timing*inhibitor effects seen at the 19 Dec. soil sampling, 

as both 03 Oct. treatments and 17 Oct. without NI were significantly lower in NH4 than all 

other treatments, and the 08 Nov. treatment with NI having significantly greater NH4 than 

the corresponding treatment without NI.  There were no significant effects seen in the 

spring or summer. There was a significant treatment effect seen post-harvest on 04 Nov. 

2018, with the manure treatment applied 03 October with NI and the 17 Oct. treatment 

without NI having significantly more NH4 than the 03 Oct. treatment without NI and the 50 

kg N ha-1 urea treatment. 

There was a significant timing, inhibitor, and timing*inhibitor effects seen in the NO3 soil 

levels at the 03 Nov. soil sampling, with the 03 Oct. manure treatment without NI having 

significantly more NO3 than all other the treatments with NI, indicating that the NI is having 

an effect at this time (Table 2.9). There were significant timing and treatment effects at 

the 17 Nov. sampling, with the earlier applications having the most NO3 indicating that 

nitrification is occurring. There were no significant differences seen at the 19 Dec. and 08 

May soil samplings. There were significant treatment effects seen at the 29 May and 06 

Jul. soil samplings when comparing the manure treatments with the fertilizer treatments, 

as the 200 kg N ha-1 urea fertilizer treatment had significantly more NO3 both treatment 
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timings in October at the 29 May sampling. At the 06 July sampling, the 200 kg N ha-1 

fertilizer treatment had significantly higher nitrate than all manure treatments.  

There was a significant treatment, timing, inhibitor, and timing*inhibitor effects seen at the 

03 Nov. soil sampling for TMN, with the 03 Oct. manure treatment without NI having 

significantly more TMN than the other treatments (Table 2.10). There were significant 

treatment and timing effects seen at the 17 Nov. soil sampling, with both 03 Oct. manure 

treatments having more TMN than the most recent manure application on 08 Nov and the 

control. There were treatment effects seen at the 29 May sampling time, with the 200 kg 

N ha-1 urea fertilizer treatment having significantly more TMN than both 03 Oct. manure 

treatments, the manure applications with NI on 17 Oct. and 08 November and the control. 

This difference between the 200 kg N ha-1 fertilizer treatment and the manure applications 

was more evident at the early July soil sampling time, when this treatment had 

significantly more TMN than all manure treatments (and the 50 and 100 kg N ha-1 urea 

treatments).  There were no significant effects seen in the soil data collected 26 July or 

post harvest on 04 Nov. 2018
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Table 2.8. Soil ammonium content (kg N ha-1) for Trial Year 3 (2017-2018), collected at the Elora Research Station by taking a composite 
sample of 10-15 soil cores collected from 0-30 cm depth.  

  Soil Sampling Date 

 Application date 13 Oct. 17 03 Nov. 17 17 Nov. 17t, f 19 Dec. 17f 08 May 18t 29 May 18t 06 Jul. 18t 26 Jul. 18t, f 

04 Nov. 18t, 

f 

T
re

a
tm

e
n
t 
A

p
p
lic

a
ti
o

n
 D

a
te

 

03 Oct. 2017 0.63 18.43‡ 4.53 (k l) 8.64 (c) (l) 12.67 16.51 9.23 7.73 2.33 (k) 

03 Oct. 2017 (NI)  0.64 22.04‡ 5.85 (j k l) 8.60‡ (c) (l) 12.47 14.06 7.63‡ 7.00 6.71 (j) 

17 Oct. 2017  30.28 3.51‡ (l) 10.16 (c) (l) 9.41 22.12 9.98 6.41 5.32 (j) 

17 Oct. 2017 (NI)  
 32.73 11.20 (j k l) 

28.14 (a b) (j 
k) 

10.78 20.08 13.07 6.29 4.02 (j k) 

08 Nov. 2017   16.45 (j k) 20.58 (b) (k) 12.91 23.34 10.89 6.83 3.47 (j k) 

08 Nov. 2017 (NI)   18.56 (j) 36.37 (a) (j) 12.05 11.28 8.15 7.12 3.29 j k) 

06 Dec. 2017 
   

27.00 (a b) (j 
k) 

14.41 21.31‡ 10.11 6.66‡ 2.65 (j k) 

06 Dec. 2017 (NI) 
   

27.51 (a b) (j 
k) 

13.13 18.33 11.48 6.48 3.38 (j k) 

18 May 2018      15.33 8.39 7.73 3.10 (j k) 

18 May 2018 (NI)      14.38 9.91 6.77 3.27 (j k) 

Inhibitor p value* - 0.536 0.050 <0.001 0.872 0.156 0.738 0.317 0.786 

Timing p value* - 0.042 0.002 <0.001 0.398 0.405 0.288 0.229 0.001 

Timing*Inhibitor p value* - 0.905 0.198 <0.001 0.931 0.613 0.313 0.748 0.3299 

Standard error of factorial 
analysis 

- 

SE = ± 
6.818 

SE‡ = ± 
6.195 

SE = ± 
5.835 

SE‡ = ± 
6.915 

SE = ± 5.835 
SE‡ = ± 6.915 

SE = ± 
2.062 

SE = ± 
4.592 

SE‡ = ± 
4.694 

SE = ± 
2.149 

SE‡ = ± 
2.337 

SE = ± 
0.800 

SE‡ = ± 
0.878 

SE = ± 
0.640 

Control 0.945‡ 15.71 3.09 (l) 8.29 (l) 9.19 14.97 7.93‡ 7.50 3.89 (j k) 

18 May – 50 kg N ha-1 urea      18.07 9.01 6.36 3.12 (j k) 

18 May – 100 kg N ha-1 urea      18.30 7.67 6.34 2.84 (j k) 

18 May – 150 kg N ha-1 urea      23.43 9.68 9.13 4.88 (j) 

18 May – 200 kg N ha-1 urea      25.39 12.52 6.98 3.54 (j k) 

treatment p value** 0.529 0.051 0.001 <0.001 0.349 0.527 0.178 0.338 0.010 

 
Standard error of treatment 

analysis 

SE = ± 
0.224 

SE‡ = ± 
0.275 

SE = ± 
5.555 

SE‡ = ± 
6.080 

SE = ±3.025  
SE‡ = ± 
3.493 

SE = ± 2.006 
SE‡ = ± 2.258 

SE = ± 
1.999 

SE = ± 
6.934 

SE‡ = ± 
7.744 

SE = ± 
2.092 

SE‡ = ± 
2.273 

SE = ± 
1.404 

SE‡ = ± 
1.537 

SE = ± 
0.788 

t, f – indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More information on missing or excluded data can be found 
in Appendix B.  
*p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis. Means followed by letter codes a-c show significance of timing*inhibitor interaction 
effects for manure treatments (p<0.05). 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-l show significance of treatment main effects and include all treatments 
(p<0.05) 
Means with the same letter codes are not significantly different. 
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Table 2.9. Soil nitrate content (kg N ha-1) for Trial Year 3 (2017-2018), collected at the Elora Research Station by taking a composite sample 
of 10-15 soil cores collected from 0-30 cm depth.  

