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ABSTRACT 
 

MANAGEMENT OF SOIL NITROGEN THROUGH THE USE OF 
ORGANIC AMENDMENTS FOR CEREAL CROP PRODUCTION 

 
 
Alexander Woodley                                                                                        Advisor:  
University of Guelph, 2015                                                                             Dr. Paul Voroney                                               
 
The diversity of organic amendments currently being approved for use in certified organic farming 

has outpaced the fundamental research on their nutrient properties, including nitrogen (N) 

availability, crop N-use efficiency and effects on soil N dynamics. This understanding is essential for 

implementing best management practices (BMP) that address the economic and environmental risks 

associated with their usage in organic cereal production.  The goal of the research was to develop 

scientifically-based BMPs that maximize the N use efficiency of organic amendments in organic 

cereal crop production. Field trials examined grain yield response to amendment applications, and 

their impact on residual soil N. A laboratory incubation study with a range of organic amendments 

was conducted to measure organic carbon (C) and N mineralization rates to guide prediction of N 

release for field studies. Mineralization of composted amendments was lower than that of fresh 

manures.  Field trials showed positive grain yield response to applications of turkey litter compost 

(TLC) for cereal crops including oat (Avena sativa), spelt (Triticum spelta), corn (Zea mays), wheat 

(Tritictum aestivum) and rye (Secale cereale). Crop yield response to TLC was lower than that fresh 

poultry litter (PL) due to its lower N availability.  There was no evidence of a carryover effect in the 

second year after application of either TLC or PL. Incorporation of red clover which had been 

underseeded to winter wheat increased a following corn crop yield by 16% over a control treatment 

without red clover. In two field trials comparing TLC applied in the fall vs spring on spelt and rye 

crops showed higher grain N concentrations in the spring applied treatments. It is recommended 

that TLC be applied in spring as the potential for overwinter N losses through leaching is an 



 

 

unnecessary risk. Modest applications of TLC should be incorporated into an integrated N 

management system coupled with crop rotations to enhance N availability for high N requirement 

crops. The use of green manures is recommended as a third component in organic farming 

management to ensure adequate N supplies. 
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PREFACE 
 
The dissertation research is presented in manuscript form. Each chapter represents a manuscript 

that is to be published in a relevant peer reviewed journal. To avoid excessive repetition between 

chapters some methods sections may refer to methodologies previously described in detail in an 

earlier chapter.  
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1 INTRODUCTION 
 

1.1  ORGANIC CROP PRODUCTION FARMING IN CANADA AND 
ONTARIO  

 
Prior to stating the restrictions and requirements to become a Certified Organic producer in 

Ontario, there is merit in defining the guiding principles of the organic farming movement.  While 

definitions of “organic” farming can vary between government bodies or certification boards there 

are several underlining principles that are consistent throughout. The term holistic is used repeatedly 

in defining organic production (Government of Canada 2006, FAO 1998, Martin 2009) and it is a 

term that attempts to capture the multifaceted approach required for an organic operation to be 

both economically and environmentally viable. There are seven general principles set forth by the 

Canadian Organic Standards Board (2006). The three that are relevant to this dissertation are: 

 

i. To protect the environment, minimize soil degradation and erosion, decrease pollution, 

optimize biological productivity and promote a sound state of health. 

ii. To maintain long-term soil fertility by optimizing conditions for biological activity within the 

soil, and  

iii. To recycle materials and resources to the greatest extent possible within the enterprise. 

 

These principles should not be exclusive to organic farming, as striving to uphold these 

principles in in any farming approach, from conventional to biodynamic, will ultimately prove to be 

beneficial to long-term farm profitability, while mitigating the environmental risks associated with 

agricultural production.  
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Organic farming represents 1.8% of all farms in Canada in 2011, showing a growth of 4.4% 

since 2011 (Statistics Canada 2011). Statistics Canada (2011) considered farms that are in the 

transition period between conventional and organic as organic during the 2011 and 2006 census.  As 

of 2011 there were 774 farms in Ontario certified organic or transitional, accounting for 1.5% of 

farming operations in Ontario, of which 67.7% report producing predominately field and hay crops 

(Statistics Canada 2011). A survey was conducted in 2008 by the Organic Agricultural Centre of 

Canada (OACC) on organic farmers in Canada; the survey focused on the main research 

requirements emerging for organic producers. The results revealed that “soil fertility and crop 

rotations” to be of the greatest importance to producers, with specific interests in on-farm trials that 

use farm scale equipment (OACC 2008).  The survey also indicated that a large portion of these 

producers had transitioned to organic farming recently (66% of producers with 10 or less years in 

farming) (OACC 2008).  The transition into organic farming can be a difficult process due to loss of 

profitability, especially during the transition period (Caldwell et al., 2014). In Canada, to become 

certified organic there is a 36 month period in which application of inorganic fertilizers, herbicides 

and insecticides are prohibited (Government of Canada 2006), while the crops grown cannot be sold 

as organic.  During this period it is common for crop yields and profits to decline due to a 

combination of weed emergence, transition to a lower input nutrient supply and poor soil quality 

(Smith et al., 2011).  A study in central New York State examined the profitability of various soil 

fertility management systems employed during the transition period and the systems effects after 

transition. The study found low net returns during the transition period, but if the producer adopts 

soil fertility management techniques such as the use of green manures and composts from the onset 

then after 36 months producers could achieve higher relative net returns than the surrounding 

conventional farms (Caldwell et al., 2014).    
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 A long term study comparing two conventional systems (no-till and till) to three organic 

systems (corn-soybean, corn-soybean-wheat, corn-soybean-wheat-hay) on agronomic performance 

and corn yields were completed over 9 years in Beltsville, MD. Hariy vetch (Vicia villosa Roth) was 

used as a green manure prior to corn in the organic rotations. The study showed that in general the 

organic systems had corn yields between 24 - 41% lower than conventional and 73% of that yield 

difference was due to low N availability (Cavigelli et al., 2008). The study showed a positive corn 

yield response with longer rotations, citing that the inclusion of a hay crop provided greater N 

availability to the system.  This study highlighted the difficulty to supply sufficient N to corn crops 

within the restrictions of organic farming and that green manures cannot be the sole supply of N, 

with the application of N through organic amendments potentially being a requirement (Cavigelli et 

al., 2008).  Integrating green manures, cover crops and organic amendments into crop rotations that 

promote N availability to high N demanding crops is the cornerstone to successful N management 

within organic farming. This dissertation examined the effectiveness of organic amendments and to 

lesser extent green manures within established crop rotations in southern Ontario.   

 

1.2 NITROGEN DYNAMICS IN THE SOIL  
 

 
The following section examines components of the nitrogen cycle that are key determinants of 

the effectiveness of the N management system used by the producer. Proper understanding of N 

mineralization, nitrification, denitrification and N loss pathways may allow for improved nitrogen 

use efficiency (NUE) of organic amendments and green manures. This knowledge can be 

implemented within management decisions of N source, timing, rate and placement with 

considerations for the climate, soil type and crop being grown.  
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1.2.1 Nitrogen Mineralization and Immobilization  

 
Mineralization of N occurs during the microbially-mediated decomposition of organic 

matter (OM) during which N is released in more basic forms (NH4
+, certain amino acids) that are 

available for plant uptake (Paul 2007). The microbes responsible for mineralization or 

immobilization are wide spread, as many heterotrophic organisms will consume detritus in the soil 

for energy and carbon and subsequently contribute to mineralization or immobilization (Paul 2007). 

As this process is driven primarily through microbial action, the abiotic properties of soil moisture 

and soil temperature are controlling factors on the rate of mineralization.  Soil moisture, which is a 

controlling factor in oxygen diffusion, promotes maximum microbial activity at water holding 

capacities between 50 to 70% (Agehara et al., 2005), or when the soil is approaching field capacity 

(Eghball et al., 2002). Dry soils reduce microbial activity due to the increasing immobility of the 

microbes (Paul 2007) and the reduction in diffusivity of soluble substrates (Schjønning et al., 2003).  

 

 The impact soil temperature has on microbial activity is often describe using the Arrhenius 

kinetic theory, a chemical reaction based equation where rate reactions are temperature dependent 

(Paul 2007), the substrate is non-limiting and the substrate pool size is temperature independent 

(Cooper et al., 2011). Based on this concept, over the temperatures range of 15 to 35°C an increase 

or decrease of temperature by 10°C will cause a two-fold increase or decrease in reaction rate (Paul 

2007). An increase in temperature translates into more rapid rates of transformation of the N 

components contained in organic amendments (between 10-25°C) (Griffin et al., 2000). At lower 

temperature ranges (10-15°C to 25-20°C), an increase of 10°C has been reported to increase 

mineralization rates three-fold (Agehara et al., 2005). Considerable mineralization can still occur at 

temperatures nearing freezing (Cookston et al., 2002). An additional effect of temperature change is 

the shift in microbial populations that can occur at either spectrum of the temperature range. 
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Cookston et al. (2002) incubated soils amended with white clover at a range of winter soil 

temperatures (2, 5, 10 and 15°C) for 161 d. The results showed an accumulation of ammonium 

(NH4
+) within the first several weeks at the 2 and 5 °C treatments, which the author suggests is due 

to the ammonifying microbes more rapidly adjusting to the low temperatures then the nitrifying 

microbes. Composting typifies microbial population shifts due to temperature through the 

controlled increase in temperatures (up to 60°C) via rapid decomposition of a feedstock. Typical 

aerobic composting involves three main stages, the mesophilic stage (20 to ~44°C) which is 

dominated by mesophilic bacteria, the thermophilic stage (45 to 70 °C) where thermophilic bacteria 

are dominant and then a “curing” or “cooling” phase where fungi and actinomycetes populations 

rebound (Jorgensen et al., 2008).  

 

Within the soil, mineralization and immobilization occur simultaneously and it is the 

dominant net process (ex. net mineralization) that is of agronomic importance. The composition of 

the organic matter will ultimately dictate if net mineralization or net immobilization occurs.  

Extensive research has been conducted to determine net N mineralization of a wide range of organic 

amendments, and their Carbon (C): N ratio has been used as indicator for the likelihood of net 

mineralization or net immobilization.  The usefulness of this ratio is its relationship with the 

decomposition of organic material.  The microbes that consume the organic matter for C and as an 

energy source also require N for amino acid production, protein synthesis and other cellular 

requirements (Paul 2007). An organic amendment rich in N, would have a lower C:N ratio, such as 

the legume hairy vetch with a ratio of 11:1 (Clark et al., 1997). The N derived from decay of hairy 

vetch will provide more N that is required by the microbes and the excess will be released or 

“mineralized”.  In contrast if a woody substance such as a softwood with a ratio of >400:1 (Miller et 

al., 2004) was added to the soil, the lack of available N per unit of C consumed would result in the 
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microbes scavenging for N within the soil N pool, effectively removing the potentially plant 

available N (immobilization). The cut-off point between mineralization and immobilization ranges 

between studies evaluating N availability: Qian et al. (2002) reported manures with a C:N ratio 

greater than 15:1 immobilized N in the short term;  Vigil et al. (1991) reported a 40:1 cut-off with 

crop residues in an incubation experiment; Paul (2007) suggests the rule of thumb of 25:1 as the 

dividing line. Alternatively, Kirchman et al. (1993) found initial immobilization of anaerobically 

digested pig slurry with a C: N ratio of 5:1 and Gagnon et al. (1999) reported double the net 

immobilization from fresh solid dairy manure after a 13 wk incubation when compared to mature 

dairy composts while having nearly identical C:N  ratios of 15.7:1 and 16:1, respectively.  These 

studies highlight the need to consider the quality of the carbon and nitrogen present within the 

amendment and not simply the ratio.  This is especially true with highly decomposed substances 

such as composts.  

 

The composting process causes the easily degradable carbon to be lost rapidly via respiration 

from microbial decomposition of the material and the remaining C is considered “stable” and 

“mature”, which equates to a more recalcitrant material (Wichuk et al., 2010). During the 

composting process additional high C:N ratio feedstock such as woodshavings and straw  are often 

added to increase the C:N ratio to the ideal range for composting (20:1 to 30:1) (Horawath et al., 

1996). The wood based bulking agents are composed of large quantities of lignin (20-30%) a 

complex polymer (essential for plant cellular wall construction) and one of the most difficult 

constituents of the plants biomass to decompose (Tuomela et al., 2000). Due to the complexity and 

hydrophobicity of lignin it is unclear if bacterial microbes are able to fully decompose the structure 

and it is likely a co-decomposition with the more efficient fungi that allow a more complete 

decomposition to occur (Paul 2007). While thermophilic fungi will decompose significant quantities 
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of lignin during the composting process, at maturity the C remaining will often be principally from 

the original lignin based materials or as humus (humus is often assumed to be formed largely from 

lignin by-products) (Tuomela et al., 2000).  

 

N availability predictions based beyond that of the C:N ratio measurement, using C quality 

parameters, have shown improved accuracy. Vigil et al. (1999) found a lignin:N ratio used in concert 

with a C:N ratio improved the explained variance in a plant residue mineralization incubation, 

Lashmeres et al. (2010) reported organic N and soluble C, cellulose and lignin to be the main 

indicators for potential N availability.  A last consideration for mineralization and immobilization is 

that these processes can change overtime. As an example, anaerobic digestates contain high 

quantities of easily decomposable fatty acids (Kirchman et al., 1993) which will rapidly be consumed 

by a growing microbial population causing N to become immobilized initially in the soil. After the 

initial burst of microbial growth due to the easily accessible carbon, the N immobilized within the 

microbes will begin to be released (remineralized) as microbial populations decline due to limiting C 

resources. For producers it is important to consider not just the C:N ratio of these amendment for 

N availability but their carbon quality, as there can exist organic amendments with identical C:N 

ratios, but fundamentally different carbon constituents, which can dramatically alter net 

mineralization/immoblization. 

 

1.2.2 Nitrification  
 

Nitrification is a two-step process to convert NH4
+ to NO3

- , the first step (Eq  [1-1]) is 

initialized by autotrophic bacteria which acquire energy from the oxidation of the NH4
+ , the most 

common genera associated with the first step is Nitrosomonas , which use ammonia mono-oxygenase 

as the enzyme for oxidation (Paul 2007).  
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NH4
+ + 1½ O2 → NO2- + 2H+ + H2O [1-1] 

  

The second step (Eq[1-2]), the conversion from NO2 to NO3
-, is commonly associated with 

the Nitrobacter genera, using nitrite oxiodreductase as the oxidation enzyme (Paul 2007).  There are 

intermediary compounds that can occur between these two steps that may result in NO and N2O 

production, both of which can undesirably be lost to the atmosphere (Paul 2007).  

NO2
- + ½ O2 → NO3

-    [1-2] 

  

The supply of NH4
+ is the primary factor in controlling the rate of nitrification as that is the 

first component of the chemical reaction. Abiotic conditions as discussed in the mineralization 

section that effect microbial activity are similar in their influence on nitrifying microbes. Aerobic 

conditions are required, field capacity soil moisture is ideal and temperature follows the similar rise 

to maximum at approximately 30°C.  The presence of organic matter can suppress nitrification due 

to immobilization of available NH4
+ or rapidly decomposable material can deplete the O2 in the 

surrounding soil.  The low growth efficiency of the nitrifying community causes them to be weak 

competitors to the heterotrophic microbes that may immobilize the NH4
+for their own growth 

requirements, typically nitrification becomes significant when the NH4
+ levels exceed both microbial 

and plant uptake needs (Paul 2007).  