  Soil Sampling Date 

 Application date 13 Oct. 17 03 Nov. 17 17 Nov. 17f 19 Dec. 17t 08 May 18t, f 29 May 18t, f 06 Jul. 18t, f 26 Jul. 18t 04 Nov. 18t 

T
re

a
tm

e
n

t 
A

p
p

lic
a
ti
o

n
 D

a
te

 

03 Oct. 2017 
22.67 

149.64‡ (a) 
(j) 

162.67‡ (j) 
45.07 45.64 87.43 (klm) 35.38 (kl) 37.35 17.30 

03 Oct. 2017 (NI)  16.14 63.82‡ (b) (k) 161.50 (j) 57.97 44.20 93.06 (klm) 25.65 (l) 39.91 22.20 

17 Oct. 2017  71.73 (b) (k) 113.11‡ (jk) 82.92 48.06 93.04 (klm) 27.01 (l) 42.22 19.68 

17 Oct. 2017 (NI)   63.40 (b) (k) 157.36 (j) 55.80 56.25 76.89 (lm) 33.36 (kl) 51.51 24.40 

08 Nov. 2017   106.53 (jk) 41.39 52.35 113.99 (jkl) 38.21 (kl) 37.61 22.20 

08 Nov. 2017 (NI)   90.41‡ (k) 66.49 62.40 94.51 (jkl) 50.08 (kl) 38.47 22.00 

06 Dec. 2017 
     54.54 64.11 

108.90‡ 
(jklm) 

34.14 (kl) 40.65 17.68 

06 Dec. 2017 (NI) 
     50.07 42.34 

104.19 
(jklm) 

43.18 (kl) 46.30 23.54 

18 May 2018      94.32 (jkl) 51.76 (kl) 65.69 37.55 

18 May 2018 (NI)      123.10 (jkl) 53.64 (kl) 43.68 22.44 

Inhibitor p value* - 0.003 0.581 0.824 0.822 0.599 0.548 0.849 0.989 

Timing p value* - 0.007 0.002 0.554 0.604 0.082 0.079 0.060 0.127 

Timing*Inhibitor p value* - 0.007 0.122 0.234 0.337 0.475 0.666 0.109 0.086 

Standard error of factorial 
analysis 

- 
SE = ± 14.04 
SE‡ = ± 12.45 

SE = ± 
13.66 

SE‡ = ± 
16.41 

SE = ± 
11.45 

SE = ± 
13.43 

SE = ± 
13.75 

SE‡ = ± 
14.09 

SE = ± 
10.01 

SE = ± 
6.493 

SE = ± 
5.858 

Control 10.38‡ 62.84 (k) 48.03 (k) 36.08 51.16 60.93 (m) 24.10 (l) 33.50 16.88 

18 May - 50 kg N ha-1 urea      88.00 (klm) 40.70 (kl) 34.45 20.53 

18 May - 100 kg N ha-1 urea      129.39 (jkl) 69.02 (jkl) 45.76 19.70 

18 May - 150 kg N ha-1 urea      163.94 (jk) 80.04 (jk) 59.92 43.78 

18 May - 200 kg N ha-1 urea      170.38 (j) 157.93 (j) 43.86 33.73 

treatment p value** 0.183 0.004 <0.001 0.264 0.712 <0.001 <0.001 0.149 0.116 

 
Standard error of treatment 

analysis 

SE = ± 
3.135 

SE‡ = ± 
3.840 

SE = ± 14.171 
SE‡ = ± 
16.527 

SE = ± 
12.60 

SE‡ = ± 
14.38 

SE = ± 
11.07 

SE = ± 
12.397 

SE = ± 
17.83 

SE‡ = ± 
20.16 

SE = ± 
13.687 

SE = ± 
7.693 

SE = ± 
10.03 

t, f – indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More information on missing or excluded data can be found 
in Appendix B.  
*p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis. Means followed by letter codes a-b show significance of timing*inhibitor interaction 
effects for manure treatments (p<0.05). 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-m show significance of treatment main effects and include all treatments 
(p<0.05). Means with the same letter codes are not significantly different.  
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Table 2.10. Total available mineral-N (TMN) content (kg N ha-1) for Trial Year 3 (2017-2018), collected at the Elora Research Station by 
taking a composite sample of 10-15 soil cores collected from 0-30 cm depth. 

  Soil Sampling Date 

 Application date 
13 Oct. 

27 03 Nov. 17 17 Nov. 17 19 Dec. 17f 08 May 18t 29 May 18t f 06 Jul. 18t f 26 Jul. 18t 04 Nov. 18t 

T
re

a
tm

e
n
t 
A

p
p
lic

a
ti
o

n
 D

a
te

 

03 Oct. 2017 23.30 168.54‡ (a) (j) 182.40‡ (j) 52.33 (jk) 60.57 102.96 (lm) 44.51 (kl) 45.43 19.67 

03 Oct. 2017 (NI)  16.78 93.23‡ (b) (k) 168.96 (jk) 64.04‡ (jk) 58.68 106.92 (klm) 29.68‡ (l) 47.06 24.96 

17 Oct. 2017 
  102.00 (b) (k) 116.74‡ (jkl) 91.85 (jk) 67.11 

114.82 
(jklm) 

40.31 (kl) 48.65 25.70 

17 Oct. 2017 (NI)    96.13 (b) (k) 171.84 (j) 90.94 (jk) 68.51 95.71 (lm) 47.75 (kl) 57.81 28.53 

08 Nov. 2017   128.48 (j k) 56.07 (jk) 70.99 140.85 (jkl) 48.99 (kl) 44.54 25.83 

08 Nov. 2017 (NI)   115.40‡ (k l) 100.09 (j) 77.50 105.49 (klm) 58.29 (kl) 45.79  25.39 

06 Dec. 2017 
   77.97 (jk) 84.01 

128.64‡ 
(jklm) 

44.87 (kl) 51.98‡  20.35 

06 Dec. 2017 (NI) 
   76.74 (jk) 59.38 

121.54 
(jklm) 

57.63 (kl) 57.24  26.98 

18 May 2018 
     

109.84 
(jklm) 

60.48 (kl) 73.52 40.72 

18 May 2018 (NI)      137.31 (jkl) 64.24 (kl) 50.52  25.83 

Inhibitor p value* - 0.002 0.534 0.179 0.529 0.321 0.654 0.769 0.967 

Timing p value* - 0.024 0.031 0.212 0.523 0.185 0.054 0.053 0.124 

Timing*Inhibitor p value* - 0.005 0.128 0.322 0.461 0.290 0.394 0.089 0.112 

Standard error of factorial 
analysis 

- 
SE = ± 16.79 
SE‡ = ± 15.72 

SE = ± 
16.17 

SE‡ = ± 
17.79 

SE = ± 
12.52 

SE‡ = ± 
14.46 

SE = ± 
12.71 

SE = ± 
14.75 

SE‡ = ± 
15.07 

SE = ± 
9.599 

SE‡ = ± 
10.65 

SE = ± 
6.476 

SE‡ = ± 
7.412 

SE = ± 
6.079 

Control 14.30‡ 78.55 (k) 51.33 (l) 46.51 (k) 61.48 76.81 (m) 41.24‡ (l) 41.24 20.89 

18 May - 50 kg N ha-1 urea      108.30 (klm) 49.96 (kl) 41.01 24.04 

18 May - 100 kg N ha-1 urea      152.28 (jkl) 76.82 (jkl) 52.58 22.64 

18 May - 150 kg N ha-1 urea      178.60 (jk) 90.71 (jk) 73.67 49.96 

18 May - 200 kg N ha-1 urea      198.04 (j) 171.83 (j) 51.06 37.88 

treatment p value** 0.431 0.005 <0.001 0.043 0.572 <0.001 0.050 0.044 0.113 

 
Standard error of treatment 

analysis 

SE = ± 
3.575 

SE‡ = ± 
3.585 

SE = ± 16.852 
SE‡ = ± 18.454 

SE = ± 
13.09 

SE‡ = ± 
15.05 

SE = ± 
11.94 

SE‡ = ± 
13.79 

SE = ± 
11.79 

SE = ± 
22.51 

SE‡ = ± 
25.21 

SE = ± 
13.82 

SE‡ = ± 
15.96 

SE = ± 
7.365 

SE‡ = ± 
8.385 

SE = ± 
10.207 

t, f – indicates that the treatment (t) and/or factorial (f) analyses for this date were log transformed. 
‡ indicates there was a different standard error for a specific treatment due to a different number of samples included in the analysis. More information on missing or excluded data 
can be found in Appendix B.  
*p values for inhibitor, timing, and timing*inhibitor only included manure treatments in their factorial analysis. Means followed by letter codes a-b show significance of timing*inhibitor 
interaction effects for manure treatments (p<0.05). 
**p values for treatment included all manure and fertilizer treatments in the analysis. Means followed by letter codes j-m show significance of treatment main effects and include all 
treatments (p<0.05) 
Means with the same letter codes are not significantly different. 
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2.3.3 Plant Response 
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Table 2.11. Year 1 (2016) plant response data as effected by different application timings of liquid hog manure, with or without a 
nitrification inhibitor, shown as least squared means.  