 

NO3
- as an anion is susceptible to leaching loss in Ontario’s soils, which tends to have a 

negative charge, causing exclusion from exchange sites on clays and soil organic matter forcing the 

NO3
- to move within the soil water.  When the NO3

- is brought to a depth beyond the rooting zone 

it is considered a loss from a crop production perspective. Leaching into the groundwater table can 

have negative environmental consequences contributing to surface water eutrophication and 

potential adverse human health effects if the groundwater is used for drinking, with links to colon 
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cancer with prolonged exposure to NO3
- (van Grinsven et al., 2010). Rapidly draining (coarse-

textured soils) soils have are prone to leaching losses of NO3
- from the system before it can be  

denitrified or intercepted by crop N uptake. As further described in Chapter 6, after harvest in the 

fall any residual NO3
- remaining in the soil is at a high risk of leaching loss without the presence of a 

crop to uptake the N.  

 

1.2.3 Denitrification   

 
Denitrification is the conversion of NO3

- by predominately heterotrophic bacteria via a 

stepwise reaction (2 NO3
- (nar)→ 2 NO2

- (nir)→ 2NO (nor) → N2O (nos) → N2 ) to the gaseous form 

of N2O or N2.  This process occurs during periods of oxygen depletion when NO3
- becomes the 

primary electron receptor during respiration. A separate enzyme is involved in each step of the 

reaction (nitrate reductase (nar), nitrite reductase (nir), nitric oxide reductase (nor), nitrious oxide 

reductase (nos)) and all enzymes are inhibited by the presence of O2 (Paul 2007).  N2O as a 

greenhouse gas (GHG) is ~300 times more effective than CO2 in its warming potential, and from a 

GHG mitigation perspective it is ideal for the reaction to finish with N2 being released.  The lag time 

between N2O and N2 reaction can allow potential aeration to occur (through drainage etc) and the 

stepwise reaction to be halted releasing N2O into the atmosphere.  C and NO3
- are both required for 

denitrification to occur. The process of nitrification and denitrification can occur simultaneously in 

the field, an example of denitrification occurring in aerobic conditions would be pockets of 

decomposing organic matter potentially depleting O2.  
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1.2.4 Ammonia Volatilization  
 

The loss of N through volatilization is based on the equilibrium existing between ammonium 

(NH4
+) and ammonia (NH3) ions. If the equilibrium shifts to NH3 production then N is susceptible 

to loss through volatilization into the atmosphere. For the reaction to move in this direction a 

supply of NH4 is required. The surrounding pH is a major driver of this reaction, with pH levels 

beyond 9 causing preferential production of NH3.  Application of organic amendments high in urea 

(poultry manure) and uric acid will rapidly hydrolyze to NH3 in the presence of the enzyme urease 

(Mahimariaja et al., 1994), this hydrolysis generates HCO3
- which bonds with H+, causing the pH to 

increase and increase preferential production of NH3. Temperature and wind speed are important 

factors in NH3 loss once an amendment is applied to a field. Increasing temperatures increase the 

rate reactions for NH3 and high wind speeds disperse any gaseous NH3 gradient present at the 

liquid-air interface. Increased evaporation of the soil water will increase solute concentrations of 

NH4
+ which will partition greater amounts of NH3 to maintain the equilibrium. NH3 loss often 

exhibits diurnal patterns. 

1.3  PERMITTED SOIL AMENDMENTS  
 

 The use of any organic substance, ranging from fresh manures to composts teas, as a soil 

amendment for use in organic farming must fall within the guidelines outlined in Organic 

Production Systems; General Principles and Management Standards (Government of Canada, 

2006a). On farms that produce animal manure, the producers must use all of the waste generated, on 

their land before using any off-site organic amendment. Mitigating run-off into surface waters and 

limiting ground water contamination must be achieved through BMPs such as appropriate 

application rates, timing of application and placement of these amendments.  Use of fresh manure 

requires incorporation within 90 days of expected crop harvest, on crops where the end product 
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does not contact the soil (cereal, soy, corn etc.) and is used for direct human consumption. Crops 

that are grown in the soil (beets, potatoes), the manure must be incorporated no later than 120 days 

prior to harvest.  

  

When using composts as an amendment, organic producers must ensure that the product has 

been processed to meet the standards required by the Government of Canada (Government of 

Canada, 2006a) and if it is a commercial product that it has been properly documented and certified. 

This requires the organic material be maintained at a temperature of 55°C at a minimum of 4 

consecutive days, with appropriate mixing and aeration to ensure that all the material was exposed to 

this temperature. The feedstock used in the compost must be a permitted feedstock such as plant, 

plant by-products (yard waste, saw dust, woodchips, etc.), animal manure and animal by-products.  

The use of heat treatment or mechanical processing to generate dehydrated organic products (pellets 

etc.) is only permitted if the original feedstock is a permitted organic substance.  

 

1.4 N MANAGEMENT APPROACHES FOR ORGANIC FARMING  
 

 
The N management of an organic system involves all aspects of the farming operation, from 

livestock feed, manure storage, leguminous crop N2O fixation, amendment placement and tillage 

practices.  The research and recommendations for these different facets of N management are 

extensive and beyond the scope of thesis. The N management that will be discussed focuses on the 

sources of N available to producers, such as green manures and organic amendments and based on 

the understanding of the N cycle described above, how these sources can be used effectively. Each 

chapter further examines previous research completed on this subject and discusses the 

dissertation’s experimental outcomes on this aspect of N management.  
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1.4.1 Crop Rotations and Green Manures  

 

 
 Crop rotations are an integral part of the N management system for organic field crop 

producers.  The restrictions of inorganic N fertilizers creates a scenario where short traditional 

rotations such as continuous corn, corn-soybean or corn-soybean-wheat are impractical without the 

addition of significant quantities of organic amendments, which hosts their own set of economic and 

environmental risks. In conventional systems there has been considerable research showing that a 

longer more complex rotations that includes perennial forages will improve corn yields in the long 

term (Cavigelli et al., 2008), require less N inputs (Stanger et al., 2008), improve soil organic carbon 

stocks (Yang et al., 2001) and have increased yield stability during seasons with atypical weather 

patterns (Berzsenyi et al., 2000).  

 

 Perennial forages incorporated into the soil can be a substantial source of N to that season’s 

crop N requirements (Yost et al., 2012). Alfalfa (Medicago sativa) is the most common and one of the 

greatest yielding forages used in the United States and Canada (Brown 2009). In Ontario, alfalfa can 

be grown with bird’s foot trefoil (Lotus corniculatus L.) and timothy grass (Phleum pratense L.) (Brown 

2009). Alfalfa is generally grown for at least a full field season and can be established for several 

years. These crops are often viewed as a restoration period for the soil within a larger rotation of 

row crops.  It is common practice that the crops grown following a forage crop have the greatest N 

requirements (Berry et al., 2002), and in southern Ontario this will most likely be corn (Zea mays L.) 

which can require inputs of at least ~150 kg N ha-1.   In some cases alfalfa stands can provide 

available N at quantities that completely fulfill corn N requirements. An example is a study 

conducted by Yost et al. (2012) which found alfalfa achieved a 168 kg N ha-1 fertilizer equivalency.   
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Cover crops can be distinguished as primarily a source of N through N2 fixation or as N 

“scavenger” which takes up N from the soil to form plant biomass between the periods of post-

harvest of the primary crop and planting of subsequent season’s crop. Red clover (Trifolium pretense) 

is the most common cover crop grown by organic cereal producers in Ontario as a source of N (PC 

2014), contributing as much as 146 kg N ha-1 to the soil when plowed down in the spring 

(Bruulsema et al., 1987). Hairy vetch is an alternative green manure which has been reported to 

accumulate 172 kg N ha-1 in biomass N prior to incorporation (Teasdale et al., 2012). Cereal rye 

(Secale cereal), oilseed radish (Raphanus sativus L.) and forage radish are examples of crops used to 

prevent N from being lost to the system through leaching by crop N uptake. In a 15N study Shipley 

et al. (1990) reported that cereal rye planted after corn harvest was able to recover 45% of the 

residual fertilizer N remaining in the soil in the spring of the following year. Dean et al. (2009) 

reported on sandy soil the greatest N accumulation in the fall was forage radish when compared to 

rye,  but winter kill of the radish caused remineralization for the N and ultimately the N was lost 

depth as compared to the more winter tolerant rye which was able to accumulate N again in the 

spring.  Cereal based cover crops such as rye and oats tend to have a greater C:N ratio to that of 

their leguminous counterparts. Timing of incorporation of these cover crops needs to be considered, 

with the potential for the high C:N ratio crops to cause initial immobilization of the soil inorganic N 

and potential suppression of crop yield. Alternatively incorporation of N rich leguminous crops too 

early in the season could allow N loss through the rapid decomposition and subsequent N release, 

prior to the intended crop peak N uptake period (Thorup‐Kristensen et al. 2010).  
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1.4.2 Organic Amendments   

 

Manure  
   

All forms of agricultural livestock production will invariably create manure and waste 

materials (bedding etc.). The efficiency of manure management can mean the difference between 

using these materials as nutrient alternative for crop production and lowering operations costs or as 

an environmental contaminant challenge.  It is estimated that over 180 million tonnes of manure 

were produced in Canada in 2006 (Statistics Canada 2008). Manure production in Canada is 

characterized by hotspots of high intensity production in a concentrated geographic area. 

Southwestern Ontario, central and south Alberta and southeastern Quebec are the main production 

centers. The type of manure produced in these areas differs, in Alberta the majority of manure is 

produced by beef cattle, in Ontario and Quebec it is more evenly spread between beef, dairy, poultry 

and swine (Statistic Canada 2008).  In this dissertation, the study sites fall within these high manure 

production centers and when these regions are classified by manure production per unit of land, the 

greatest intensity of N and phosphorus (P) production found in Canada are within these study areas 

(up to 58 kg ha-1 y-1and 17 kg ha-1 y-1, respectively) (Statistics Canada 2009). Manure composition 

varies widely between livestock and also on a farm by farm basis.  Poultry manure tends to have the 

highest NH4
+ concentrations of the solid animal wastes. Swine manure is predominately applied in 

the liquid form and with high NH4
+ concentrations, injection or immediate incorporation is 

recommended.  In contrast solid beef and dairy manures tend to have the majority of the total N in 

the organic form (Brown 2008). In the following chapters the impact these variations of N 

proportions and C:N ratios between amendments will be discussed in detail.  
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Composts  
  
 Estimates on adoption of composting are difficult as the definition of what constitutes 

composting can vary widely.  A 2001 survey of manure production reported active on farm 

composting on 28.6% in Ontario farms and 37% for all of Canada, with the caveat that some 

producer may report solid manure storage as “composting” (Statistics Canada 2004). Composting 

was the most common storage technique for beef manure in 2001 (Statistics Canada 2004).  A 

benefit of the composting process is the loss of bulk mass, volume and water content while 

maintaining much of the original nutrients (with the exception of N), which lowers the relative cost 

of hauling the amendment from the production site to the field for application (Larney et al., 2007). 

Chapters 2, 4 and 5 discusses the viability of composts as an N source for crop production and the 

impact on soil N dynamics in comparison with their “fresh” counterparts.  

1.5  RESEARCH OBJECTIVES  
 
 The basis for this research project was to develop scientifically-based best management 

guidelines for improved N fertility within organic cereal production. The overarching goal was to 

develop recommendations for optimal amendment application rates and application timing for 

maximizing nitrogen use efficiency (NUE) based on a variety of cereal crops commonly grown by 

organic producers in Ontario. The research aimed to improve the use of these amendments within 

an integrated N management system and evaluate interactions these amendments have with existing 

cover crop use.  

The objectives of this study are:  

i) To measure N mineralization/immobilization dynamics of composted, fresh and 

anaerobically digested organic amendments under controlled conditions and estimate 

carbon decomposition rates, to supplement understanding of data obtained from field 

trials on amendment N availability,  
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ii) To conduct amendment application rate vs yield response trials for commonly grown 

organic cereal crops and determine the economic viability of these amendments,  

iii) To evaluate the NUE of these composted amendments when compared to fresh 

livestock waste commonly used as an N source and the impact on residual soil N (RSN)  

iv) To determine carryover effects of these amendments on crop grain yield, grain N 

concentration, grain N uptake and RSN in the season following application  

v) To develop recommendations on the most appropriate time to apply these amendments 

based on crop response and the impact on RSN.   

  

The experiments conducted to address these objectives are as follows:  

i) A 98-d lab incubation evaluating 9 organic amendments (Chapter 1)  

ii) Five field sites in 2011 with a single amendment source, five rate treatment levels, yield 

response trial (Chapter 2)  

iii) Two field sites in 2011 comparing fresh poultry litter to composted turkey litter on soft 

white winter wheat and corn crop yield response (Chapter 3)  

iv) Four of the seven sites were evaluated in the second year (2012) after amendment 

application for the residual impact of composted and fresh poultry litter on soil and crop 

parameters (Chapter 4)  

v) Two sites had composted turkey litter with five rates  applied in the fall (2011) and 

spring (2012) to determine optimum application time for fall planted spelt and rye crops 

(Chapter 5)  
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2 CARBON AND NITROGEN MINERALIZATION, NITROUS 
OXIDE AND METHANE EMISSIONS FROM VARIOUS ORGANIC 

AMENDMENTS ADDED TO A SANDY LOAM SOIL 
 

2.1 ABSTRACT  
 

 
The increasing availability of certified organic amendments for use as primary nitrogen (N) source 

for organic farming systems has highlighted a need for an evaluation of these products for their N 

availability and their contributions to greenhouse gas (GHG) emissions. This incubation study was 

designed to meet the following objectives i) determine carbon (C) decomposition rates and kinetic 

decomposition parameters, ii) measure N2O and CH4 emissions, and iii) measure net N 

mineralization over a 98-d aerobic incubation on a sandy loam soil. The amendments evaluated are 

poultry litter (PL), turkey litter (TL), turkey litter compost (TLC), composted dairy manure (CD), 

pelletized amendment (PA), liquid dairy manure (LD), 3 anaerobic digestates (D1-3) prepared from 

dairy manure as the main feedstock and a control soil with no amendments added. Carbon 

decomposition was lowest in the composted amendments: 5.5% for TLC, 11.8% for CD and 

greatest for the PA (38%) and D3 (33%). Composting TL lowered CO2-C emissions by 70%. A two-

pooled first order kinetic model described decomposition rates with rapid and slow pools, with the 

exception of CD which was a single- pooled model.  N2O emissions were greatest with the PL and 

PA treatments, with N2O production accounting for ~ 30% of the total GHG emissions. A positive 

linear relationship was established between cumulative CO2-C emissions and cumulative N2O 

emissions. CH4 emissions from D3 were the only treatment significantly greater than the control.  

Net N mineralization of amendment N varied widely, with the highest rate being TL at 47% of the 

organic N, followed by PA (27%) and TLC (16%). Anaerobic digestates resulted in net N 

immobilization, (ranging from -14 to -34% of the organic N added). Net N immobilization with 

digestates was measured as a rapid decrease in NH4
+-N during the first 4-5 weeks of the incubation, 
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and was followed by slow linear net N mineralization for the remainder of the incubation. C:N ratio 

was poorly related to N and C mineralization, highlighting the difficulty of using this ratio as an 

indicator when the forms of amendment organic C differ in quality (compost vs fresh). These results 

suggest that producers using these amendments as sources of nutrients must understand their 

diverse N availability patterns  and the importance for careful timing of application  to match 

amendment N release with crop uptake, and avoid soil N immobilization or excess soil N 

accumulation.   

 

2.2 INTRODUCTION  
 

The use of manures and composts as N fertility sources for crop production is often an 

integral component of the N management system in organic farming (Berry et al., 2002).  However, 

these organic amendments can vary in composition and rate of N supply which adds a complexity to 

meeting crop N demands. Understanding of the net N mineralization patterns specific to the organic 

amendment being used is essential for developing best management practices for application rates 

and timing (Eghball et al., 2002).  