  
Presence 

of 
Inhibitor* 

Manure Application Date 
Significance of Inhibitor, Timing, 

and Timing x Inhibitor Interaction  

  23 Oct. 15 17 Nov. 15 10 Dec. 16 06 May 17 μ Inhibitor*   p value 

Grain Yield at 15.5% 
Moisture (kg ha-1) 

No 8979 (c) 9246 (bc) 10608 (abc) 12067 (a) 10225 Inhib 0.9112 

Yes 8758 (c) 11622 (ab) 9529 (abc) 11165 (abc) 10268 Timing 0.0006 

μ Timing 8868 (k) 10434 (jk) 10068 (jk) 11616 (j)  Timing*Inhib 0.0163 

Grain Yield at 15.5% 
Moisture (kg ha-1) 

Fall treatments only 

No 8978 (b) 9245 (b) 10608 (ab) - 9610 Inhib 0.3506 

Yes 8757 (b) 11622 (a) 9528 (ab) - 9969 Timing 0.0095 

μ Timing 8868 (k) 10434 (j) 10068 (j)   Timing*Inhib 0.0048 

Grain Yield FNE (%) 

No 33.46 (ab) 27.44 (b) 48.53 (ab) 84.48 (a) 48.48 Inhib 0.9810 

Yes 31.38 (b) 67.88 (ab) 31.57 (b) 63.84 (ab) 48.67 Timing 0.0061 

μ Timing 32.42 (k) 47.66 (jk) 40.05 (k) 74.16 (j)  Timing*Inhib 0.0421 

Value of FNE  
with NI 
($ ha-1) 

No 39.55 (b) 44.58 (b) 78.03 (ab) 134.56 (a) 74.15 Inhib 0.1427 
Yes 18.49 (b) 91.37 (ab) 32.16 (b) 82.37 (ab) 56.1 Timing 0.0011 

μ Timing 29.02 (k) 67.91 (jk) 55.1 (k) 108.47 (j)  Timing*Inhib 0.0289 

Grain N Concentration  
(%) 

No 1.085 1.22 1.16 1.30 1.19 Inhib 0.7966 

Yes 1.19 1.18 1.18 1.25 1.20 Timing 0.0073 

μ Timing 1.14 (k) 1.20 (jk) 1.17 (k) 1.28 (j)  Timing*Inhib 0.1585 

Grain N Content (kg 
ha-1) 

No 82 (d) 96 (bcd) 104 (abcd) 133 (a) 104 Inhib 0.9030 

Yes 88 (cd) 116 (abc) 95 (bcd) 118 (ab) 104 Timing <.0001 

μ Timing 85 (c) 106 (b) 99 (bc) 125 (a)  Timing*Inhib 0.0397 

Stover  
(kg ha-1) 

No 8976 (b) 8998 (b) 9970 (ab) 10303 (ab) 9562 (x) Inhib 0.0429 

Yes 9900 (ab) 10751 (a) 9849 (ab) 9735 (ab) 10059 (y) Timing 0.3244 

μ Timing 9438 9875 9910 10019  Timing*Inhib 0.0081 

Stover N 
Concentration  

(%) 

No 0.71 0.76 0.72 0.81 0.75 Inhib 0.6137 

Yes 0.71 0.78 0.71 0.86 0.76 Timing 0.0020 

μ Timing 0.71 (k) 0.77 (jk) 0.71 (k) 0.83 (j)  Timing*Inhib 0.7553 

Stover N Content (kg 
ha-1) 

No 63 69 72 82 72 (x) Inhib 0.0477 

Yes 69 83 69 84 76 (y) Timing 0.0002 

μ Timing 66 (l) 76 (jk) 71 (kl) 83 (j)  Timing*Inhib 0.0623 

Total Aboveground 
Biomass  
(kg ha-1) 

No 17955 (b) 18244 (b) 20577 (ab) 22370 (a) 19786 Inhib 0.2821 

Yes 18658 (b) 22373 (a) 19378 (ab) 20900 (ab) 20327 Timing 0.0011 

μ Timing 18306 (k) 20308 (j) 19978 (jk) 21635 (j)  Timing*Inhib 0.0020 

Total Aboveground 
Biomass N Content 

(kg ha-1) 

No 145 (d) 165 (cd) 176 (bc) 215 (a) 175 Inhib 0.2690 

Yes 157 (cd) 199 (ab) 164 (cd) 201 (ab) 180 Timing <.0001 

μ Timing 151 (l) 182 (k) 170 (k) 208 (j)  Timing*Inhib 0.0031 

Total Aboveground 
Biomass N Content 

FNE (%) 

No 18.42 (d) 27.0495 (cd) 36.07 (bcd) 72.89 (a) 38.61 Inhib 0.3500 

Yes 29.83 (cd) 53.84 (abc) 26.27 (cd) 63.87 (ab) 43.45 Timing <.0001 

μ Timing 24.12 (k) 40.44 (k) 31.17 (k) 68.38 (j)  Timing*Inhib 0.0527 

The row μ Timing is the average for each manure application timing (dates along top row), and the μ Inhibitor column is the average by the presence (“yes”) or 
absence (“no”) of an inhibitor across all timings.  
Means followed by the same letter code are not significantly different. 
Means followed by letter codes a- show significance of timing*inhibitor interaction effects (p<0.05). 
Means followed by letter codes j-k show significance of timing main effects (p<0.05). 
Means followed by letter codes x-y show significance of inhibitor main effects (p<0.05). 
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Table 2.12. Year 2 (2017) plant response data as effected by different application timings of liquid hog manure, with or without a 
nitrification inhibitor, shown as least squared means.  

  
Presence 

of 
Inhibitor* 

Manure Application Date 

 

Significance of 
Inhibitor, Timing, and 

Timing x Inhibitor 
Interaction  

  19 Oct. 16 01 Nov. 16 03 Dec. 16 24 Apr. 17 10 May 17 μ Inhibitor*   p value 

V5 Stage Plant 
Biomass 

(g/5 plants) 

No 72.31 74.54 100.22 113.57 115.62 95.25 Inhib 0.4851 

Yes 63.91 92.99 84.16 106.04 105.62 90.54 Timing 0.0016 

μ Timing 68.12 (k) 83.76 (jk) 92.19 (jk) 109.8 (j) 110.62 (j)  Timing*Inhib 0.5306 

50% Silking 
Plant Biomass 

(g/5 plants) 

No 408.9 368.15 497.15 457.15 583.65 463 Inhib 0.2029 

Yes 348.65 377.44 473.65 490.77 462.65 430.02 Timing 0.0017 

μ Timing 378.77 (k) 372.02 (k) 485.4 (jk) 473.19 (jk) 523.15 (j)  Timing*Inhib 0.3606 

50% Silking 
Plant N 

Concentration 
(%) 

No 2.23 2.40 2.58 2.91 2.84 2.59 Inhib 0.5948 

Yes 2.31 2.34 2.42 2.94 2.76 2.56 Timing <.0001 

μ Timing 
2.27 (l) 2.37 (l) 2.50 (kl) 2.923 (j) 2.80 (jk)  Timing*Inhib 0.8423 

Early Silking  
28 Jul. 2017 

(%) 

No 11.5 15.5 33.0 73.0 44.5 35.5 Inhib 0.7038 

Yes 13.5 31.0 30.7 62.0 32.0 33.8 Timing <.0001 

μ Timing 12.5 (l) 23.25 (kl) 31.8 (kl) 67.48 (j) 38.25 (k)  Timing*Inhib 0.2555 

Late Silking  
31 Jul. 2017 

(%) 

No 70.0 61.0 80.5 93.0 85.5 78.0 Inhib 0.8680 

Yes 59.0 80.5 85.0 91.8 77.5 78.8 Timing 0.0043 

μ Timing 64.5 (k) 70.75 (k) 82.76 (jk) 92.39 (j) 81.5 (jk)  Timing*Inhib 0.2502 

Grain Yield at 
15.5% Moisture 

(kg ha-1) 

No 8343 9337 10261 12027 10445 10083 Inhib 0.9956 

Yes 
8531 10209 10581 12031 9069 10084 

Timing 
<0.000
1 

μ Timing 8437 (l) 9773 (kl) 10421 (k) 12029 (j) 9757 (kl)  Timing*Inhib 0.1936 

Grain Yield at 
15.5% Moisture 

(kg ha-1)  
Fall Treatments 

Only 

No 8343 9337 10261 - - 9350 Inhib 0.2853 

Yes 8531 10209 10581 - - 9773 Timing 0.0022 

μ Timing 
8437 (k) 9773 (j) 10421 (j)    

Timing*Inhib 0.7040 

Grain Yield FNE 
(%) 

No 32.54 49.40 64.01 104.13 70.67 64.15 Inhib 0.9441 
Yes 35.97 66.03 71.00 105.21 44.66 64.57 Timing <.0001 

μ Timing 34.25 (l) 57.71 (kl) 67.50 (k) 104.67 (j) 57.66 (kl)  Timing*Inhib 0.2258 

Value of FNE 
($ ha-1) 

No 44.90` 68.76 90.71 147.14 97.52 89.81 (x) Inhib 0.0413 
Yes 31.03 73.31 82.03 130.09 43.03 71.90 (y) Timing <.0001 

μ Timing 37.97 (l) 71.03 (kl) 86.37 (k) 138.61 (j) 70.27 (kl)  Timing*Inhib 0.2324 

Grain N 
Concentration  

(%) 

No 0.92 (abc) 0.90 (bc) 0.93 (abc) 0.98 (a) 0.93 (ab) 0.93 (x) Inhib 0.0135 

Yes 0.86 (c) 0.95 (ab) 0.91 (abc) 0.94 (ab) 0.88 (bc) 0.91 (y) Timing 0.0009 

μ Timing 0.89 (k) 0.93 (jk) 0.92 (jk) 0.96 (j) 0.91 (k)  Timing*Inhib 0.0157 

(Continued on next page) 
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(Continued from previous page) 

Presence of  
Inhibitor* 

Manure Application Date 

μ Inhibitor* 

Significance of 
Inhibitor, Timing, and 

Timing x Inhibitor 
Interaction 

19 Oct. 16 01 Nov. 16 03 Dec. 16 24 Apr. 17 10 May 17   

Grain N Content 
(kg ha-1) 

No 64 71 80 100 83 80 Inhib 0.4931 

Yes 62 82 82 95 68 78 Timing <.0001 

μ Timing 63 (l) 77 (k) 81 (k) 98 (j) 75 (kl)  Timing*Inhib 0.1059 

Stover  
(kg ha-1) 

No 5104 5339 5646 6327 6411 5910 Inhib 0.4296 

Yes 5142 6070 6000 5999 5322 5706 Timing 0.1143 

μ Timing 5123 6067 5823 6163 5866  Timing*Inhib 0.4574 

Stover N 
Concentration  

(%) 

No 0.59 0.56 0.64 0.63 0.68 0.62 Inhib 0.3306 

Yes 0.58 0.62 0.56 0.63 0.63 0.60 Timing 0.0806 

μ Timing 0.58 0.59 0.6 0.63 0.66  Timing*Inhib 0.1872 

Stover N 
Content (kg ha-1) 

No 30 35 37 40 44 37 Inhib 0.2724 

Yes 30 38 34 38 34 35 Timing 0.0567 

μ Timing 30 36 35 39 39  Timing*Inhib 0.4112 

Total 
Aboveground 

Biomass  
(kg ha-1) 

No 1337 15402 15969 18353 16856 15991 Inhib 0.6948 

Yes 13673 16279 16580 18071 14391 15799 Timing <.0001 

μ Timing 13525 (l) 15841 (k) 16275 (jk) 18212 (j) 15624 (kl)  Timing*Inhib 0.1946 

Total Aboveground 
Biomass N 

Content (kg ha-1) 

No 95 106 117 140 126 117 Inhib 0.3388 

Yes 92 120 116 135 102 113 Timing <.0001 

μ Timing 93 (l) 113 (k) 116 (k) 137 (j) 114 (k)  Timing*Inhib 0.1103 

Total Aboveground 
Biomass N 

Content FNE (%) 

No 29.42 45.52 59.21 94.74 74.54 60.69 Inhib 0.3615 

Yes 25.06 64.60 57.84 86.94 39.32 54.75 Timing <.0001 

μ Timing 27.24 (l) 55.06 (kl) 58.53 (k) 90.84 (j) 56.93 (k)  Timing*Inhib 0.1263 

*The row μ Timing is the average for each manure application timing (dates along top row), and the μ Inhibitor column is the average by the presence (“yes”) or 
absence (“no”) of an inhibitor across all timings.   

Means followed by the same letter code are not significantly different.      

Means followed by letter codes a-c show significance of timing*inhibitor interaction effects (p<0.05). 

Means followed by letter codes j-l show significance of timing main effects (p<0.05). 
Means followed by letter codes x-y show significance of inhibitor main effects (p<0.05). 
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Table 2.13. Year 3 (2018) plant response data as effected by different application timings of liquid hog manure, with or without a 
nitrification inhibitor, shown as least squared means.  

 Presence 
of Inhibitor* 

Manure Application Date 

μ Inhibitor* 

Significance of Inhibitor, 
Timing, and Timing x 
Inhibitor Interaction 

  03 Oct. 17 17 Oct. 17 08 Nov. 17 06 Dec. 17 18 May 18   p value 

V5 Stage Plant 
Biomass 

(g/5 plants) 

No 147.13 146.96 147.03 138.23 150.81 146.03 Inhib 0.6547 

Yes 132.98 152.23 160.78 144.78 153.58 148.87 Timing 0.5326 

μ Timing 140.06 149.6 153.91 141.51 152.2  Timing*Inhib 0.7063 

50% Silking Plant 
Biomass 

(g/5 plants) 

No 328.18 282.33 294.61 324.66 302.68 306.49 Inhib 0.7409 

Yes 321.18 311.96 284.51 326.08 260.68 300.88 Timing 0.3498 

μ Timing 324.68 297.15 289.56 325.37 281.68  Timing*Inhib 0.7590 

V5 Stage N 
Concentration (%) 

No 2.57 2.71 2.73 2.725 2.915 2.73 Inhib 0.6701 

Yes 2.64 2.98 2.45 2.84 2.9 2.76 Timing 0.0423 

μ Timing 2.6 2.85 2.59 2.78 2.91  Timing*Inhib 0.2249 

N Concentration 
at 50% Silking (%) 

No 1.8 1.78 1.57 1.58 1.58 1.65 Inhib 0.1176 

Yes 1.78 1.98 1.55 1.77 1.67 1.75 Timing 0.0405 

μ Timing 1.79 (jk) 1.85 (j) 1.56 (k) 1.67 (jk) 1.62 (jk)  Timing*Inhib 0.5107 

Early Silking  
23 Jul. 2018 

(%) 

No 57.1 44.27 39.12 47.25 37.17 44.98 Inhib 0.1179 

Yes 36.47 56.12 59.25 52.92 59.25 53.19 Timing 0.9894 

μ Timing 46.78 50.2 50.04 50.2 48.21  Timing*Inhib 0.0795 

Late Silking  
26 Jul. 2018 

(%) 

No 95.25 90.47 84.05 86.22 83.8 87.96 Inhib 0.2035 

Yes 81.85 91.6 95.4 88.75 94.15 90.68 Timing 0.8775 

μ Timing 88.55 91.04 90.13 87.91 88.97  Timing*Inhib 0.0058 

Grain Yield at 
15.5% Moisture 

(kg ha-1) 

No 14131 13341 13723 12600 13490 13457 Inhib 0.1592 

Yes 13885 13963 14013 13149 14252 13852 Timing 0.0939 

μ Timing 14008 13652 13868 12874 13871  Timing*Inhib 0.7907 

Grain Yield at 
15.5% Moisture  

(kg ha-1) 
Fall Treatments Only 

No 14131 13341 13723 12600 - 13449 Inhib 0.3195 

Yes 13885 13963 14013 13149 - 13752 Timing 0.0600 

μ Timing 14008 13652 13868 12874   Timing*Inhib 0.7305 

Grain Yield FNE 
(%) 

No 
Yes 

μ Timing 

110.88 (jk) 86.66 (jk) 98.31 (jk) 33.65 (k) 77.38 (jk) 81.38 Inhib 0.1000 

102.06 (jk) 126.56 (j) 114.45 (jk) 50.89 (jk) 113.03 (jk) 101.4 Timing 0.0064 

106.47 (j) 106.61 (j) 106.38 (j) 42.27 (k) 95.21 (jk)  Timing*Inhib 0.7070 

(Continued on next page) 
 

(Continued from previous page) 
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Presence 

of Inhibitor* 

Manure Application Date 

μ Inhibitor* 

Significance of Inhibitor, 
Timing, and Timing x 
Inhibitor Interaction 

03 Oct. 17 17 Oct. 17 08 Nov. 17 06 Dec. 17 18 May 18   p value 

Value of FNE 
 ($ ha-1) 