                

Rates of carbon and net N mineralization of organic amendments in soil are dependent on 

several factors since decomposition is largely microbially mediated. Chemical composition of the 

organic amendment, soil temperature, soil moisture and soil inorganic N content are some of the 

main regulators of C and N transformations (Cabrera et al., 2005). Amendment C: N ratio has been 

traditionally considered a useful indicator for estimating net inorganic N release or immobilization 

(Bernal et al., 2009).  The theory assumes that applications of organic amendments with low C:N 

ratios result in net N mineralization but as the C:N ratio of the amendment increases up to a 
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threshold net N mineralization will be reduced  and until the simultaneous mineralization and 

immobilization processes will be balanced (no net changes in soil inorganic N). At amendment C:N 

ratios higher than this threshold,  the immobilization of soil inorganic N becomes dominant. There 

is no set C:N ratio that defines the threshold, though a range of 20 to 30 has been proposed (Paul 

2007). Qian et al. (2001) found manure applied with a C:N ratio above 15:1 showed a decrease in N 

availability in the short term, but cautioned that processing conditions, such as composting, can be a 

significant factor affecting N release. Vigil et al. (1991) found that 40:1 was the cut off when 

examining crop residues. Vigil et al. (1991) noted that including lignin:N ratio a secondary variable 

increased the amount of variability explained, a concept supported by other researchers (Fauci et al., 

1994).  

 

The secondary consideration of the chemical composition and quality of the C becomes 

increasingly important when comparing fresh and composted manures, especially when the 

amendment C:N ratio is <15:1 (Gale et al., 2006). This is due to the change in quality of the 

materials that occur during the composting process. The terms stability and maturity are often used 

when describing the end result of the composting process (Wichuk et al., 2010), this stability is 

derived from the significant decomposition of the feedstock, resulting in the remaining carbon being 

the least decomposable of the original feed stock. Highlighting this concept Gagnon et al. (1999) 

compared a variety of solid manures and composts on their N release in an incubation and while the 

amendments all had a similar range of C:N ratios the mineralization and immobilization rates were 

significantly different between treatments, the author suggests C biodegradability or energy:N ratio 

may be a better indicator of N availability.  
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Beyond crop response to amendment application, greenhouse gas (GHG) emissions should 

be considered when using these amendments. N2O emissions associated with agriculture are 

estimated to rise from 6.4 Tg N2O-N yr-1 to 7.6 Tg N2O-N yr-1 between 2010 and 2030 globally 

(Reay et al., 2012), in which agriculture in Canada generates 0.17 Mt of N2O as of 2002. (Kebreab et 

al., 2006). Nitrious oxide (N2O) is a product of both nitrification and denitrification processes that 

occur inherently in soils (Huang et al., 2004). These processes can occur simultaneously in the field 

but abiotic conditions can effect which process is making the most significant contribution to overall 

N2O emissions. The abiotic requirements for each process are fully described the introduction 

(Chapter 1). Nitrification requires the presence of NH4
+-N in the soil and aerobic conditions. 

Denitrification requires the presence of NO3
--N and readily decomposable organic carbon substrates 

(Webb et al., 2010) and is promoted under anaerobic soil conditions when oxygen is no longer 

available as the preferred terminal electron acceptor (Kebreab et al., 2006), Organic amendments are 

a source of both inorganic N and decomposable organic C and therefore can stimulate greater N2O 

emissions compared to synthetic inorganic N fertilizers (Rochette et al., 2008).  The nature of the 

organic amendment will have a direct influence on the source and magnitude of the N2O emissions; 

slurries tend to have a high content of NH4
+ -N and easily degradable carbon so if they are applied 

via injection can result in zones of depleted oxygen. The conditions within a slurry are ideal for 

denitrification and subsequent N2O emissions (Velhoof et al., 2003), as compared to solid 

amendments which may mineralize N more slowly and allow for removal by plant uptake of 

available N from the system (VanderZaag et al., 2011). Reports of N2O emissions from field soils 

have been associated with high quantities of soil NO3-N (Drury et al., 2014, Cayuela et al., 2010).  

The concern of methane (CH4) emissions from organic amendments is for the most part examined 

in the storage phase of livestock waste management and is generally considered negligible once 

added to the field (Sherlock et al., 2002, Ellert et al., 2008) and if a methane flux does occur it 
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typically happens immediately at application due to release of dissolved CH4  present in slurries and 

digestates (Sherlock et al., 2002).  

  

The objectives of this study were to determine rates of C and N net mineralization of 

amendments with a range of carbon and nitrogen contents applied to a sandy loam soil.  

 

2.3 MATERIALS AND METHODS 
 

2.3.1 Soil and Amendments  
 

The soil used for this study was collected from an organically managed farm located near 

Scotland, Ontario (43°00’18.5”N 80°25’02.1”W).  The farm field site was previously cropped with 

spelt and had not received an organic amendment in the previous season. The soil was collected 

from the topsoil depth of 0-15 cm. The soil is classified as an imperfectly drained Brady Sandy Loam 

(Gleyed Orthic Gray Brown Luvisol (Acton 1989) (75% sand, 20% silt and 5% clay)). Soil physical 

and chemical properties are summarized in (Table A.1). The field moist soil was air dried and passed 

through a 2-mm sieve; visible plant residues and roots were removed by hand picking. Soil organic 

carbon was determined through dry combustion, using a LECO TrueSpec analyzer (Agri-Food 

Laboratories, Guelph, ON). 

 

The TLC was produced commercially from turkey bedding at a composting facility located 

on a large-scale turkey farm near Thamesford ON. The TLC consists of turkey manure, softwood 

shavings and wheat straw which were composted under controlled conditions, temperature 

monitored to ensure a thermophilic stage of above 55°C for at least 4 days for pathogen sterilization 

and weed seed sterilization and a curing phase to yield a stable finished product ready for 
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distribution at 12 months. This amendment meets the required criterion of the Canadian Organic 

Standards (COS) and is approved for use in organic farming systems in Canada.  

 

The composted dairy manure (CD) was produced at a dairy farm located near Harriston and 

was composed of dairy manure with wheat straw bedding which had been composted in a windrow 

and turned infrequently for a year prior to application.  

 

The turkey litter (TL) was obtained from the same facility as where the TLC is produced and 

it is the feedstock for TLC production. The TL contains turkey manure and bedding material 

comprised of wheat straw and softwood shavings. The TL was obtained from the composting 

facility within 3-5 days of delivery from several breeding and hatchery facilities.  

 

The poultry litter (PL) was obtained from a broiler producer located near the Dashwood 

ON field site. It was the same PL used in the rate response trials described in chapter 4. The PL 

contained broiler manure and wheat straw bedding and was sampled immediately after delivery from 

the broiler facility.  

 

The digestates (D1-D3) were sampled from anaerobic digestion facilities located in southern 

Ontario. The primary feedstock for the digestors was liquid dairy manure, with supplemental 

feedstock supplied from food wastes, pet food and corn stover. It was delivered in refrigerated 

packaging and kept at 4°C prior to use.   

 

The pelletized amendment (PA) (Good’n’Green-Tek-Mac Enterprises Inc, Canada)) is a 

product derived from an industrial process where microbial populations were added to liquid 
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solution to consume glucose and remove it from the system. The microbial population that settles at 

the bottom of the holding tank is then collected, pressed and pelletized.  

 

The solid organic amendments (TLC, TL, PA, PL and CD) were homogenized on site and 

on return to the laboratory were frozen and then freeze-dried. Mahimairaja et al. (1990) reported 

freeze drying amendments reduces the loss of N through ammonia volatilization was compared to 

air drying. The mechanism behind the reduced loss of ammonia is the halting of uric acid 

decomposition through the suppression of microbes responsible for the hydrolysis of urea 

Mahimairaja et al. (1990). The freeze dried amendment was ground to pass through a 2-mm sieve.  

The chemical properties of the amendments (Table 2.1) were determined at the Agri-Food 

laboratories (Guelph ON). Total N was determined by dry combustion using a LECO TrueSpec 

analyzer (Agri-food Laboratories, Guelph ON). The amendments were applied at rates ranging from 

111 to 183 mg N kg-1 soil, which is equivalent to field application rates of 251- 385 kg N ha-1 (at a 

depth of 15 cm). Amendment application rates were based on estimates of the amendment chemical 

composition and the reported compositions (Table 2.1) were analyzed after the incubation was 

initiated, therefore the actual N application rate varied between treatments and the target N 

application rate.   
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Table 2.1. Amendment nutrient characteristics - TLC (turkey litter compost), TL (turkey 
litter), PA (pelletized amendment), PL (poultry pitter), CD (composted dairy manure), LD 
(liquid dairy Manure), D1-3 (digestates).  

 

Amendment  DM1 TN2 NH4-N P3 K3 OC4  C:N   
TN  

Applied  

  % % ppm % % %   mg kg-1  

    Solid 

TLC 91.1 2.17 461 2.74 2.5 19.6 9.02 183 

TL 90.09 3.38 7955 1.68 2.16 37.23 11.02 118 

PA 91.34 6.01 310 1.76 0.83 33.46 5.57 144 

PL 91.22 3.42 3558 1.72 2.35 37.02 10.82 179 

CD 65.65 1.53 193 0.5 2.19 27.13 17.78 121 

    Liquid  

LD 11.74 0.36 944 0.08 0.17 4.91 13.64 144 

D1 5.49 0.3 1560 0.05 0.24 2.08 6.93 111 

D2 5.76 0.34 1650 0.06 0.17 2.23 6.56 127 

D3 4.41 0.36 2040 0.08 0.2 1.4 3.89 134 
1DM – dry matter, 2TN – Total nitrogen (Combustion (AOAC 990.03), 3P and K – Totals 4OC – organic carbon  

 

2.3.2 Carbon Mineralization, Nitrous Oxide and Methane Emissions  
 

The experimental design of the incubation experiment was a randomized complete block 

with 4 replicates for the solid amendments and 3 replicates for the liquid amendments (due to 

limited quantities). Soil microcosms were prepared in 1.5 L glass jars, each containing 250 g of air 

dry soil. Soil moisture content was brought up to 16% gravimetric water content with deionized 

water 2 weeks prior to amendment application. Control soils were treated in the same manner, with 

4 replicates, but with no amendments added. The jars were kept in a dark room with an ambient 

temperature of 23°C.  The preincubation allowed for soil mineralization rates to stabilize prior to 

amendment application (Vance et al., 1987).   
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Rubber septums were installed in the metal jar lids to allow sampling of gases accumulating 

in the headspace of the microcosms for analysis of CO2, N2O and CH4. Gas samples were taken 

from each microcosm after 2, 4, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 76, 84, 91, 98 d of the 

incubation.  Sample of the headspace gas was obtained using a 20 mL syringe and was injected into 

pre-evacuated 12 mL vials. After sampling, the microcosms were left open to ventilate for 20 min to 

ensure re-established ambient atmospheric oxygen levels. Gas chromatography was conducted on a 

SRI 8610C gas chromatograph equipped with an electron capture detector (ECD) for N2O and a 

Flame Ionization Detector (FID) for CH4 and CO2. A conversion from ppm to mg kg -1d-1 was 

calculated as outlined by Robertson (1999).  Mineralization of amendment C was calculated as the 

difference of CO2-C emitted from the amended soils and that from the control soils. The quantity of 

amendment derived-C remaining in the soil was calculated by subtracting the quantity of 

amendment-C mineralized from the amendment-C added and then divided by the original 

amendment-C added and expressed as a % (Bernal et al., 1998).  

2.3.3 Nitrogen Mineralization  

 
A randomized complete block design was used for the nitrogen mineralization experiment 

with the same quantities of soil and amendment added to the jars and brought up to the same soil 

moisture content as the carbon  mineralization study. The lids of the microcosm jars were covered 

with perforated parafilm to facilitate exchange. Soil moisture content was maintained by monitoring 

changes in jar mass due to evaporation and adding water to restore soil moisture levels at two week 

intervals. Each amendment treatment and control had three replicates per sampling date. The liquid 

dairy manure (LD), used in the carbon mineralization section of the incubation, was not provided in 

sufficient quantities to be used in the N mineralization portion of the incubation. Microcosms were 

established for each treatment and sampling date (0, 3, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91, 

98 d) to allow destructive sampling. Samples were either immediately frozen (-18°C) or extracted. 
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The soil inorganic N was extracted with 2 M KCl (Carter et al., 2008) and analyzed using an 

AutoAnalyzer (Technicon AutoAnalyzer 2, U.S.A).  

 

 Net N mineralized from the amendment was calculated as the difference between the soil 

inorganic N (NO3
--N + NH4

+-N mg kg soil-1) at the sampling date and the inorganic N at time zero, 

from which the mineralized inorganic N in the control was subtracted.  Ammonia volatilization was 

not measured and for the calculations was not included (for the purposes of this model is assumed 

negligible).  Percent organic N mineralization from amendment was calculated as described by 

Preush et al. (2002). The same calculations were performed as stated above with the addition of net 

N mineralized being divided by the quantity of organic N applied and multiplied by 100 to obtain % 

organic N mineralized (Eq.  [2-1):   

 

  % Nmin = (Nf-Sf) – (Ni – Si)/ NO x 100 [2-1] 
 

Where Nf = amendment and soil mixture total inorganic N  (NO3
--N + NH4

+-N mg kg   

soil-1) at the specific sampling date throughout the incubation, Sf= control soil total inorganic 

N(NO3
--N + NH4

+-N mg kg soil-1) at same sampling date, Ni= amendment and soil mixture 

inorganic N (NO3
--N + NH4

+-N mg kg soil-1) at initial sampling date, Si = control soil total at initial 

sampling date, No= initial organic N (mg kg-1soil) in amendment and soil mixture = Total  N added 

as amendment (mg kg-1soil)  – amendment inorganic-N  (NO3
--N + NH4

+-N mg kg soil-1) (Preusch 

et al., 2002).   

2.3.4 Statistical Analysis  

  
 The statistical analysis was performed using the PROC MIXED procedure (SAS institute 

2013 version 9.4). A repeated measures variance analysis was completed for C mineralization, N2O 
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and CH4 emissions, with amendment, time of sampling and amendment x time of sampling 

interaction as the fixed effects. The random effect was the block and repeated measures was block x 

amendment. A Shapiro-Wilk test and visual inspection of predicted by fixed effects was completed 

to ensure normality and that assumptions inherent in a general linear model were met. A least 

squared difference (LSD) test using a Tukey’s adjustment were completed on treatments x sampling 

period on the select times of interest.  A type 1 error rate of 0.05 was deemed significant.  The N 

mineralization was completed in the same fashion as described, without the repeated measure 

analysis included, as the N measurements were conducted by random destructive sampling 

 

A non-linear regression was completed using PROC NLIN, using the sum of squares residual 

divided by corrected total sum of squares as a measure of fit with a two pool first-order kinetic 

model (Eq. 2-2).  