No 143.37 93.59 123.87 62.59 109.11 106.51 Inhib 0.5676 

Yes 113.36 118.08 125.61 76.05 140.78 114.77 Timing 0.0749 

μ Timing 128.36 105.84 124.74 69.32 124.94  Timing*Inhib 0.6835 

Grain N 
Concentration (%) 

No 1.09 1.05 1.02 1.08 1.09 1.07 Inhib 0.0562 

Yes 1.11 1.12 1.12 1.10 1.20 1.13 Timing 0.6717 

μ Timing 1.10 1.09 1.07 1.09 1.14  Timing*Inhib 0.7983 

Grain N Content 
(kg ha-1) 

No 133 117 115 118 124 121 (x) Inhib 0.0332 

Yes 123 133 132 122 144 132 (y) Timing 0.3723 

μ Timing 132 125 124 120 134  Timing*Inhib 0.4792 

Stover  
(kg ha-1) 

No 6036 5686 5632 6019 6039 5882 Inhib 0.2993 

Yes 6029 6173 6304 5914 5904 6065 Timing 0.9972 

μ Timing 6032 5929 5968 5967 5972  Timing*Inhib 0.4633 

Stover N 
Concentration (%) 

No 1.07 0.95 1 0.96 0.99 0.994 Inhib 0.2638 

Yes 1.04 0.92 0.94 0.89 0.99 0.96 Timing 0.1057 

μ Timing 1.05 0.94 0.97 0.92 0.99  Timing*Inhib 0.9582 

Stover N Content 
(kg ha-1) 

No 63 55 56 59 59 59 Inhib 0.9278 

Yes 63 57 59 53 59 58 Timing 0.3501 

μ Timing 63 56 58 56 59  Timing*Inhib 0.8340 

Total 
Aboveground 

Biomass (kg ha-1)  

No 20166 19027 19355 18619 19529 19339 Inhib 0.1592 

Yes 19914 20136 20317 19063 20156 19917 Timing 0.3744 

μ Timing 20040 19581 19836 18841 19843  Timing*Inhib 0.8366 

Total Aboveground 
Biomass N Content 

(kg ha-1) 

No 197 172 171 177 182 180 Inhib 0.1135 

Yes 193 190 191 175 203 191 Timing 0.3072 

μ Timing 195 181 181 176 193  Timing*Inhib 0.5853 

Total Aboveground 
Biomass N Content 

FNE (%) 

No 91.44 78.60 47.76 27.17 72.80 63.55 Inhib 0.1660 

Yes 85.70 103.99 87.83 36.74 103.55 83.56 Timing 0.0621 

μ Timing 88.57 91.29 67.80 31.95 88.18  Timing*Inhib 0.8527 

The row μ Timing is the average for each manure application timing (dates along top row), and the μ Inhibitor column is the average by the 
presence (“yes”) or absence (“no”) of an inhibitor across all timings.   

Means followed by the same letter code are not significantly different. 

Means followed by letter codes j-l show significance of timing main effects (p<0.05). 

Means followed by letter codes x-y show significance of inhibitor main effects (p<0.05). 
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2.3.3.1 Summer plant biomass, nitrogen content, and silking counts 

 

 

Figure 2.4. Percentage of plants silking showing response to applied nitrogen fertilizer rates in 
2017 and 2018 collected twice during the growing season 
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Figure 2.3. Plant biomass (grams per 5 plants) response to applied nitrogen fertilizer rates in 2017 
and 2018 collected at the V5 stage and when 50% of plants are silking. 
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Five plants per plot were harvested at two stages during the growing season, at the V5 

stage (approx.10 leaves) and at 50% silking in the 2017 and 2018 growing seasons. 

There was not a strong response seen in the summer plant biomass response to 

increased N fertilizer rates (Figure 2.3). Increases in N fertilization rates increased the 

rate at which plants reached the silking stage (Figure 2.4). The N concentration of the 

plants increased with increased fertilizer rates in 2018 at both sampling times. There was 

no response seen in 2017 at the V5 stage (Figure 2.5). 

There were no significant inhibitor or inhibitor*timing interactions found in the growing 

season measurements in 2017 (Table 2.12). In 2017 at the V5 stage, there was a 

significant timing effect with plant biomass increasing as the manure application got closer 

to the planting date with the spring treatments having significantly greater biomass than 

the first fall application. There was a similar significant timing effect seen in the plant 

Figure 2.5. Nitrogen concentration in corn showing plant response to applied nitrogen fertilizer 
rates in 2017 and 2018 collected at the V5 stage and at 50% silking.  
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biomass at 50% silking, where the late spring manure application treatment had greater 

biomass than the first two fall treatments. The N concentration of the plants at 50% silking 

from the two spring treatments had a significant timing effect and were greater than the 

first two fall treatments. The late fall manure applications (03 Dec.) were not significantly 

different than other treatments for both N concentration and plant biomass. 

There were no significant differences in 2018 between treatments for silking counts and 

early/mid growth biomass as seen in Table 2.13. The timing effect was significant for the 

N concentration of the plants at the V5 stage and at 50% silking. The 17 Oct. treatments 

had the greatest N concentration of all fall manure treatments, but was slightly lower than 

the spring manure treatment. In the plant samples collected at 50% silking, the treatments 

applied on 17 Oct. had the greatest N concentration of all manure treatments, and had 

significantly greater N content than the treatment on 08 Nov. 

2.3.3.2 Grain Yield, Nitrogen Content, FNE, and Value 

Corn grain yield responded positively to increases in fertilizer N rates in all years as seen 

in Figure 2.6. This indicates that the sites would be responsive to differences in soil N 

availability and potentially NI effects. A similar trend is seen in Figure 2.7 in the grain N 

content.  
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Figure 2.6. Grain yield response to applied nitrogen fertilizer rates in 2016, 2017 and 2018. 

 

 

Figure 2.7. Nitrogen content of grain showing response to applied nitrogen fertilizer rates in 2016, 
2017 and 2018. 
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In 2016, there was a significant timing*inhibitor interaction for grain yield, although 

averaged across timings the NI did not have a significant effect (Table 2.11). The spring 

(06 May) manure treatment without an NI had significantly greater yield than the first two 

manure treatments on 23 October, and the treatment on 17 November without NI. The 17 

Nov. timing was the only application in this year that had a higher yield when applied with 

NI when compared to it’s corresponding treatment.  This is reflected in the results of the 

grain N concentration which only had a significant timing effect, with the spring treatments 

having the greatest N concentration.  The only treatment with an NI that had a greater 

yield than the corresponding treatment without an NI was applied on 17 Nov., although 

the difference was not significant. 

When the fall-applied manure treatments were analyzed separately, there were significant 

timing and timing*inhibitor effects. The timing*inhibitor interaction was significant with the 

treatment with inhibitor reaching it’s maximum with the 17 Nov. manure application date, 

and was lower for treatments applied 23 Oct. and 10 Dec. The treatments without inhibitor 

were the opposite, with the 17 Nov. manure treatment representing the lowest response 

. The manure application timing was also significant, with 17 Nov. and 10 Dec. both having 

significantly greater yields than the 23 Oct. application timing. 

The grain N content in 2016 had a significant timing and timing*inhibitor effect, with the 

earliest fall treatment having the lowest N value, and the spring treatments having a 

greater N content than all fall treatments. However, the N content of the 17 Nov. treatment 

with NI was not significantly lower than the greatest spring N contents. 
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Timing had a significant effect on yield, grain N concentration, and grain N content in 2017 

(Table 2.12). The early spring application timing (24 April) had a greater yield than all 

other timings (including late spring). The earliest fall manure applications (19 October) 

had the lowest yields. When analyzing the grain yields from only the fall applied manure 

treatments, the timing effect showed that the yields from the 01 Nov. and 03 Dec. 

treatments were significantly greater than the treatments applied 19 Oct. The early spring 

manure application had both the greatest grain N concentration and grain N content and 

the earliest fall treatment had the lowest grain N content. The N concentration followed a 

similar trend in 2017 as it did in 2016, with the mid-fall treatments having greater N 

concentrations than early or late fall treatments, but still lower than spring treatments.  