 

Y = a*exp(-k1*t) + b*exp(-k2*t)
  [2-2]    

 

The a and b constants signify the proportion of the amendment organic C (%) in which each 

respective k values represent (k1,k2), t is time in days for the C study and weeks for the N study. If 

convergence failed a one pool kinetic model was attempted.  The rate equations describe a rapid and 

slow C and N mineralization pool. This two pooled model has been used in similar incubation 

experiments for both C (Bernal et al., 1998; Gale et al., 2006) and N mineralization (Hadas et al., 

1983) 
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2.4 RESULTS AND DISCUSSION  
 

2.4.1 Carbon Mineralization  
 

The rate of C mineralization peaked for all the amendment types during the first two days of 

the study (Figure 2.1) with the exception of the TLC which was not significantly different than the 

mineralization rate on day 4. The day 2 and 4 rates for TLC were significantly higher than any of the 

following sampling periods.  The lowest rates of mineralization occurred with composted materials 

(TLC and CD) at rates of 4.57 and 9.09 mg C kg-1 d-1 (Table 2.2). At 98 d the rate of amendment-C 

mineralized had declined a level of ~0.56 (± 0.3) mg kg-1 day-1 with no significant differences in rates 

between treatments.  The cumulative CO2 –C derived from amendment application was significantly 

affected (P<0.001) by treatment, time and a treatment x time interaction.  This interaction between 

time and treatment was representative of the effects of the varying forms of organic C in these 

amendments and on the ability for the soil microbial population to decompose them. 
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Figure 2.1. Net C mineralization rates (mg C kg -1 dry soil d-1) as generated by organic 
amendment application over a 98-d incubation period. Each data point signifies the least 
squared mean of the measured values (n=4), error bars = standard deviation of mean. A) PL 
- poultry litter,  TL – turkey litter, TLC – turkey litter compost B) D1-3 – anaerobic 
digestates C) CD – composted dairy, LD – liquid dairy manure D) PA – pelletized 
amendment. 
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Table 2.2. Organic C mineralization and cumulative mineralization rates as influences by 
organic amendment application over a 98-d incubation, PL - poultry litter, CD – composted 
dairy, TL – turkey litter, PA – pelletized amendment, TLC – turkey litter compost,  D1-3 – 
anaerobic digestates, LD – liquid dairy manure. 

 

  
Net C mineralization 

rate 
Cumulative  C mineralized 

over   

 

day 21  98 d 

Amendment   (mg C kg-1 d-1)   (mg C kg-1) 

PL 78.63 a2 504.18 a 

TL 57.86 b 362.97 b 

TLC 4.57 f 84.37 g 

LD 53.85 c 476.37 a 

CD 9.09 e 257.37 d 

D1 25.94 d 155.48 f 

D2 24.54 d 153.39 f 

D3 24.69 d 189.21 e 

PA 58.99 b 310.76 c 

se 1.11 
 

11.28 
 

1 Time of Peak emission 2 Letter denote significant difference between amendments in a least squared difference analysis   

 

During the incubation PA decomposed to the greatest extent with a 38% of the added 

amendment-C respired as CO2-C, followed by D3 with 34% organic C mineralized. Mineralization 

of digestate-C ranged from 16% (D2) to 34% (D3) (Figure 2.2), the disparity between the 

decomposition rates of the digestates is most likely due to the nature of their organic C.  Compared 

with D3, D2 had a 68% greater C:N ratio and 60% greater organic C content. Mineralization of 

digestate-C was similar to a cattle slurry + corn silage co-digestate used in an incubation by 

Alberquerque et al. (2012) showing a 30% decomposition over 56 days. Anaerobically digested cattle 

and pig slurry without a co-digestion of a feedstock had 100% (priming effect) of its organic C lost 

over a 56 to 70 d incubations (Bernal et al., 1992, Alburquerque et al., 2012).  Kirchman et al. (1993) 

found 48% of the organic C derived from anaerobic cattle slurry was mineralized over a 70-d 

incubation.   



31 

 

 Incubation Period (Days) 

0 20 40 60 80 100

 O
rg

a
n

ic
 C

a
rb

o
n

 R
e
m

a
in

in
g

(%
) 

50

60

70

80

90

100

PL

TL

TLC

A

Incubation Period (Days) 

0 20 40 60 80 100

 O
rg

a
n

ic
 C

a
rb

o
n

 R
e
m

a
in

in
g

(%
) 

50

60

70

80

90

100

D1

D2

D3

B

 

Incubation Period (Days) 

0 20 40 60 80 100

 O
rg

a
n

ic
 C

a
rb

o
n

 R
e
m

a
in

in
g

(%
) 

50

60

70

80

90

100

LD

CD

C

Incubation Period (Days) 

0 20 40 60 80 100

 O
rg

a
n

ic
 C

a
rb

o
n

 R
e
m

a
in

in
g

(%
) 

50

60

70

80

90

100

PL

D

 

Figure 2.2. Organic C mineralization (%) of organic amendments during a 98-d incubation 
period, each data point represents the least squared mean of the measured values (n=4). A) 
PL - poultry litter,  TL – turkey litter, TLC – turkey litter compost B) D1-3 – anaerobic 
digestates C) CD – composted dairy, LD – liquid dairy manure D) PA – pelletized 
amendment, lines are two pooled kinetic decay model equations Y = a*exp(-k1*t) + b*exp(-k2*t), 
with the exception of CD which is single pooled kinetic decay model (Y = a*exp(-k1*(t) ).      
 
                                                                                                                                                                  

In contrast to the fresh amendments the composts had significantly lower mineralization. 

TLC-C and CD-C had 5.5% and 11.75%, respectively, was mineralized during the incubation, 

highlighting the stability of these amendments as a result of the composting process. Similar findings 

of low decomposition rates for composed dairy manure have been reported in a 21 d incubation 

conducted by Levi-Minzi et al. (1990) who showed 5% mineralization of farmyard cattle manure-C.  



32 

 

Castellenanos et al. (1981) reported CD mineralization rates of ~3-8% in 4 week incubation. PL and 

TL mineralized similarly at rates of 25 and 27%, respectively (Figure 2.2). Bernal et al. (1998) showed 

that a poultry compost (PL + cotton waste) lost 24% of its carbon over 70 d. A PL-C loss of 42% 

over 90-d incubation, reported by Cayuela et al. (2010), was greater than that found in this study. 

This is similar or slightly higher as compared to poultry litter incubated in similar textured soils after 

21-days (Levi-Minzi et al., 1990).    

 

The composting process stabilized the feedstock materials of the TL when comparing 

cumulative C mineralization and % C evolution of fresh and composted TL.  The TLC treatment 

evolved 73% less CO2-C over the incubation period and a reduction in % organic C lost by 23%.  

The differences in easily available C and N can be inferred by the 2 d measurements of peak flux 

events with the TL having a 11.6 times greater flux (Table 2.2) than the TLC.  A visual inspection of 

the TLC at time of incubation revealed very little straw material remaining in the compost and the 

primary material being relatively undecomposed pine shavings and/or chips, whereas the TL prior 

to incubation showed predominately wheat straw as the feedstock.  

  

The two pooled exponential decay kinetic model (Y = a*exp(-k1*t) + b*exp(-k2*t) ) was the best 

fit for all amendment sources with the exception of the composted dairy manure.  The a and b 

constants (Table 2.3) signify the proportion of the amendment organic C (%) in which each 

respective k values represent, t  is time in days. In the fresh poultry manures the rapidly 

decomposable pool accounts for ~18.8% of the manure organic carbon. In contrast, excluding 

initial flush of CO2-C at the beginning of the incubation, 98.6% of the TLC carbon can be described 

as having a slower k2 pool (k2 = 0.0041).  The slow pool of the TL and TLC had a half-life of 1.7 

and 4.6 yr, respectively.  For CD, the single pool decomposition model was the most appropriate as 
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the rapid initial decomposition of organic C, characteristic of the other amendments, was not 

evident.  The PL and TL had 18.05 and 19.64 % of the total organic carbon as a rapid pool with 

half-life periods of 3.5 and 2.6 days and then a slow release pool of 630 days, respectively. This rapid 

and slow C fraction was reported by Bernal et al. (1998) with a poultry cotton waste mixture (k1 = 

0.130, k2 = 0.0081) over an incubation time of 70 days. Gale et al. (2006) found PL to have a rapid 

fraction (k1) between 0.029-0.051 and which constituted 39 – 57% of the C loss.  Gale et al. (2006) 

found that while the majority of the amendments examined fit into a 2 pool kinetic model, a single 

parameter model was more appropriate for the composted dairy manure, with a k range of 0.004-

0.006 d-1, which is 67% shorter t when compared to CD measurements in this incubation. 

 

Table 2.3. Amendment organic C decomposition parameter estimates of a two pooled 
kinetic decay model (Y = a*exp(-k1*t) + b*exp(-k2*t) ), parameters a and b units (%), k1 and k2 
decay rate constants (days-1).  

 

  Parameter Estimates    

Treatments a b k1 k2 Pseudo R2 

PL 18.05 (1.03)2 81.31 (0.7) 0.22 (0.028) 0.0011 (1.4E-0.4) 0.987 

TL 19.64 (0.65) 80.13 (0.42) 0.26 (0.019) 0.0011 (8.5 E-05) 0.995 

TLC 1.43 (0.10) 98.61 (0.06) 0.26(0.039) 0.00041 (9.9E-06) 0.998 

CD1 98.94 (0.29) 0.0013 (5.7E-04) 0.972 

LD 13.91 (0.68) 85.59 (0.51) 0.17 (0.02) 0.0013(9.3E-0.5) 0.994 

D1 14.12 (0.75) 85.64 (0.49) 0.24 (0.028) 0.0012 (9.3E-05) 0.992 

D2 12.61 (0.29) 87.28 (0.19) 0.24 (0.013) 0.00044 (3.4E-05) 0.997 

D3 21.89(0.69) 77.78 (0.48) 0.21 (0.015) 0.00159(3 E-0.5) 0.996 

PA  29.45 (0.93) 70.17 (0.58) 0.29 (0.021) 0.0015 (1.4E-04) 0.995 
PL - Poultry Litter, CD – Composted Dairy, TL – Turkey Litter, PA – Pelletized amendment, TLC – Turkey Litter Compost,  D1-3 – 
Anaerobic Digestates, LD – Liquid Dairy Manure 1 CD – parameter estimates for a single pooled kinetic model (Y = a*exp(-k1*(t) )    
2
Number in brackets () – Approximate Standard Error 

                                                                                                                                                                   

2.4.2 Nitrous Oxide Production  

 
 N2O emission rate were significantly affected by treatment, time and a treatment x time 

interaction.  The peak emission rates varied by amendment (Table 2.4), with PA, PL, CD, LD, TLC 

and the control peaking on 2 d, whereas the digestate materials and FT peaked on 7 d.  PA and PL 
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had the greatest cumulative N2O emissions at 1.39 and 1.37 mg N2O soil kg-1, respectively and were 

not significantly different from one another (Table 2.4), followed by LD, then D2 and TL, the D1 

and D3. TLC and CD emissions were not significantly different to that of the control soil only 

treatments (Table 2.4). Paul (1993b) measured N2O emissions over a 14 day period and found that 

composted beef manure had N2O emissions equivalent to that of the control as compared to liquid 

dairy manure which had a significant N2O emissions within the first 3 d. The emissions from the PA 

and PL accounted for only 0.80 and 0.64% of the Total N applied to the soil.  Cumulative N2O 

emissions were similarly low with 0.5% of total N evolved for PL in a study by Velhof et al. (2003), 

with LD having rates reaching 3% of total N applied. Velfof et al. (2003) found that 54% of the 

variance in N2O emissions was explained with mineral N and total C application rates, reporting that 

the easily mineralizable N and C components within the amendment as major drivers of high 

emissions. A study by Cayeula et al. (2010) examining N2O emissions from various amendments 

(chicken manure, blood meal, mineral fertilizer etc.) found high N2O emissions were related to the 

amendments which contained proportionally larger quantities of inorganic N. Low emissions were a 

result of the high water soluble C content of amendments. This relationship was not found in this 

study when comparing initial inorganic N applied between cumulative N2O emissions (data not 

shown). 
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Table 2.4. N2O emission rates measured on day 2, day 4, day 7 and day 14 and cumulative 
N2O emissions in response to organic amendment application, letters denote significant 
LSD comparison between amendments.  

 

  N2O emission rate    Cumulative 
N2O emission  

Amendment  
Day 2   Day 4    Day7    Day 14    

-----------------------------(mg N2O kg-1 day-1) ----------------------- (mg N2O kg-1) 

CON 0.026 d 0.006 g 0.015 d 0.0028 g 0.228 e 

PL 0.205 b 0.082 b 0.072 b 0.0542 a 1.367 a 

TL 0.056 c 0.034 c 0.075 b 0.0199 c 0.682 c 

TLC 0.014 d 0.008 fg 0.011 d 0.0054 fg 0.270 e 

CD 0.024 d 0.003 g 0.009 d 0.0142 d 0.296 e 

LD 0.050 c 0.014 ef 0.044 c 0.0467 b 0.821 b 

D1 0.021 d 0.021 d 0.070 b 0.0122 e 0.487 d 

D2 0.049 c 0.040 c 0.087 ab 0.0093 ef 0.655 c 

D3 0.017 d 0.019 de 0.066 bc 0.0123 de 0.487 d 

PA 0.299 a 0.107 a 0.109 a 0.0156 cd 1.385 a 

SE 0.008 
 

0.002 
 

0.008 
 

0.0054 
 

0.037 
 

CON – Control, PL - Poultry Litter, CD – Composted Dairy, TL – Turkey Litter, PA – Pelletized amendment, TLC – Turkey Litter 
Compost, D1-3 – Anaerobic Digestates, LD – Liquid Dairy Manure 
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Figure 2.3. N2O fluxes after application of the various organic amendments over a 98 d 
incubation, each data point signifies the least squared mean of the measured values (n=4), 
error bars = standard deviation of mean; CON- control A) PL - poultry litter,  TL – turkey 
litter, TLC – turkey litter compost B) D1-3 – anaerobic digestates C) CD – composted dairy, 
LD – liquid dairy manure D) PA – pelletized amendment. 

 

Comparing the fresh (TL) and composted turkey litter (TLC) reveals that the TLC had 

significantly lower cumulative N2O emissions (~40%).  The controlling factors of readily available C 

and high levels of NH4
+-N can promote both nitrification and denitrification, (once NO3-N is 

produced) (Mahimairaja et al., 1995) both of which are significantly lower in the TLC amendment.  
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There was a positive linear correlation (r2 =0.48) with the 2 d peak CO2-C flux and the 

cumulative N2O-N emissions (Figure 2.4).  This positive linear response can be expected as the 

majority of the accumulation occurred during the first 2-3 days of the study and the relative 

magnitude of the peaks of both were often similar across amendment type. High initial NH4
+- N and 

easily mineralizable C can cause rapid nitrification and alternatively can cause oxygen limiting 

environments for denitrification and either of these events are contributors to N2O emissions 

(Kebreab et al., 2006). A negative relationship between C:N ratio and N2O emissions was reported 

by Haung et al. (2004) examining plant residue decomposition with varying C:N ratios. In this study 

C:N ratio was not an useful indicator for N2O emissions, likely due to the diversity of C quality 

found within the amendments (data not shown). 
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Figure 2.4. Relationship between cumulative net N2O emissions and net CO2 emissions. 

 

2.4.3 Methane Emissions   

 
 The cumulative CH4 emissions from the TLC, LD, D1-3 and PA treatments were 

significantly greater than the control, with D3 emitting the largest quantity at 0.318 mg kg-1 (Figure 

2.5). In the D3 treatment these emissions accounted for 0.06% of the total carbon applied and the 

remaining treatments had a lower percentage portion. The majority of the CH4 generated occurred 
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from time of application to day 2 when the first measurement occurred (Figure A.1). The anaerobic 

digestates had the greatest peak fluxes day 2.  This initial flush is likely due to the CH4 dissolved in 

the digestates (Sherlock et al., 2002).  
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Figure 2.5. Cumulative CH4 emissions over a 98-d incubation (CON – control, PL - poultry 
litter, CD – composted dairy, TL – turkey litter, PA – pelletized amendment, TLC – turkey 
litter compost, D1-3 – anaerobic digestates, LD – liquid dairy manure). 
 

2.4.4 Greenhouse Gas Emissions CO2 Equivalent   

  
 When the CH4 and N2O were converted to a CO2 equivalent (1 CH4 = 25 CO2, 1 N2O = 298 

CO2 (Forester et al., 2007) the PL treatment was the greatest emitter of GHG emissions (866 mg 

CO2-C eq kg soil-1) and the lowest amendment being TLC (120 CO2-C eq kg-1 soil). Methane 

contributed negligibly to the overall GHG emissions compared to the CO2 equivalent of N2O and 

CO2 emissions. The efficacy of N2O as a GHG allows relatively low emission rates to have 

significant effects, accounting for an average of 30% (±8%) of the total GHG emissions (Figure 

2.6). This is highlighted when comparing the PL and LD, both of which had the highest CO2 

emission rates, but due to N2O emissions the PL is significantly greater than LD.  The emissions 

from TLC amendment were 23% to that of the TL suggesting that once applied to the soil 
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composted poultry litter will have lower GHG emissions compared to the fresh manure.   However, 

this contribution does not account for the GHG emissions that occur during the composting 

process (Kebreab et al., 2006). Examining the TL and the TLC organic C content (Table 2.1) and 

assuming that the TL would be similar to the feedstock that was used to create the TLC, a rough 

estimation of C loss can be estimated. The estimate indicates a 48% decrease of organic C from the 

TL to the TLC, this C loss is through conversion to CO2 – C by the microbial decomposition of the 

material. Organic matter (OM) loss is a typical outcome of the composting process; with C losses of 

54% observed in a poultry litter composted within a bioreactor for 42 d (Steiner et al., 2010) but can 

be as low as an OM loss of 9% in poultry litter composted in a forced aeration pile for 168 d (Tiquia 

et al., 2002). Nitrous oxide can be released during the composting process. Mahimairaja et al. (1995) 

reported significant N2O emissions (9% of total N applied) through denitrification of poultry 

manure composted over 14 weeks. When co-composted with C-rich amendments such straw or 

woodchips these emissions were decreased by up to 80%. Methane can also be emitted during the 

composting process, the intensity of CH4 emissions will vary depending on nutrient composition 

and composting methodology (Kebreab et al., 2006).  There is a lack of research which has 

examined GHG emissions from organic amendments that measure the emissions at all points of 

manure management, including after application into the soil. There is often a disconnect between 

amendment management (composting, anaerobic digestion, stockpiling) GHG studies and studies 

on GHG emissions after field application. The perceived reduction of GHG emissions from 

composted material as compared to fresh when applied for the soil may be misleading due to the 

potentially significant losses that can occur prior to application. Quantification of the mass balance 

of GHG emissions between immediately applying the amendment as compared to composting and 

then application is ultimately required for developing GHG mitigation recommendations for organic 

amendments.  
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Figure 2.6. CO2 equivalent greenhouse gas emissions over a 98 d incubation (CON – 
control, PL - poultry litter, CD – composted dairy, TL – turkey litter, PA – pelletized 
amendment, TLC – turkey litter compost, D1-3 – anaerobic digestates, LD – liquid dairy 
manure). 
 
 

2.4.5 Soil Nitrogen Dynamics  

 

Ammonium  
 

Soil exchangeable NH4
+-N was significantly influenced by treatment, time and a treatment x 

time interaction (P<=0.0001).  The peak soil NH4
+-N concentrations occurred on 3 d of the 

incubation for the solid amendments that had appreciable quantities of NH4
+-N (PL, TL and PA) 

and 0 d for the digestates (Figure 2.7).  The amendments that contained levels of NH4
+-N above 

1000 ppm (PL, TL, D1, D2, D3) had significantly greater soil NH4
+-N than the control on day 0 and 

day 3. D2 and D3 had significantly greater levels of NH4
+-N than D1 (P=<0.0001). Since the 

ammonium N contained in digestates accounted for the greatest portion of total N compared to that 

in the solid amendments (Table 2.1) higher initial levels of NH4
+-N were expected as similar 

quantities of total N were applied. Ammonium-N concentrations in soils amended with PL and TL 
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both increased from day 0 to day 3, with the TL amendment having a significant increase (analyzed 

with background control NH4+-N subtracted). The increase measured in the treatment with TL 

amendment could be attributed to the rapid hydrolysis of uric acid components of this manure. A 

similar increase in available NH4
+-N was observed with finely ground poultry litter in an incubation 

study reported by Gale et al. (1986).   
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Figure 2.7. Soil NH4

+-N concentrations over the 98-d incubation  CON- control A) PL - 
poultry litter,  TL – turkey litter, TLC – turkey litter compost B) D1-3 – anaerobic digestates 
C) CD – composted dairy D) PA – pelletized amendment, each data point least squared 
mean (n=3), error bars = standard deviation of mean. 
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The PA amendment exhibited a significant increase in NH4
+-N from day 0 to day 7 (6.1 mg 

kg-1 to 32.5 mg kg-1 (Figure 2.7).  This rapid release of NH4
+-N is likely due to mineralization of the 

organic components of the amendment at rates greater than nitrification can convert it to NO3
--N. 

This period also coincided with the second largest flux of CO2 and the greatest flux of N2O found in 

this incubation, this period of high carbon mineralization could also reduce oxygen levels to a point 

where nitrification suppressed. The nature of the pelletized amendment was such that when ground 

down to <2 mm a large proportion of the material crumbled into a fine powder. This fine particle 

size results in a greater surface area for the initial microbial population to access, and with a low C:N 

ratio of 5.7, carry out rapid decomposition and subsequent mineralization.  By 14 d of incubation, 

soil NH4
+-N concentrations for treatments with PA, PL, FL and D1 were reduced to levels 

indistinguishable from the control (Figure 2.7). These results are similar to other N mineralization 

incubations (Burger et al., 2008, Preusch et al., 2002).  Soil NH4
+-N concentrations in treatments 

amended with digestates D2, D3 decreased to background levels by 21 d of incubations, which is 

slightly longer than the 14 d observed by Alburquerque et al. (2012) in a similar incubation study.  

The soils amended with composted materials (TLC and CD) had NH4
+-N levels not significantly 

different to that of the control throughout the incubation. The composting process itself encourages 

the utilization of NH4
+ of the N by rapid microbial population growth and there can also be 

significant N loss through volatilization of the amendment (Mahimairaja et al., 1994).  

 

Nitrate 
 
 The decline of soil NH4

+-N in the amendments by 14 to 21 d coincided with an increase soil 

NO3
--N concentrations. An example is D3 which had a rapid increase soil NO3

--N at day 21 and 

accounted for 82% of the NH4
+-N that declined during that same period; by 98 d the initial quantity 

of N in NH4
+ form was equivalent to 96% of the final quantity of NO3

--N. The accumulation of 
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NO3
--N in general followed the initial NH4

+-N quantities at the beginning of the incubation.  D3 

amendment resulted in the greatest concentrations of soil NH4
+-N and subsequently had the greatest 

NO3
--N accumulation by the end of the 98 d study.   Amendments PA, PL, TL all had an initial 

decline of NO3
--N concentrations at 3 d of the incubation and PL and PA continued to have values 

below the control on 7 d, before increasing above the control.  This initial decline in soil NO3
--N 

can be associated with microbial immobilization as in this same period as the greatest fluxes of CO2-

C occurred suggesting the presence of readily available C promoting microbial growth. The CD 

exhibited a decline of NO3
--N between 28 and 54 d below that of the control before remaining at 

levels non significantly different than the control  (Figure 2.8). 
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Figure 2.8. Soil NO3

-- N concentrations over the 98-d incubation  CON- control A) PL - 
poultry litter,  TL – turkey litter, TLC – turkey litter compost B) D1-3 – anaerobic digestates 
C) CD – composted dairy D) PA – pelletized amendment, each data point least squared 
mean (n=3), error bars = standard deviation of mean. 
  

 

 

Nitrogen Mineralization  
 
 The N mineralized from the organic N of the amendments are as follows 

TL>PA=TLC>PL=CD>D3=D1>D2. Net mineralization varied considerably between 

amendments ranging from 55 mg kg -1 (TL) to –23 mg kg-1 soil (D2) (Figure 2.9). The net N 

mineralization for the TL is at the low end of a range found by Bitzer et al. (1988) in a 140-d 

incubation which applied a similar rate of amendment. The CD exhibited an initial N flush to day 14 

and then a period of immobilization that increased until day 42 (Figure 2.9), after which there was a 
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slight increase in net N mineralization resulting in -1.2% of the organic N mineralized at 98-d 

(mineralization below zero is immobilization). This lack of mineralization of the organic N pool and 

periods of immobilization has been observed by several researchers. Gale et al. (2006) observed 

immobilization from CD in the first 14 days of the incubation and fresh solid dairy manure 

exhibiting immobilization through the whole 70 d study. Gagnon et al. (1999) showed composted 

dairy manure to mineralize -10-18% of the organic N added. The author found that immature CD 

had higher rates of immobilization as compared to the mature composts (Gagnon et al., 1999). Shi 

et al. (2004) in a 70 d incubation of CD reported that 6% of the organic N was mineralized.    
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Figure 2.9. Net N mineralized over the 98-d incubation for A) PL - poultry litter,  TL – 
turkey litter, TLC – turkey litter compost B) D1-3 – anaerobic digestates C) CD – 
composted dairy D) PA – pelletized amendment, each data point least squared mean (n=3), 
error bars = standard deviation of mean. 
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Mineralized N accounted for 47% of the TL - organic N added which is similar to the results 

of other studies on the availability of TL-N: Preusch et al. (2002) reported 42-64%, Hadas et al. 

(1983) 47% of total N, and Chae et al. (1986) 60%. This is in contrast to PL which had 6.5% of its 

organic N mineralized over the 98-d (Figure 2.10). Burger (2008) found no net N mineralization of 

TL-N.  An explanation for these differences in manure N mineralization may be the portion of the 

organic N that is in the form of uric acid. Uric acid can be rapidly hydrolyzed to NH3, and this form 

of N could be lost to the atmosphere while in the barn, in storage or during handling. If the PL had 

been stacked for any period the uric acid may have already been converted and potentially lost, while 

the TL could still have had greater quantities available. The PL had less than half the initial NH4
+-N 

(Table 2.1) than the TL. Without measurements of the initial forms of organic N found in these 

amendments this can only be speculation, Burger et al. (2008) made similar postulations when the 

net N mineralized was low for the TL that was examined.  In comparison to TL, the TLC released 

69% less organic N during the course of the 98 d incubation. Agronomically the slower N release 

could affect application timing, with fresh manures that contain low levels of inorganic N, being 

applied in the spring, whereas materials that require time to mineralize organic N could more 

appropriate as a fall application.  
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Figure 2.10. Net % cumulative amendment organic N mineralized over the 98- d incubation 
period for A) PL - poultry litter,  TL – turkey litter, TLC – turkey litter compost B) D1-3 – 
anaerobic digestates C) CD – composted dairy D) PA – pelletized amendment, each data 
point least squared mean (n=3), error bars = standard deviation of mean. 

 

 
The digestates amendments resulted in net immobilization of soil inorganic N at the end of 

the incubation, accounting for -12 (D1), -34 (D2) and – 10 % (D3) organic N mineralized (Figure 

2.10). The large quantities of NH4
+-N that were added at the initial sampling period were  

immobilized and then a slower increase in mineralization was observed from 35 d to 98 d  due to 

mineralization of initially immobilized NH4
+-N. Alburqerque et al. (2012) found anaerobic cattle 

slurry to have net mineralization between -68% and – 96% total N.  Bernal et al. (1992) observed a 
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similar rapid initial immobilization with anaerobic pig manure, followed by slow remineralization as 

seen from 35 d (Figure 2.10) and on in this study, eventually mineralizing 12% after 2 months. 

Kirchman et al. (1993) showed no net mineralization over 70 d with applied anaerobic cattle slurry, 

the author cited a strong positive linear relationship with volatile fatty acids and immobilization.  

 

The two pooled exponential decay kinetic model (Y = a*exp(-k1*t) + b*exp(-k2*t) ) was attempted 

to describe the % organic N mineralized to the system. The TLC was the only amendments to have 

successful convergence in the PROC NLIN analysis from time zero. The poor model fitting for the 

remaining amendments was due to the initial immobilization that occurred early in the incubation 

and then a subsequent mineralization; a pattern not explained using the two-pooled decay model. 

The successive removal of sampling periods and testing for convergence determined that using data 

beginning from 21 d was successful in fitting a two pooled decay model for TL and PA. PL was only 

successfully fitted with a single pooled decay model (Table 2.5). The removal of the initial sampling 

periods prevents any estimation of the initial N dynamics but allows for longer term evaluation of 

the amendments. Hadas et al. (1983) reported a similar issue with PL in the first 7-30 d, which 

exhibited rapid N mineralization resulting in large standard deviations with the fitted model. Hadas 

et al. (1983) shifted the N mineralized during the 7 to 30 d period into the 30 to 90 d period to 

improve the a and b constants (Table 2.5) signifying the proportion of the amendment organic C (%) 

in which each respective k values represent, t is time in weeks. In the TL the rapidly decomposable 

pool accounts for ~42% of the manure organic N. In contrast the rapid pool for the TLC accounted 

for ~9%. The slow pool of the TL and TLC had half-lives of 1.4 and 2.8 yr, respectively.  The shift 

from ~40/60% (rapid/slow) to ~10/90% from the TL to TLC can be expected, as previously 

discussed, the composting process decomposes the easily mineralizable material and the process is 

susceptible to N loss through volatilization.  This has important implications on timing of 
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application and repeated use of the amendments. The composted material will subsist in the soil 

longer with a greater proportion in the “slowly” mineralizable pool and in addition that pool having 

a 50% longer half-life.  Several studies examining application of composted materials a N or P 

source have shown greater crop response in the second year of application due to the slower 

mineralization rates, this is further examined in Chapter 5. 

 

Table 2.5. Amendment organic N decomposition parameter estimates of a two pooled 
kinetic decay model (Y = a*exp(-k1*t) + b*exp(-k2*t) ). Parameters a and b units (%), k1 and k2 
constants (week-1). 

 

  Parameter Estimates    

Amendments  a b k1 k2 Pseudo R2  

TL1 42.43 (11.5)6 57.75 (11.7) 0.26 0.0092 0.99 

TLC2 9.26 (2.2) 90.74 (1.8) 0.94 0.0047 0.9 

PL3 108.8(2.3)5  0.0099  0.58 

PA4 20.83 (44.5) 79.91 (44.9) 0.17 0.0077 0.97 
1
TL- Turkey Litter (time 3, 7, 14 removed), 

2
TLC - Turkey Litter Compost, 

3 
PL- Poultry Litter(time 3, 7, 14 removed) ,

4
PA – 

Pelletized Amendment (time 3, 7, 14 removed), 
5 parameter estimates for a single pooled kinetic model (Y = a*exp(-k1*(t) ) 

6
Number in 

brackets () – Approximate Standard Error 
 

2.5 CONCLUSION  
 

This research assessed the N release characteristics of a variety of organic amendments 

available to organic producers (exception anaerobic digestates).  This understanding of amendment-

specific N release patterns is essential for avoiding either excess N applications or deleterious effects 

on crop yields. Decomposition rates were lowest with composted amendments (TLC, CD) and this 

low available C caused N2O emissions to be the lowest when compared to other amendments. For 

N2O emission mitigation much of the issues occur during the amendment storage or composting 

periods and once applied to the soil composted products show lower emissions than fresh 

amendments.  The low C:N ratio amendments PA and D3 had greater decomposition rates and PA 

had the greatest N2O emission, while D3 the greatest CH4 emissions.  Net N mineralization rates 
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varied across amendments, with TL supplying the greatest % of the organic N to the inorganic N 

pool. The TLC mineralized 16% of the organic N as compared to the 47% from its “fresh” 

counterpart. The CD had a period of immobilization before having net mineralization rates 

indistinguishable to the control. This lack of CD N release suggests the producers using this 

amendment should not expect a significant N contribution to the soil for plant uptake if applied in 

that season and due to the lack of NO3
--N build up (low leaching potential) it may be beneficial to 

apply in the fall prior to spring plant to allow time for mineralization to occur. CD would make a 

more appropriate amendment for soil C sequestration or possibly for targeting P goals, although no 

P release estimations were made in this incubation.  The PA is recommended as a starter fertilizer 

for corn, due to its ability to be put in corn planters and grain drills, with far lower application rate 

recommendations (200-400 kg ha-1 (PC 2012)) than the other amendments. The rapid C 

decomposition of the material (compared to the other amendments) suggests the macro and micro 

nutrients, within the organic material, important for an efficient starter fertilizer could be available to 

the seedlings.  The anaerobic digestates had a net immobilization of the organic N added, the 

immobilization occurred rapidly within the first week of the incubation, before a slow positive linear 

mineralization occurred from day 35 on. When anaerobic digestates are used in the field it is 

imperative that they are applied sufficiently early to allow for the period of immobilization to 

conclude and that the period N plant uptake coincides with remineralization of the amendment N. 