There were no significant differences in yield data in 2018 (Table 2.13). This year also 

had the lowest crop response to applied nitrogen fertilizer, which could have resulted in 

a lower chance of seeing differences related to treatments. The grain N concentration 

was close to having a significant inhibitor effect (p=0.056), with NI treatments having 

higher N concentrations than the corresponding treatments without NI for all treatments 

except the earliest fall treatments on 03 Oct. This pattern was also seen in the N content, 

but the inhibitor effect was significant with treatments with NI having higher N contents 

than treatments without (except for the 03 Oct. treatments) (p=0.03). 

For 2016, there were significant timing and timing*inhibitor effects for grain yield FNEs 

(Table 2.11). For grain, the spring treatments had greater grain yield FNEs than the 

manure applied on 23 Oct. and 10 Dec. The 17 Nov. treatments were not significantly 

different than other treatments when averaged by timing, but this was the only occurrence 
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where the treatment with the NI was had a greater grain yield FNE than the treatment 

without the NI (although this difference was not significant for grain).  

In 2017, there was a significant timing effect for grain yield FNEs (Table 2.12). The early 

spring (24 Apr.) application timing had significantly greater grain yield FNEs than all other 

application timings.  

There was a significant timing effect in 2018 for the grain yield FNE (Table 2.13). The first 

three fall manure application timings (03 Oct., 17 Oct., and 08 Nov.) had greater FNEs 

than the 06 Dec. manure timing. The spring manure treatments were not significantly 

different than any other timing.  

The value of the grain yield FNE had significant timing and timing*inhibitor effects (Table 

11) in 2016. Within the timing effect, the spring treatments had the greatest value, and 

the October treatment had the lowest value. The timing*inhibitor interaction showed that 

the 06 May treatment without NI had the greatest FNE value, but was not significantly 

different than the 17 Nov. with NI, 10 Dec. without NI, and 06 May with NI treatments.  

The value of the grain FNE in 2017 had both inhibitor effects and timing effects (Table 

12). The treatments without inhibitor had the greatest value compared to the treatments 

applied at the same time with NI. The early spring application timing had a greater value 

than all other treatments, and the early fall application timing had the lowest value. 

There were not any significant differences in the values of the grain FNEs in 2018 (Table 

13). 
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2.3.3.3 Stover 

In 2016, there was a significant timing*inhibitor and inhibitor effect for stover (Table 2.11). 

The treatment with NI applied mid-fall on 17 November had the greatest stover biomass, 

and the treatment applied on 23 October without NI had the lowest. The earlier fall 

treatments (23 Oct. and 17 Nov.) with the NI had more stover biomass than the treatments 

without. The stover N concentration had a significant timing effect, with the spring 

treatment having the highest N concentration. This trend was similar for the stover N 

content (with the timing effect being significant), with the 06 May treatment having the 

highest stover N content, and 23 Oct. having the lowest. The 17 Nov. treatments 

performed better than the 23 Oct. and 10 Dec. treatments for both stover N concentration 

and stover N content and kg ha-1. 

2.3.3.4 Total Aboveground Biomass 

 

Figure 2.8. Total aboveground biomass response to applied nitrogen fertilizer rates in 2016, 2017 
and 2018. 
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Figure 2.9. Nitrogen content of total above ground plant biomass showing response to applied 
nitrogen fertilizer rates in 2016, 2017 and 2018. 
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times, again only the 17 Nov. treatment had significantly higher N content with the NI than 

without. 

The timing effect was significant in 2017 for both total aboveground biomass and total 

aboveground biomass N content (Table 2.12). The 19 Oct. treatments had the lowest 

biomass weight which was not significantly different than the 03 Dec. treatments, and the 

24 Apr. treatments had the greatest biomass. This pattern was similar for the total 

aboveground biomass N content, with 19 Oct. having the lowest N content, 24 Apr. having 

the greatest N content, and 01 Nov., 03 Dec., and 10 May performing mid-ranged.  

There was a significant timing effect for total aboveground biomass N content FNE in 

2016. The spring treatments applied 06 May had greater FNEs than all fall treatments. 

The difference wasn’t significant, but the total aboveground biomass N content FNE was 

higher for the 23 Oct. and 17 Nov. treatments when applied with an NI compared to the 

corresponding treatment without the NI.  

In 2017, there was a significant timing effect for total aboveground biomass N content 

FNEs (Table 2.12). While the 24 Apr. application timing had the greatest total 

aboveground biomass N content FNE, it was not significantly different than the 01 Nov. 

or 03 Dec. fall timings but it was greater than the 19 Oct. and 10 May timings.  

2.3.4 Discussion 

There were strong crop responses seen in the yield, biomass, and their N contents to 

applied urea fertilizers indicating that a potential response to the NI effecting nitrogen 

dynamics could be seen if it was having an effect, particularly in 2016 and 2017 (Figure 
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2.6 and Figure 2.7). There was not as strong a response observed in 2018 which also 

had lower R2 values for its response curves which indicates that there may have been 

sufficient residual nitrogen in the soil to meet most of the crop demand. This may have 

caused the lack of significant responses seen in 2018, but could also be a stress response 

due to significantly less (-174 mm) precipitation than average in the 2018 growing season. 

However, there were no signs of stress response such as curled leaves. All three years 

had greater than average precipitation in the fall and winter preceding the growing season 

(103 mm greater than average in 2015, 175 mm in 2016, and 115 mm in 2018) which 

would increase the leaching potential and allow for a possible inhibitor effect to be 

observed. Kyveryga and Blackmer (2014) predicted that there would need to be 40% 

more rainfall than average during the growing season for a profitable yield response to 

be seen for fall-applied liquid hog manure with nitrapyrin in the US. Precipitation during 

the growing seasons in this trial did not meet that criteria. 

The winter before the 2016 growing season was warmer than average, with November 

being +2.5°C warmer than average, and December being +6.2°C warmer than average, 

as well as the pre-growing season better wetter than average (Figures 1 and 2). There 

would have been a high N loss potential in the fall. The first manure treatment (applied 

23 Oct.) was soil sampled on 02 Nov. and had slightly less NO3 in the NI treatment than 

the treatment without NI (although the difference was not significant) (Table 2.3). This 

could be an indication that the NI was having an effect and that both nitrification and N 

losses were occurring as the temperatures were warm enough that nitrification would still 

have been occurring (mean daily max temperature for this period was 11.6°C) and there 

was 56mm of precipitation recorded for this interval. At the second soil sampling (on 27 
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Nov.), the 23 Oct. NI treatment had more TMN than the treatment without NI (although 

these results were also not significant) (Table 2.4). The first week of November was warm 

(daily max temperatures had a mean of 16°C), which would have increased the rate of 

nitrification as well as increasing the breakdown of the NI (Touchton et al. 1978b). Fall 

temperatures returned to average before the next manure application. In 2016 between 

the May and July soil samplings, the TMN from fall manure treatments all decreased, but 

there were less losses for the spring applied manure treatments (Table 2.4). There likely 

was mineralization occurring in the spring-applied manure treatments at this time. This 

could lead to an increase in yield as N is mineralized during the growing season to meet 

the crop needs, similar to the study by Randall et al. (1999). 

There may have been a timing*inhibitor interaction where the NI was having an effect 

depending on when it was applied. For the 2016 grain yield, there was one manure 

application timing when the treatment with NI had a greater yield than corresponding 

treatments without NI, which was applied on 17 Nov. 2015 (Table 2.11). This same 

treatment timing with NI had significantly more stover biomass and total aboveground 

biomass than its corresponding treatment without NI. This cumulated in a significantly 

greater total N uptake in 2016 for the 17 Nov. manure treatment without NI. These results 

were similar to the results found by Vetsch et al. (2017) who also had an increase in corn 

yield from manure applied in November with a NI, and that year also had greater than 

average spring precipitation. The 17 Nov. treatment with NI was the only treatment that 

showed an economic improvement in the grain yield FNE when factoring in the cost of 

the inhibitor. Although the amount wasn’t significant, the 17 Nov. treatment with NI had 

more TMN in the soil after the winter than its corresponding treatment without NI.  
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There was not a strong inhibitor effect across all manure application timings seen in the 

plant responses in all years (other than in the 2016 stover). There was a strong timing 

effect seen in plant responses for 2016 and 2017 which would be expected based on the 

findings of metanalysis by Lauzon (2013) which found that the apparent plant N 

availability was impacted by the seasonal timing of the manure application. In 2016, the 

spring manure treatment (applied 06 May 2016) had the greatest values for grain yield, 

grain N content, stover biomass, stover N content, total aboveground biomass, total 

aboveground biomass N content, and for all FNE values. In 2017, there were two spring 

manure applications which had comparable N content and biomass at early growth, but 

the early spring manure application (24 April 2017) soon began to outperform the later 

spring (10 May 2017) manure application. The early spring treatments were significantly 

greater than all other treatments for grain, total aboveground biomass N content, and their 

FNEs. The early fall (19 Oct. 2016) treatments tended to have significantly lower 

responses than other treatments. There was not a strong inhibitor effect seen in plant 

response data in 2016. The results suggest that the spring manure applications tend to 

have greater response than the fall treatments. This timing response was similar to what 

Randall (1999) found, with spring manure applications having increased yields in two out 

of three years.  