When determining N application rates using anaerobic digestates it is reasonable to assume that the 

initial NH4
+content will be the principal N source with little contribution from the organic N in the 

first season of application.  

 

The lack of a link between amendment C:N ratio and any of the measured parameters 

highlights the limits of the ratio as an indicator for N mineralization estimates. Producers using these 
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types of organic amendments need to consider the diverse N availability patterns observed and 

careful timing of application is required to avoid soil N immobilization or excess soil N 

accumulation.  
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3 CEREAL CROP YIELD, GRAIN QUALITY AND SOIL NITROGEN 
RESPONSE TO POULTRY AND DAIRY COMPOST 

AMENDMENTS 

3.1 ABSTRACT  
 

Limited research exists to guide organic cereal producers on economically and environmentally 

optimum rates of application of organic amendments as nitrogen (N) fertilizer sources to achieve an 

adequate yield and grain quality response.  Compost has several advantages over fresh manures  as a 

potential source of N due to lowered risk of ammonia (NH3
+) volatilization as the majority of the N 

in is  in the organic form, reduced odours during application, improved synchrony with crop N 

requirements and increased soil carbon sequestration. The objectives of this study were to determine 

the grain yield (GY), grain N concentration (GNC) and grain N uptake (GNU) response to 

increasing rates of a spring application of turkey (Meleagris gallopavo)  litter compost (TLC) and 

composted dairy manure (CD), at 6 treatment levels  to provide  up to  150% of the crop N 

requirements. The N availability from TLC was evaluated  with crops of spelt (Triticum spelta) , oats 

(Avena sativa), a mixed crop of oats/barley (Hordeum vulgare)/ field pea (Pisum sativum L) and corn (Zea 

mays) on four sites, and one site using CD with an oat crop.  Soil types ranged from silt loam to 

heavy clay.  Soil nitrate (NO3-N) and ammonium (NH4-N) we sampled at the harvest of each crop.  

Above ground biomass, GY and GNU response to applied compost were determined at crop 

maturity.  Applications of TLC resulted in a significant positive response to grain yields at all sites, 

achieving yields up to 43% greater than control plot. The oat and spelt grain yields exhibited a 

quadratic response to increasing rates of TLC, though the oat grain yields were affected by lodging 

at the highest rates of compost application. Corn and the mixed crops showed a linear increase 

increasing rate of TLC application.  The application of CD had no significant effect on oat grain 

yield at any rate of application.  The MERA of TLC for the spelt crop was 4.6 t ha-1 and 2.3 t ha-1 for 
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the oat crop. GNU and GNC were significantly influenced by TLC application and the GNU had in 

general a positive linear increase.  The Agronomic Efficiency (AE) ranged from 1-14% and Grain 

Nitrogen Accumulation Efficiency (GNAE) ranged from 4 – 28%, and when combined across sites 

exhibited an exponential decay function with increasing rates of application.  The residual soil 

nitrogen (RSN) and NO3-N at harvest were significantly influenced by the application of TLC, with 

the exception of the mixed crop site.   This study showed a positive grain yield response and 

improved grain N content to the use of TLC as a source of N, and demonstrated that it could be an 

economically viable management option for organic producers.  

 

3.2 INTRODUCTION  
 

The use of organic amendments in field crop production is a management practice that can 

be employed to benefit soil quality and increase crop production. Organic amendments can be used 

to improve soil bulk density (Tester 1990), increase soil organic carbon pools (Eghball et al., 2002; 

Fortuna et al., 2003; Li et al., 2013), increase soil aggregate stability (Bipfubusa 2008 et al.; Grandy et 

al., 2002) and increase soil microbial biomass (Laland et al., 2003).  These amendments can also be 

used as an alternative to inorganic fertilizers as a source of nutrients for promoting field crop 

growth. The use of synthetic fertilizers in organically-managed systems is prohibited and as such 

amendments such as livestock manures and composts can be the primary source of macro- and 

micro-nutrients.  However, one of the greatest challenges for organic producers is providing 

sufficient quantities of plant available N to meet crop N requirements. This challenge can be 

addressed through a combination of organic amendments, cover crops and green manures (Berry et 

al., 2002).  
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Application of fresh manures on field crops can be an effective way of managing livestock 

waste while simultaneously lowering the cropping system costs of purchasing off-site fertilizer or 

amendments to meet the crop N requirements (Diacono et al., 2010). The composition of N within 

an organic amendment is a key determinant on the ideal approach to managing these substances. 

Variation of N composition can be significant between manure sources, for example solid beef 

manure has an average Total N (%) of 0.86 and within that percentage 5% of the N will be in the 

inorganic NH4-N form, whereas average solid poultry litter (PL) has a 2.71 Total N (%) and 22% of 

the total N is found in the NH4-N pool (Brown 2008).  Poultry manure has both greater total N and 

a greater proportion of inorganic N therefore a lower rate of application is required to achieve N 

goals when relying predominately on the inorganic N.  The remaining N is in the organic form can 

become available to the plant through mineralization. Mineralization is a microbially-mediated 

process that occurs during the decomposition of organic materials. Mineralization will occur if the 

quality of the organic material is rich enough in N that the microbes have an excess beyond their 

own N requirements for growth, as discussed in Chapter 1.  Once the N is mineralized into the soil 

mineral N pool it can be utilized by the crop, alternatively if there is no crop present to uptake the N 

or mineralization is at a rate greater than crop N requirements, the excess N is susceptible to loss 

through nitrate leaching and denitrification processes (Fortuna et al., 2003). Understanding the 

underlying factors affecting the rate and timing of mineralization, potential N loss pathways and 

timing of crop N requirements allows producers to maximize the N-use efficiency of these 

amendments.  

 

Due to its high NH4-N content in contrast to other livestock manures and to the rapid 

availability of plant available nitrogen from urea and uric acids (Mahimairaja et al., 1994), PL can be 

an effective N fertilizer source, achieving yield responses equivalent to that of synthetic N fertilizers 
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(Cooperband et al., 2002; Sims 1987).  The nature of N in PL also results in a greater potential for N 

losses by ammonia volatilization. If not incorporated, losses of ammonia can significant in the first 

hours of after application, depending on method of application and on field conditions. Reported 

losses have approached 100% under conditions optimal for volatilization from a bare soil (Meisinger 

et al., 2000).  Rapid nitrification of the NH4-N can allow N loss through leaching if the timing of 

application of N doesn’t coincide with crop N uptake (Larney et al., 2006b).   

 

A proposed solution to lower the risk of loss through these pathways is the composting 

fresh manures. A study by Brinson et al. (1995) examined ammonia volatilization between surface 

applied fresh and composted poultry litter in a column experiment, and over 21 d the fresh PL had 

volatilization losses ranging from 17-31%, whereas the composted PL volatilization was negligible. It 

should be noted that the author does indicate that significant N loses can occur during the 

composting process, but the degree of loss was not evaluated in this study.  As discussed in Chapter 

1 the majority of the inorganic N that was present in fresh manures will have been ideally exploited 

by the microbial populations during the decomposition process and is now bound in the organic 

form or lost through volatilization (Larney et al., 2006a). The remaining organic matter that has yet 

to decompose will be the most stable component of the original feedstock and can be poorly 

accessible to microbes once the amendment is incorporated into the soil (Paul 2007). It has also 

been hypothesized that the slower N release of compost may improve N-synchrony with crop N 

uptake as compared to inorganic fertilizers if this slow release is taken into account, such as applying 

in the fall (Ma et al., 1999). In contrast, a study by DeLaune et al. (2004) examining the use of 

aluminum phosphate and phosphoric acid to reduce volatilization during poultry litter composting 

found that while these sources reduced volatilization, up to 47% of the original N was still lost and 
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the costs of these mitigation techniques and the composting process itself resulted in the 

amendments no longer being economically viable. 

 

 There is the risk of phosphorus (P) loading in the soil when using an organic amendment as 

the primary source of N for crop requirements. This risk is increased when using compost as the 

amendment.  During the composting process there are substantial losses of C and N through 

respiration and volatilization, respectively, and no major pathways for P loss. This lowers the N:P 

ratio of the amendment compared to fresh manure. Therefore with lowered N availability of the 

amendment in compost form additional quantities of N are required while the P has become 

concentrated.  It is often recommended to apply organic amendments to address soil P fertility 

rather than N to avoid the potential for over application of P. This carries the associated risks of 

losses via surface P run-off/subsurface tile drainage and the associated environmental implications 

of P entering waterways (Gordon et al., 2014, Eghball et al., 1999).    

 

 The studies that have examined composted PL have shown varied effectiveness as an N 

fertilizer source to promote a crop yield response. Munoz et al. (2008) showed a significant increase 

in corn yield with composted PL and estimated 14% N availability in the first-year following 

application.  Warman et al. (2000) found an initial decrease in a mixed forage crop biomass with 

composted PL in the first year of application and only after repeated applications did the forage 

yield reach similar levels to that of an inorganic N fertilizer. Initial immobilization occurred in a 

cabbage study using composted poultry litter, with only N being available to the subsequent crops 

(Mahimairaja et al., 1995).  
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Limited research has been conducted on the relationship of PL compost application on GY, 

GNC and GNU response by field crops, and few studies have been conducted on organically-

managed systems. There are increasing amounts of certified organic amendments becoming available 

to organic producers in Ontario; however there is a lack of crop yield response data to support use 

of these amendments.  It is essential that organic producers have a solid foundation of yield 

response studies for these amendments, to ensure optimum application rates from both an 

economic and environmental perspective. The objectives of this study was to determine the GY, 

GNC and GNU response to increasing rates of TLC and CD on a variety of field crops and soil 

types. In addition, an evaluation of the agronomic efficiency and economic viability of these 

products was conducted based on the crop yield response regressions.  

  

3.3 MATERIAL AND METHODS 

  

3.3.1 Site Description and Experimental Design  
 

The studies were conducted on field sites located within southwestern Ontario and initiated 

in the spring 2011. The soil fertility properties prior to amendment application are summarized in 

Table 3.1 and Table 3.2 outlines the management and sampling timeline. The treatments consisted 

of five amendment application rates designed to provide from 0 to ~150% of the N requirement for 

each specific crop (Table 3.3). These application rates were based on the assumption that 33% of the 

total N in the TLC would become plant available during the first growing season following a spring 

application. This assumption was based on the compost producer’s estimation of availability 

(Gingrich 2011). The quantity of amendment applied was determined by spreading the amendment 

over plastic sheeting and weighing the amount applied with a field scale and calibrating application 
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rates based on N requirements at each treatment level. Table 3.3 shows the actual N applied at each 

treatment level using values from samples collected from each site and analyzed for N after field 

application. No amendments had been added in the previous field season.  

 

Table 3.1. Description of site location and soil physical and chemical properties prior to 
amendment application. 

 

Site  Riverstown   Yeovil     Forest    Harriston  Milverton  

Location 
43°55'59.42" N 
80°39'36.05"W 

44°4'33.69" N 
80°39'53.10"W 

43°6'43.7" N 
82°02'41.7"W 

43°54'54.04" N 
82°54'21.13"W 

43°36'25.08" N 
80°52'57.48"W 

Soil Type  Silt Loam  Loam Clay Loam Clay Loam 

Soil Series Listowel1 Listowel2 Brookston3 Harriston2 Perth4 

Soil texture 

25% Sand  28% Sand  14% Sand  24% Sand  15% Sand  

56 % Silt  50 % Silt  43 % Silt  55 % Silt  45 % Silt  

19% Clay 22% Clay 43% Clay 21% Clay 40% Clay 

Great Soil 
Group 

Gleyed Grey 
Brown Luvisols 

Grey-Brown 
Luvisols 

Dark Grey 
Gleysolic 

Grey-Brown 
Luvisols 

Grey-Brown 
Luvisols 

Drainage Imperfect Imperfect Poor Well  Imperfect 

OM5 (%) 2.75 3 2.82 4.6 3 

pH 7.5 7.7 7.2 7.5 7.6 

P6    (ppm) 5 5 33 6.8 9 

K   (ppm) 44 69 122 43 132 

Mg7 (ppm) 404 376 370 510 414 

Ca7    (ppm) 2069 4746 3190 3152 5694 

Zn7    (ppm) 1.57 1.65 2.02 2.6 1.43 

Mn7 (ppm ) 9.9 5 10 6.5 7.6 

B7    (ppm) 0.25 0.35 0.64 0.4 0.38 
1Soil Survey of Wellington County (Hoffman 1963)

2 
Soil survey of Grey County (Gillespie 1954),

3 
Soil Survey of Lambton County 

(Matthews 1957), 4Soil Survey of Perth County (Hoffman 1952a), 5OM - Organic Matter  6 Sodium Bicarbonate P 7 Method- Dry 
Ashing followed by ICP/OES AOAC 985.01 
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Table 3.2. Site management and sample collection. 

 

Site  Riverstown   Yeovil     Forest    Harriston  Milverton  

Pre-Plant Soil Sampling   May 6 Apr 25 May 20 May 9  Apr 13  

Amendment 
Application  

May 12 May 5 Jun 2 May 10 May 11 

Planting  May 12 May 6 May 21 May 10  Oct 2010   

Red Clover Seeding  N/A May 8 N/A N/A May 6 

Harvest Jul 28 Aug 2 Oct 31 Nov 3  Jul 27  

Post-Harvest Sampling  Jul 29  Aug 3  Nov 1 Nov 4  Aug 1 

Tillage SC1 FP2/SC FP/SH3 SC FP 
1Spring chisel, 2 Fall Moldboard Plowing, 3 Spring Harrow  

 

Table 3.3. Rates and total N applied of TLC and CD. 

 

      Compost Application Rates (kg ha-1)7  

Sites Crop Target Rate   1 2 3 4 5 

Milverton Spelt 671 
TLC3 3130 4688 6090 7708 9867 

Total N  605 90 117 148 190 

Yeoville  Barley/Oats 70-502 
TLC 4259 7879 10381 16184 20454 

Total N  59 110 144 225 284 

Riverstown  Oats 352 
TLC 2920 7694 10388 13080 16386 

Total N  50 132 179 225 282 

Forest  Corn 1502 
TLC 7681 15362 23600 35623 46755 

Total N  81 163 250 378 496 

Harriston  Oats 352 
CD4 10200 20900 35113 50094 70042 

Total N  49 100 169 240 336 
1(Oplinger 1990) 2(Brown 2009) 3TLC – Turkey Litter Compost, 4CD – Composted Dairy Manure 5 Estimated N availability 33% of 
total N value (60 kg total N ha-1 = 19.8 kg N ha-1) 7 A control of 0 kg N ha-1 is a 6th rate  

 

The experiment was designed as a randomized complete block with the sites at Forest, 

Milverton and Riverstown having 4 replicates, at Yeoville 5 replicates, and at Harriston 6 replicates. 

The experiment at Riverstown was designed as a split block with half the treatments interseeded 

with red clover. However, excessive precipitation in the spring prevented red clover seeding, 

effectively doubling the replicates within each block (for a total of 8 replicates).  At Milverton and 

Yeoville, red clover (double cut) was interseeded with the field crops in spring at a seeding rate of 

~9 kg ha-1 (Table 3.2).   
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Each experimental plot was 12 m wide by 20 m long, allowing full-sized field equipment to 

be used to duplicate actual farm practices and field conditions. The field equipment used for 

compost application varied depending on the producer’s equipment: at Riverstown a Bunning 

vertical beater manure spreader, at Yeoville (John Deere Hydra-Push), Harriston (New Holland 680) 

and Milverton (New Holland 195) a traditional horizontal beater manure spreader, and at Forest a 

combination use of a lime spreader (Stoltzfus 8 ton) for lower application rates and a horizontal 

spreader (New Idea) for the higher rates. The amendments were incorporated into the soil at the 

Riverstown, Yeoville, and Harriston sites prior to planting. At Forest and Milverton the amendment 

was left undisturbed on the surface soil.  The crops planted, the dates of amendment application and 

dates of crop harvest for each site is reported in Table 3.2. The following crops had been planted the 

previous fall: at Milverton winter spelt, at Harriston and Riverstown hulled oats, at Forest corn, and 

at Yeoville a mix cereal crop (45% oats, 45% barley, 10% field pea).  

 

Weed control was conducted only at the Forest site with tine weeding four weeks after 

planting (Table 3.2). All other sites were cereal crops which received no mechanical weed control. 

None of the sites received herbicide or insecticide applications as per Organic Certification 

Guidelines. 

3.3.2 Compost properties   
 

The TLC is produced commercially from turkey bedding at a composting facility located on 

a large-scale turkey farm near Thamesford ON.  The TLC consists of turkey manure, softwood 

shavings and wheat straw which is composted under controlled conditions, temperature monitored 

to ensure a thermophilic stage of above 55°C for at least 4 d for pathogen sterilization and weed 
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seed sterilization and a curing phase to yield a finished product ready for distribution at 12 months 

(PC 2011). This amendment meets the criterion of the Canadian Organic Standards (COS) and is 

approved for use in organic farming systems in Canada. The CD produced at the Harriston farm is 

composed of dairy manure with wheat straw bedding which had been piled in a windrow and turned 

infrequently for a year prior to application.  

  

Samples of the amendment were collected the on the day of application for determination of 

nutrient and moisture contents (Table 3.4). The samples were taken from the several locations 

within the amendment heap and later homogenized for preparation of a representative subsample.  

The period between amendment delivery and field application was no longer than 3 days. Since the 

data for compost moisture content and N content was not available until after field application, N 

application varied somewhat from the targeted N rates (Table 3.2)  

  

Table 3.4. Properties of the organic amendments applied as an N source. 

 

Location  Riverstown   Yeoville     Forest    Milverton  Harriston  

Amendment             TLC1 TLC TLC TLC CD2 

Crop   Oats Mix Corn Spelt Oats 

Amendment Parameters  
(“as is”)           

Dry Matter (%) 54 49.9 42 53 20 

Organic Carbon (%) 18.05 16.57 14.02 17.49 8.15 

Total N (%) 1.62 1.39 1.06 1.92 0.48 

NH4
+-N (ppm)  1263 1059 923 1123 0 

Total P (%) 1.7 1.62 1.42 1.66 0.13 

Total K (%)  1.61 1.48 1.47 1.68 0.73 

C:N Ratio 11.1 11.9 13.2 9.09 17.8 
1TLC – Turkey Litter Compost,2CD – Composted Dairy Manure  
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3.3.3 Soil measurements   

 
A criterion for selection of the location of the experimental area was a consistent soil type 

which was determined from soil survey reports and confirmed by visual inspection prior to site 

establishment. Prior to initiating the study soil samples were collected at each site from a depth of 0-

30 cm. Ten samples were taken from each block, homogenized and subsampled to get a background 

estimate that is representative of the entire study site.  Soil physical and nutrient characteristics are 

summarized in Table 3.1. Soil physical and chemical parameters were analyzed at the Agri-Food 

Laboratories (Guelph, ON). Soil moisture content was determined by oven drying at 105ºC for 24 h.  

Soil organic carbon was determined through dry combustion, using a LECO TrueSpec analyzer 

(Agri-Food Laboratories, Guelph, ON). The soil N samples were sampled at each experimental unit 

10 times and separated by depth, homogenized on site and either immediately frozen or extracted on 

return to the laboratory. Soil inorganic N was measured using the method described in Chapter 2.  

Estimates of soil N in kg ha-1 units were determined by bulk density estimates found using a 

predictive soil water characteristics model based on soil texture and organic matter properties by 

Saxton (2006).  

3.3.4 Crop Yield and Grain N determination  

 
Plots were harvested using a Winterstrieger plot combine, with the exception of the Forest 

plot which was hand harvested. For cereal crops the harvested strips ranged in length from 8 to 12 

m depending on site and crop at a width of 1.25 m. Grain samples were weighed in field; in the 

laboratory samples were kept in an oven set at 60°C for several days until a constant dry matter 

weight was reached. The crop was threshed and grain cleaned to remove crop residues, chaff, and 

weed seeds.  Grain yield (GY) was calculated based on the area of the harvested strip and the weight 

of the grain harvested and expressed in kg ha-1 dry grain. At the Forest site, two rows 9 m in length 

were sampled first with hand harvested cob removal and then corn stover cut at the soil surface 
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taken from the center of the plot. Corn cobs and stover were weighed in the field and a subsample 

of 10 corn cobs and 6 corn stalks were taken for drying and dry matter yield determination. The 

kernels from the corn cob were removed (Agriculex Corn Sheller) to determine grain yield. Grain 

protein content was determined using the NIR (Near Infrared) method (DICKEY john 

OmegAnalyzerG Whole Grain Analyzer).  Based on these values for grain protein content, 20% of 

the grain samples representing the spectrum of values from highest to lowest protein concentration, 

as measured by the NIR method, were subsampled from each site, and ground to pass through a 0.5 

mm sieve using a Brinkman-Retsch hammer mill.  Ground samples were analyzed for Total N 

content using a LECO TrueSpec® CN analyzer at the University of Guelph, Ridgetown Campus.  

Grain total N concentration (GNC) was used to generate a regression coefficient with the data for 

protein content to allow all samples to be reported as % total N. All regression relationships had an 

r2 fit greater than 0.93. The grain N uptake (GNU) was calculated by multiplying the GNC (%) of 

the grain x the GY (kg ha-1).  

 

3.3.5 Economic Analysis and Nitrogen Use Efficiency  
 

Agronomic efficiency (AE) was calculated based on the equation used by Delogu et al. 

(1998) and Motavalli et al. (1989), which is based on the difference in the crop response to the 

amendment and the control (unamended) treatments.  

 

AE (GY:N)= (GYt (kg ha-1) – GYo(kg ha-1)) / Nr (kg ha-1)  [3-1] 

 

Where GYt is the GY the treatment, GYo the GY of the control and Nr rate of N applied. 

Incorporating the response of grain nitrogen (GN) (Grain N Concentration (%) x Grain Yield (kg 

ha-1)) to the amendment was used  to assess the N uptake efficiency of the crop, and this can 
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achieved be evaluating the Grain N accumulation efficiency (GNAE) which is calculated based on 

the  equation proposed by Dawson et al. (2008): 

 

GNAE (%) = [(GNt (kg ha-1)– GNo(kg ha-1)) / (GNr)(kg ha-1))] x 100   [3-2]          

  

Where GNt is the grain N from the treatment plot, GNo grain N from the control, GNr is 

the amendment N application rate.  Dawson et al. (2008) described this concept as a ratio grain N to 

N supply, with the additional step of subtracting the grain N from the amended treatment from that 

of the control which considers the N supplied by the soil and displays the efficiency of utilization of 

the amendment N.     

 

Most economic rate of amendment (MERA) is an economic evaluation method obtained by 

calculating the first derivative of the yield regression against the price ratio of grain value and 

amendment cost, and this generates an application rate (kg/ha) of the TLC which is optimized for 

economic gain.   

MERA = (by – (bn/k))/ (2cy) [3-3] 
 
 

Where by is the linear component of the quadratic regression response curve, bn is the price 

of fertilizer ($/kg), k is the value of the grain ($/kg) and the cy is the quadratic component from the 

grain yield regression response curve (with total amendment applied as the x –axis).  The MERA 

calculation can be performed only for crops that responded as a quadratic regression as a positive 

linear response indicates that a rate of application has not been reached where the crop no longer 

responds to increasing N and a plateauing has occurred.   
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3.3.6 Statistical Analysis  
 

The PROC GLM procedure in SAS (SAS institute 2013) was used for analysis of variance 

(ANOVA) for the crop (GY, GNC, GNU) and soil measurements (NO3-N, NH4-N, RSN).  Rate 

and cover crop (when applicable) effects were examined using least-square means (LSM). The 

inorganic soil N analysis included sampling depth as an additional variable.  The means of the two 

soil depths (0-15 cm and 15-30 cm) were pooled to examine LSD difference of inorganic N pools at 

0-30 cm.  Probability level of ≤ 0.05 was deemed significant for the F statistics and rate comparisons 

using LSM values.  When multiple mean comparisons were conducted through analysis of the least 

squared differences (LSD) a Tukey’s T-test was utilized and contrasts were considered significant at 

P = ≤ 0.05 . The assumption for the ANOVA was that treatment effects are linear and additive with 

the errors being random and normally distributed around mean of zero with similar variance.  The 

Shapiro-Wilk test was used to test the sample data for normality. If the data were found to have a 

non-normal distribution, then a log transformation of the data was performed for the goal of 

achieving normal distribution. If transformed data achieved normality then LSM and SE was 

reported.  

 

Orthogonal polynomial contrasts for the regression determination was completed through 

PROC GLM.  The sum of squares for N application was partitioned into linear, quadratic, cubic and 

lack of fit partitioning LOF (LOF not shown). The interaction effects of cover crop or depth with 

rate were also portioned into an orthogonal polynomial (not shown). The polynomials were deemed 

significant if an F-test exhibited a type 1 error probability level of ≤ 0.05. The regression occurred 

when the non-class variable of rate or rate interaction was found to be significant in the ANOVA 

analysis.  
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The layout of the Riverstown site contained two plots in each block with the same rate of 

application. To maintain the randomized complete block design of this site, the designation of a 

crop treatment was maintained when completing the ANOVA. This effectively made the design a 

split-block and the two repetitions within each block were considered subsamples. The reported 

least squared means were generated in the PROC GLM procedure requesting only means from rates 

on the assumption that the treatment of cover crop was not significant in the model. 

 

3.4 RESULTS AND DISCUSSION  
 

3.4.1 Meteorological Data  
 
The precipitation trend for the 2011 growing season was characterized by above average 

precipitation in early spring and below average in July and August. During April rainfall was 19 ± 3 

% higher than normal across all sites (Table 3.5). In July sites experienced drought conditions with 

precipitation ranging from 25% to 67% lower than the 30-yr average, with the exception of the 

Forest site which had lower than average precipitation but not to the severity as the other sites. A 

significant portion of the rainfall in July occurred during single large rain events. For example, at the 

Riverstown, Milverton, Yeoville and Harriston sites one rainfall event supplied 55% of the monthly 

precipitation. July experienced higher than average temperatures (~ 10%) across all sites. The 

Milverton site was 25% (3°C) warmer than usual in May and above average during the growing 

season as a whole (Table 3.5).  
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Table 3.5. 30 year average, mean, maximum, minimum air temperature (°C) and 30 year 
monthly average, monthly daily maximum and percentage of monthly total due to 
maximum precipitation event (mm). 

 

Site  Month 

30 yr 
Mean  

2011  Min Max 
30 yr 
Mean 

2011 
Max 

(Daily)  

% of 
Monthly 

Total  

--------------Temperature (°C)----------- ------Precipitation (mm) ----- (%)  

Riverstown1 

Apr 5.8 5.4 -3.8 20.5 77 90 14 16 

May 12.2 13 0.7 30.4 96 95 25 26 

Jun 17.4 16.4 3.3 29.7 83 73 31 42 

Jul 19.8 21.3 7.5 32.7 90 29 16 55 

Aug 18.9 19.3 10 29 100 64 24 38 

Total 
    

446 351 
  

Forest2 

Apr 7.1 6.6 -11 26 79 89 19 21 

May 13.1 14 2 32.5 81 87 20 23 

Jun 18.7 18.3 4 34 76 69 36 52 

Jul 21 23.2 9 36.5 87 65 15 23 

Aug 20.2 20.9 11.5 30 80 131 36 27 

Sep  16.4 16.8 5.5 33.5 103 131 23 18 

Oct  10.2 11 -1 27.5 94 114 46 40 

Total 

    
600 686 

  

Milverton3 

Apr 5.8 6.5 -3.5 22 77 105 14 13 

May 12.2 15.2 2.5 29.5 96 121 25 21 

Jun 17.4 17.5 11.1 23.8 93 57 14 25 

Jul 19.8 22.5 9 32 90 36 19 53 

Aug 18.9 20.7 14.9 26.5 100 219 71 32 

Total 
    

456 538 
  

Yeoville4 

Apr 5.6 5.4 -3.8 20.5 74 90 14 16 

May 12 13 0.7 30.4 94 95 25 26 

Jun 17 16.4 3.3 29.7 85 73 32 44 

Jul 19.6 21.3 7.5 32.7 84 29 16 55 

Aug 18.9 19.3 10 29 102 64 24 38 

Total 
    

439 351 
  

Harriston5 

Apr 5.8 5.4 -3.8 20.5 73 90 14 16 

May 11.9 13 0.7 30.4 85 95 25 26 

Jun 17.2 16.4 3.3 29.7 78 73 32 44 

Jul 19.6 21.3 7.5 32.7 83 29 16 55 

Aug 18.6 19.3 10 29 95 64 24 38 

Total         414 351     
1
30 year mean data  on precipitation and temperature data from the Durham Environment Canada weather station (30 km from site), 

2011 data from Mount Forest Environment Canada weather station (9.5 km from site) 
2
30 year mean  and 2011 data precipitation and temperature data from the Glen Allen Environment Canada weather station (16 km 

from site) 
3
30 year mean  and 2011 data precipitation and temperature data from the Theford Environment Canada weather station (16 km from 

site) 
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4
30 year mean data  on precipitation and temperature data from the Durham Environment Canada weather station (30 km from site), 

2011 data from Mount Forest Environment Canada weather station (13.5 km from site) 
5
30 year mean data  on precipitation and temperature data from the Hanover Environment Canada weather station (22 km from site), 

2011 data from Mount Forest Environment Canada weather station (14.65 km from site) 
 
 

3.4.2 Crop Grain Yield Response 
 

GY was significantly affected by rate of amendment application at all sites, with the 

exception of the Harriston site (Table B.1).  GY at Riverstown showed a quadratic regression 

response (Figure 3.1) to increasing rates of amendment, with a maximum of 3.5 t ha-1 at an 

application rate of 166 kg Total N ha-1 (Table 3.6).  GY at amendment rates 133, 178 and 225 kg 

Total N ha-1 were significantly greater than the control, with the rate of 178 kg Total N ha-1 resulting 

in a GY of 3.64 t ha-1, which is 27% greater than the control treatment which received no 

amendment (Table 3.6). Using the incubation N mineralization rate model as a means of estimation 

(Chapter 2), the application of 178 kg Total N ha-1 would provide 40 kg N ha-1 (14 kg NH4
+ ha-1 + 26 

kg org N (mineralized 16 weeks) ha-1) potentially available N, which is an application rate 

recommendation for this region (Brown 2009). All of the plots that received TLC at a rate of 282 kg 

Total N ha-1 experienced severe lodging of the oat crop presumably due to excess nitrogen 

application. A combination of stalk collapse during crop growth which would limit photosynthesis 

and poor harvesting conditions, due to the crop laying on the soil surface, reduced grain harvest and 

resulted in a GY that was not significantly different from the control. The GY of the control 

treatment was 24% higher than the county average of 2.3 t ha-1 for conventional agriculture 

(Kulasekera 2012), suggesting that climatic conditions were not a significant factor limiting crop 

growth.   
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Figure 3.1. Crop yield response as influenced by rate of turkey litter compost (TLC)  
application at 4 sites: ( A) Riverstown (oats), B) Milverton (spelt) C) Yeoville 
(barley/oats/pea) D) Forest (corn) in 2011.   
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Table 3.6. Least squared means of grain yield (GY), grain N concentration (GNC), grain N 
uptake (GNU), agronomic efficiency (AE) and grain nitrogen accumulation efficiency 
(GNAE), letters denote significant differences between means at each site, n.s. in the SE 
column indicates there was no significant interaction with rate and the variable. 