Based on the plant response data shown, applying manure in the early spring is likely to 

lead to an increase in yield, which would have an economic benefit. The economic 

increase in grain FNE for applying manure in spring instead of fall (averaged across 

timings) for 2016 was $43 per kg ha-1, $39 per kg ha-1 in 2017, and $18 per kg ha-1 in 

2018.  This is what would be expected based on the metanalysis by Lauzon (2013) which 
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found that the apparent N availability was impacted by the seasonal timing of application, 

with spring having the greatest apparent plant N availability. 

The winter season prior to the 2017 growing season was warmer and wetter than 

average, which would have a higher N loss potential (Figure 2.1 and Figure 2.2). The 

responses for NH4 were similar to the findings of Sassman (2014), who found that in the 

fall soil samplings, the later fall manure applications had higher NH4 than early fall manure 

applications. The non-significant trends seen in the soil sampling data supports the idea 

that the NI may have been effective in the fall prior to the 2017 growing season. For the 

first manure application (applied 19 Oct. 2016), the first soil sampling had less NO3 in the 

NI treatment (Table 2.6). By the second soil sampling, the NI treatment had more NH4 

and less NO3 (Table 2.5-Table 2.6). By the third and final fall soil sampling, this NI 

treatment had more TMN and NH4, but also more NO3 which could be an indicator that 

the NI could have degraded by this point. In one study, nitrapyrin had a half life of 22 days 

when incubated at 4ºC, and 7 days when incubated at 21ºC (Touchton et al. 1979). 

For the second manure treatment applied on 01 Nov., the NI treatment sampled on both 

09 Nov. and 08 Dec. had more NH4 and less NO3 than the manure treatment without NI. 

In the first samples collected after winter and after the first spring manure applications, 

the second and third fall manure treatments with NI were not significantly different in their 

TMN and NO3 contents than the recently applied manure which could be an indication 

that the inhibitory effects from the later fall treatments lasted until spring (Table 2.6- 

Table 2.7). The early spring (24 Apr.) manure application without NI had the greatest NO3 

content at all three samplings in the growing season (03 May, 24 May, and 17 Jul.). This 
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could be part of why this timing had the greatest grain yield for both treatments, as the 

timing of nitrification matched plant demand in the treatment without NI. There was very 

little nitrogen left in the soil after harvest. 

There was a significant negative response to the NI in the grain N concentration in 2017, 

but there was not a negative response observed in the grain yield. This is contrary to the 

relationship seen by Tsai et al. (1992) who found that grain N concentrations were greater 

when applied with an NI than without. The only NI treatment having a greater 

concentration than its corresponding treatment without NI was applied on 01 Nov. 2016 

(Table 2.12). The 01 Nov. manure application with NI almost always tended to perform 

better than the treatment without the NI in the plant responses although the results were 

not significant. The 01 Nov. manure application with NI was the only treatment that 

showed an economic improvement for the value of the grain yield FNE when factoring in 

the cost of the inhibitor. The only exception for the 01 Nov. manure treatment with NI not 

having a greater response than the treatment without NI for that timing was the plant’s N 

content at 50% silking. 

There were significant responses seen in the 2018 soil data, with responses that 

suggested that the inhibitor was slowing the rate of nitrification. For the first fall manure 

application applied on 03 Oct. 2017, the soil samples collected on 13 Oct. showed that 

the treatment without NI had more NO3 (Table 2.9). This difference was more noticeable 

at the 03 Nov. sampling where the significantly higher NO3 levels led to a significantly 

higher TMN content, including when compared to the second manure application NO3 

and TMN contents (Table 2.10). This treatment also had more NH4 at the first three soil 

samplings, but there was not much difference seen at the 19 Dec. sampling, indicating 
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that the NI may have degraded by this point. For the second manure application applied 

on 17 Oct., the fall soil samplings all had higher NH4 in the NI treatments than in the 

treatments without NI (and this difference was significant at the 19 Dec. sampling time) 

(Table 2.8). The treatment without NI had high NO3 levels throughout, but the treatment 

with NI also had high NO3 levels after only a month at the 17 Nov. sampling. The third fall 

manure application (applied 08 Nov.) had higher NH4 and lower NO3 in the NI treatment 

at the 17 Nov. sampling. This NI treatment had significantly higher NH4 but also higher 

NO3 at the 19 Dec. sampling. By the spring soil samplings, these trends of inhibitory 

effects for the fall manure treatments were no longer seen. These results are similar to 

the results found by McCormick et al., (1983) who found that manure mixed with nitrapyrin 

resulted in significantly higher NH4 than the manure treatment without nitrapyrin in their 

first soil sampling at seven weeks after the manure was applied. 

In 2018, the plant samples collected when 50% of plants were silking had the greatest N 

concentration for the 17 Oct. 2017 treatment, and had significantly higher N concentration 

than the treatments before and after (Oct. 3 and 08 Nov.) (Table 2.13). There was a 

significant inhibitor effect seen in the grain N content, with treatments with the NI having 

a greater grain N content than the corresponding treatment without. There were very few 

significant differences in the 2018 plant response, and so the following are just 

observations. Although the differences weren’t significant, the manure treatment applied 

on 17 Oct. 2017 with NI outperformed the corresponding treatment without NI across all 

measurements except the stover N concentration. The manure treatments applied on 08 

Nov. 2017 followed a similar pattern, with the NI manure application being greater for 
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grain yield, stover biomass, and total aboveground biomass and their FNEs, and lower in 

stover N concentration and some early plant metrics.  

The seasonal timing of the manure applications had a much greater impact on yield than 

the inhibitor effect, with most spring manure applications resulting in greater yield than 

fall manure applications. Randall et al. (1999) had similar timing responses with his fall 

and spring manure applications. This could be a result of liquid hog manure having more 

available N at the pre-plant timing vs fall (Lauzon 2013). There were non-significant 

results that suggest that the NI was having an effect on fall soil N levels. The rate of 

nitrapyrin that was used in this experiment was the recommended rate suggested by the 

manufacturer of the product, Dow Agroscience. However, other studies have found that 

nitrapyrin adsorbs to soil organic matter and could have impacted the effectiveness of the 

NI (Subbarao et al. 2006). The recommended application rate for eNtrench is doubled for 

manure versus when applying with fertilizer, but studies investigating the response to 

increased rates of nitrapyrin beyond the recommended amount haven’t found a correlated 

increase in yield (Touchton et al. 1978a; McCormick et al. 1984; Vetsch et al. 2017) 

Over the three years, the manure treatments with an NI applied in mid-to-late October to 

early-to-mid November appeared to perform slightly better than the manure treatment 

without the NI applied at the same time, although the difference wasn’t always significant. 

These results are similar to what Vetsch et al. (2017) found in their study with two fall 

timings with three rates of nitrapyrin, with later seasonal manure applications having the 

greatest yield response, but the crop response to the NI was greater with the earlier 

manure applications.  
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Figure 2.10. Delta grain FNE values (FNE with NI – FNE without NI, in kg ha-1) by date and 
economic breakeven point for fall treatments at the Elora Research Station for 2016, 2017, and 
2018. 

When the delta grain FNEs for the fall-applied manure treatments are graphed for all three 

years, there appears to be a specific time window in November where fall-applied manure 

had the greatest chance of an economic benefit to being applied with a nitrification 

inhibitor (Figure 2.10). This likely represents the optimal time to see a benefit from 

applying manure in the fall with a NI, as in early fall there is sufficient time with warmer 

temperatures for the inhibitor to break down as it has a has a half life of 7 days when 

incubated at 21ºC (Touchton et al. 1979). In late fall the soil temperatures would be low 

enough to slow the rate of nitrification. Although this window was when the greatest 

response to the NI was found, it was still less optimal than waiting until the spring to apply. 

In Iowa, Sassman (2014) investigated the yield response for two fall-applied applications 

(01 Oct. and 01 Nov.) of liquid hog manure with multiple rates of NI, with the inhibitor 

increasing yields, and the 01 Nov. application timing had greater yields. This would fall in 

the window identified in this study to see an inhibitor effect. However, Iowa has warmer 

temperatures and slightly less precipitation than Elora, which could result in differences 
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in the nitrification rates and leaching potential, as well as a later optimal time to see a 

response from the fall applied inhibitor. This is contrary to the findings of Vetsch et al. 

(2017) who compared fall-applied liquid hog manure at two timings (also 01 Oct. and 01 

Nov.) with three rates of NI in Minnesota. Their study found that the greatest yield 

response to the inhibitor was for the 01 Oct. manure application timing. The 01 Nov. 

manure application had greater yields, but there was less response to the inhibitor.  This 

trial had lower than average precipitation in the fall, so the drier conditions may have 

resulted in less loss potential. The Minnesota climate tends to be cooler and drier than in 

Elora which may result in a relatively earlier optimum application time for nitrapyrin 

effectiveness. 

Climatic variations can influence the response and deviations in annual weather patterns 

are unpredictable. This means that although this trial suggests there may be an 

economically optimal time to apply fall-apply manure with an inhibitor, it could be possible 

to apply during this window and not see an economic improvement. Farmers should use 

caution when deciding to buy and use an inhibitor, as they may not get a return on their 

investment. Over the three crop years, the value of the grain FNE varied from $-45.87 kg-

1 to $+46.79 kg-1. These extremes for this range occurred in the same year (2016), which 

highlights the variability of an economically beneficial response. 

There was not a significant advantage (apparent decreased N loss or increased grain 

yields) to fall applying liquid hog manure on corn crops with a NI. There were no significant 

inhibitor responses in the soil data for all three years, which would suggest that the 

inhibitor did not significantly reduce the amount of N loss in the soil and did not have a 

significant environmental benefit. 
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   Conclusions 

The grain yield and total aboveground biomass response to fertilizer applications had a 

stronger response in 2016 and 2017, and a weaker response in 2018 suggesting that N 

may not have been a limiting factor in 2018, which would influence if an inhibitor response 

would be seen. There was a high N loss potential in the winter and spring when snow 

melting events occurred, as all three years had greater than average precipitation in the 

non-growing season (+103 mm, +174 mm and +115 mm for 2016, 2017 and 2018 

respectively). The 2018 growing season had significantly less rainfall than average at  

-175 mm, so moisture stress on the crop may have prevented a full response to added 

N. 

There was not a significant difference between plots treated with the NI compared to the 

manure applications applied on the same date without a NI. In 2017, treatments with the 

NI had a significantly lower grain N concentration. Although the differences are not 

significant, manure applied with NI applied in mid-to-late October to early-to-mid 

November appeared to perform slightly better compared to plots without NI across plant 

response and soil nitrogen retention. However, this slight improvement is likely not worth 

the expense for farmers to buy the NI. Over the three crop years, the value of the grain 

FNE varied from $-45.87 kg-1 to $+46.79 kg-1. These extremes for this range occurred in 

the same year (2016), which highlights the variability of an economically beneficial 

response. 

The seasonal timing of the manure applications had a greater impact on yield than the 

NI. Spring applied manure had the highest yield in the 2016 growing season, and the 
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early spring applied manure had the highest yield in 2017, so it is recommended that 

farmers wait until spring to apply liquid hog manure to corn crops in southern Ontario.   

3 Future Research 

There were non-significant results that suggested there may have been an inhibitor effect 

observed in the mid-October to mid-November time period. Comparing the delta grain 

FNEs, there were positive responses seen to manure applied with an inhibitor between 

20 Oct. to 27 Nov. Future research could focus on investigating this by including more 

manure applications within this time period, and collecting soil samples more frequently 

during this critical time. Soil samples could also be collected over a greater depth (0-30 

cm and 30-60 cm) to confirm if N is leaching below the rooting zone. The results found 

that there was a lot of variability in soil N levels, and collecting more soil cores to create 

a more thorough composite sample would help compensate for this variability.  

Future research could also be done on the NI. The metabolites of the NI could be collected 

to attempt to monitor its degradation to try and correlate this breakdown to local climactic 

conditions. Microbial analyses of soil samples could be collected to confirm the types of 

nitrifying bacteria or archaea present to confirm that the NI being used is specifically 

inhibiting the most abundant nitrifiers, and that other nitrifiers aren’t taking advantage of 

this gap. The inhibitor is specific to Nitrosomonas bacteria, so if these are not the 

dominant bacteria present then the lack of strong inhibitor response could be attributed 

to that and a more appropriate inhibitor could be selected based on the bacterial and 

archaeal communities 
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APPENDIX A. 
DAILY TEMPERATURE AND DAILY PRECIPITATION GRAPHS 
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Figure 0.1. Total daily precipitation (mm/day) and mean daily temperature (°C) for October to December 2015, recorded at the Elora 
Research Station in Elora, Ontario. Missing data was filled in from the nearby Fergus Shand Dam weather station.  

-10

-5

0

5

10

15

20

25

30

35

2015-10-01 2015-11-01 2015-12-01

D
a
ily

 m
e
a
n
 t
e
m

p
e
ra

tu
re

 (
ºC

)/
D

a
ily

 p
re

c
ip

it
a
ti
o
n
 (

m
m

/d
a
y
)

Precipitation (mm/day) Mean Daily Temperature (ºC)



Appendix A. Daily temperature and daily precipitation graphs 

83 

 

Figure 0.2. Total daily precipitation (mm/day) and mean daily temperature (°C) for January to December 2016, recorded at the Elora 
Research Station in Elora, Ontario. Missing data was filled in from the nearby Fergus Shand Dam weather station. 
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Figure 0.3. Total daily precipitation (mm/day) and mean daily temperature (°C) for January to December 2017, recorded at the Elora 
Research Station in Elora, Ontario. Missing data was filled in from the nearby Fergus Shand Dam weather station. 
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Figure 0.4. Total daily precipitation (mm/day) and mean daily temperature (°C) for January to December 2018, recorded at the Elora 
Research Station in Elora, Ontario. Missing data was filled in from the nearby Fergus Shand Dam weather station.
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Appendix B.  
Outliers Removed and Missing Data Points 
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Table 0.1. List of data not included in analyses with a note about why the data was 
excluded. Outliers are considered data points with residuals >3.4 that could cause 
skewed results. 
 

Year and Metric 
Month and/or 

Plot 
Notes 

2016 Treatments 2, 3 
Issue with manure tanker (flow rate 
higher than intended) 

2016 Soils May/Plot 107 No NO3 found; TMN also removed 

2016 Soils July/Plot 215 
Soil NH4 outlier (too high); TMN also 
removed 

2017 Grain 203, 306, 205 

306, 205: High stover:grain ratios, 
indicating likely a field transcription 
error. 203: Oddly high grain, oddly low 
stover.  

2017 Stover Plot 203 
203 – Too low (grain:stover ratio), 
likely typo 

2017 Soils July/Plot 110 
Soil NH4 outlier (too high); TMN also 
removed 

2017 Soils 
Dec. Plots 101, 
204, 206, 210, 
308, 401, 407 

Samples left in field 

2018 Silking Late 201 Outlier (too low) 

2018 Soils 
Oct. 2017 

Plots 211, 213, 
214 

Samples left in field 

2018 Soils Nov. 2017 

Plots 310, 415 were left in field. Plots 
204 and 206 omitted from analysis as 
they shouldn’t have been sampled 
during this treatment 

2018 Soils  Dec./Plot 102 
Soil NH4 outlier (too high); TMN also 
removed 

2018 Soils   
July Early/ 101, 

102  
Soil NH4 outlier (too high); TMN also 
removed 

2018 Soils 
July Late/407, 

408 
Soil NH4 outlier (too high); TMN also 
removed 
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