 

Site 
Application 

Rate 
Grain 
Yield 

Grain 
N 

Grain N 
uptake AE GNAE 

  
Total N kg 

ha -1  t ha-1 % kg N ha-1 GY:N  % 

Riverstown 
(oats)  

0 2.86a 1.54a 44.08a n/a n/a 

50 3.18ab 1.50a 47.87ab 11.98a 21.50a 

133 3.38bc 1.50a 50.71bc 3.88b 4.99b 

178 3.64c 1.53a 55.84c 4.38b 6.60b 

225 3.47bc 1.58a 54.90c 2.70b 4.80b 

282 3.16ab 1.71b 53.70bc 1.05b 3.41b 

SE 0.13 0.031 2.25 1.47 2.1 

Forest 
(corn)  

0 5.39a 0.76a 40.97a n/a n/a 

81 6.54b 0.80ab 57.16b 14.16 24.14a 

162 6.71b 0.80ab 53.34ab 8.07 7.59b 

250 7.02b 0.84ab 59.17b 6.52 7.27b 

337 6.86b 0.82ab 56.04b 3.87 3.99b 

495 7.51b 0.88b 63.10b 4.29 4.97b 

SE 0.4 0.03 4.4 n.s. 2.25 

Milverton 
(spelt)  

0 2.13a 1.82a 38.74a n/a n/a 

60 2.62ab 2.00b 53.24b 8.48 24.51 

90 2.97bc 2.14b 63.96bc 9.48 28.41 

117 3.02c 2.16c 65.41bc 7.65 22.82 

148 2.86bc 2.17c 62.31bc 4.95 15.93 

190 3.04c 2.23c 67.83c 4.8 15.35 

SE 0.13 0.06 5.45 n.s. n.s. 

Yeoville 
(oats & 
barley) 

0 2.80a 2.00 56.64a n/a n/a 

59 3.51b 1.92 67.45b 13.91a 18.26 

110 3.65b 1.97 72.38bc 7.72b 14.38 

144 3.69b 1.93 71.59bc 6.138b 10.36 

225 3.89b 2.02 78.56cd 4.85b 9.74 

284 4.38c 1.98 86.78d 5.54b 10.60 

SE 0.15 n.s. 2.97 1.69 n.s. 

Harriston 
(oats)  

0 2.4a 1.87a 44.92 n/a n/a 

49 2.15 1.98b 42.29 -5.25 -5.30 

100 2.55 2.03b 51.42 1.43 6.47 

168 2.22 2.04b 44.13 -1.08 -0.47 

240 2.267 2.06b 45.81 -0.56 -0.64 

336 2.64 2.05b 54.09 0.71 2.73 

SE n.s. 0.025 n.s. n.s. n.s. 
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Amendment application rate significantly affected spelt crop GY at the Milverton site (Table 

B.1) whereas interseeded red clover did not. The maximum de-hulled spelt GY was 3.04 t ha-1 at the 

highest rate of 190 kg N ha-1, and this yield was not significantly different from those GY at 90, 148, 

190 kg N ha-1 (Table 3.6). The GY orthogonal partition was significant at the quadratic polynomial 

(Figure 3.1). Due to higher than normal precipitation during the spring 2011, the TLC was broadcast 

applied two or more weeks later than planned, and by this time the spelt crop was ~19 cm high. If 

TLC had been applied earlier, it is likely that the GY response would have been greater at the lower 

amendment application rates and that the GY response would have plateaued also at a lower rate.  

  

 The crop yield at the Yeoville site showed a positive linear response to increasing rates of 

amendment (Table B.1), intercropping of red clover had no significant effect. Schipanski et al. 

(2011) also found that wheat yields were not affected by red clover establishment. The majority of 

the red clover biomass growth occurs post-harvest when competition for solar radiation is removed 

(Gaudin et al., 2014).  Gaudin et al. (2014) showed a decrease in red clover biomass as rate of N 

application increased, and a quadratic plateau of wheat yields.  

  

The GY at the Forest site showed a positive linear response to increasing rates of 

amendment (Figure 3.1); the quadratic component of the regression was not significant indicating 

that a yield response plateau had not been reached with increasing rates of amendment (Table B.1).  

The maximum GY was 7.51 t ha-1 at the highest rate of application (495 kg Total N ha-1), and 

amounted to a 40% increase over the control plot.  This grain corn yield was greater than the 

expected organic corn GY average of 5.5 t ha-1 (Molenhuis 2014). There was no significant response 

of corn stover, total above ground biomass and the harvest index to the TLC amendment (Data not 

shown). 
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At the Harriston site there was no significant response in GY to rate of composted dairy 

manure (CD) application (Table B.1). The average GY was 2.73 t ha-1, which was higher than county 

conventional oat GY in 2011 of 2.3 t ha-1 (Kulasekera 2012). There has been mixed success in 

achieving GY response to applications of dairy manure compost. Ma et al. (1999) found that 

composted dairy manure at an application rate of 50 Mg ha-1(wet wt.) or 260 kg N ha-1  resulted in a 

significantly greater yield than the control, and after repeated applications achieved yields similar or 

better than an synthetic N fertilizer rate of 200 kg N ha-1. It should be noted that in the first year of 

application, GY was not significantly different that of the control but this was attributed to high 

levels of initial soil mineral N (120 kg N ha-1) and to cool wet conditions. Soils at the Harriston site 

had relatively low (~24 kg N ha-1 (0-30 cm depth) NO3
--N levels at the time of amendment 

application and climatic conditions in spring would not promote amendment N mineralization. In 

July the site received only 34% of the 30-yr average precipitation, 55% of which occurred in one 

rainfall event, and such dry conditions could have slowed mineralization during that month (Myers 

et al., 1989). The control plots had NO3-N of 80 kg N ha-1 (0-30 cm) at harvest and this is a 233% 

increase from the pre-plant NO3-N values. This increase in soil mineral N could have been sufficient 

for the oat crop yield and the addition of the CD generated a lack of yield response as it exceeded 

the crop N requirements. Ma et al. (1999) also attributed the improved yields in the latter part of the 

study due to a switch in timing of application from spring to fall and nutrient build up in the soil. 

Similar studies have shown either no response or yield suppression to cattle composts when the 

amendment is applied in the spring. Munoz et al. (2008) reported no corn grain response to cattle 

manure compost in the first two years applied at rates ranging from 44 to 94 kg N ha-1. Gagnon et 

al. (1997) found a yield decrease for spring wheat with application of dairy compost at 90 kg N ha-1 

on a sandy loam soil. Only with the addition of inorganic N as supplement to the compost were 

positive yield responses observed.  
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3.4.3 Grain N Concentration (GNC) and Grain N uptake (GNU)   

 

 
The Riverstown GNC was significantly influenced by increasing rates of TLC (Table B.1). 

The GNC was depressed at the two lowest amendment application rates (Figure 3.2). This is 

consistent with other studies examining cereal N requirements: a rapid increase in GY in response to 

increasing amendment N application can cause the GNC to decrease if the rate of GNU is not as 

rapid as the GY (Fowler 2003). GNU was significantly affected by TLC application (Table 3.6). All 

rates of amendment application, with exception of the lowest (50 kg N ha-1) rate, had GNU 

significantly greater than the control plot. Orthogonal regression indicated a significant positive 

linear pattern to increasing rate (Table 3.6).  
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Figure 3.2. Grain N response to turkey litter compost (TLC) application, a sigmoidal four-
parameter gompertz non-linear equation was fitted to the observed LSM of the grain 
samples (A) Riverstown (oats) and (B) Milverton (spelt). 
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Figure 3.3. Total grain nitrogen uptake as influenced by rate of turkey litter compost (TLC ) 
application at (A) Riverstown (oats), (B) Milverton (spelt), (C) Yeoville (barley/oats/pea), 
and (D) Forest (corn). 

 

The Milverton spelt crop had a positive linear GNC response to increasing TLC amendment 

and a quadratic response for GNU (Table B.1). GNC and GNU at all amendment rates were 

significantly greater than those of the control plots (Table 3.6). N uptake for wheat and small grains 

tends to have a linear component before a threshold is met and N uptake rate begins to diminish 

(Makowski et al., 1999). There are no fundamental differences in GNU patterns exhibited between 

spelt and wheat (Campbell 1997). The maximum GNU as determined by the regression was 70 kg N 

ha-1 at an application rate of 182 kg N ha-1 (Figure 3.3), which was just before the maximum GY at 
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204 kg N ha-1 (Figure 3.1). The N uptake and GY are reported to respond similarly for wheat 

cultivars with increasing N application rate (Makowski et al., 1999).   

 

The Milverton site exhibited a characteristic three part non-linear GNC response pattern 

between GNC and N rate (Figure 3.2) when regressed against the treatment means, this has been 

observed in similar N rate studies using wheat (Folwer et al., 2003). This is characterized by a lag 

phase which occurs when the crop responds to N inputs in soil N limiting conditions during which 

GNC can decline as proportionally its does not increase at the same rate of increase as GY. This is 

followed by a phase termed “poverty adjustment” (Macy 1936) which is characterized by a rapid 

increase in GNC when N is no longer the limiting factor (50 kg N ha-1 to 100 kg N ha-1) (Figure 3.2) 

and finally a phase of decreased rate of response referred to as “luxury consumption” (Macy 1936).  

The initial PROC GLM procedure indicated a significant positive linear regression with GNC and 

rate (Table B.1). A PROC NLIN analysis indicated that a sigmoidal four-parameter Gompertz 

equation better described the GNC response (Figure 3.2). This equation was proposed by Fowler 

(2003) for describing the GNC response of winter and spring wheat to an N amendment.   

 

GNC at the Yeoville site did not respond to TLC application (Table B.1).  For this 

measurement the mixed grains were subsampled randomly and crop grain components (a 

combination of oats, barley and pea) were analyzed as a whole. In future studies the effect of N 

application rates on intercrop composition should be considered as there is evidence that increasing 

N availability can increase competition from the cereal grains, resulting in the non-leguminous crop 

making a greater contribution to the overall N concentration of the mixed grain crop (Hauggaard-

Nielsen et al., 2001). There was a significant GNU response to TLC application, with all amendment 

rates resulting in significantly larger GNU than the control plot (Table 3.6). A positive linear 
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regression (Table B.1) was obtained between GNU and rate of amendment application. The 

response of GNU was a steeper linear slope than the GY, with similar goodness of fit to the 

observed values (Table B.2).  

 

There was a significant effect of amendment application rate on the GNC of the oat crop at 

the Harriston site. All treatments had a significantly greater GNC than the control plot; the pooled 

LSM of the response to application rates showed a 10% greater GNC than the control (Table 3.6). 

The orthogonal partitioning showed a significant quadratic function (Table B.2). The GNU did not 

respond to applications of CD with all treatments not being significantly different than the control, 

due to the GY’s variability and apparent lack of response to CD application   

 

The corn crop GNU at the Forest site exhibited a positive linear response to increasing rate 

of amendment application (Table B.1). In an N availability study Munoz et al. (2008) applied 

composted poultry litter at rates up to 419 kg N ha-1 and observed a similar positive linear response 

with plant N uptake and GY.  

 

 
A positive linear relationship was found between GY and GNU (r2 =0.86) (Figure 3.4). An 

analysis of covariance showed no significant difference among the slopes of lines of the different 

crops and there was no crop x GNU interaction. Similar positive linear interactions have been 

shown in studies evaluating organic amendments by Miller et al. (2009) with barley. An increasing r2 

with GY and crop N uptake corresponded with greater amendment N availability when comparing 

composts , fresh manure and synthetic fertilizers, with the later showing the strongest relationship. 

Miller et al. (2009) suggests that a significant positive linear response to N uptake indicates that crop 
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growth has not reached a maximum and that further research should be conducted on determining 

maximum N application rate.  
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Figure 3.4. The relationship between GY and GNU, each observation constitutes the LSM 
of a minimum of 4 replicates. 

 

3.4.4 Economic Analysis and Nitrogen Use Efficiency  

 
 The Riverstown oat and the Milverton spelt crop exhibited a quadratic response in GY 

which allowed for a MERA analysis to be performed. At an oat grain price of $545 t-1 (Molenhius 

2012) and the cost of TLC at $60 t-1, the estimated MERA was an application rate of 2.3 t ha-1, 

equivalent to a rate of 37 kg Total N ha-1. The recommended rate of N for oats in southern Ontario 

is 35 kg N ha-1 which is the target rate recommended for a profitable response (Brown 2009). This 

rate of amendment N application, 37 kg N ha-1, would supply less than this recommended amount 

due to the estimated N availability from composts being between 16% (Chapter 2) - 33% in the first 

year of application.   
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With the spelt crop currently priced at $650 t-1 (PC 2014) and at a cost of $60 t-1 for TLC, a 

MERA of 4.56 t ha-1 equating to 87.5 kg total N ha-1 was calculated. Spelt has an N recommendation 

lower than wheat due to its increased risk of lodging (Campbell et al., 1997). The recommended 

application rate of N for Wisconsin region spelt is 55-65 kg N ha-1 (Oplinger et al., 1990). The 

MERA rate is below the recommended N rate due to N availability in the TLC amendment 

supplying only 28 kg N ha-1 (based on 33% availability). 

 

Spelt grain grown to be sold for the bakery market should have a grain protein content of at 

least 12% (PC 2014). The GNC of spelt in our study ranged from 10 to 14% protein content (N 

content converted to protein content using a factor of 5.7) (Abdel et al., 1995). This is in agreement 

with the spelt protein content data reported for the eastern United States of 12 % (Campbell et al., 

1997), but slightly lower than data reported from European countries which range from 12 to 18% 

(Kohajdová et al., 2008). The price of spelt grain was determined based on advice from an organic 

producer involved in this study, as was the potential for protein premiums if the spelt was sold for 

use in baked goods (PC 2014). Examples of previous premiums for spelt are an additional $12 t-1 for 

a protein content > 12% and an $18 t-1 premium for a protein content >12.5% (PC 2014). These 

premiums were incorporated into the MERA calculations by using the regression of the value ($) of 

the grain at 650$ t-1, with each measurement either remaining at the same value if the GNC was 

below the premium threshold or adjusted to include the premium. Figure 3.5 shows that the 

maximum of the regression occurs at a greater value than the non-adjusted regression to value. This 

is to be expected as the GNC exhibited a positive linear regression and a GNC >12% threshold 

would not appear until a rate of ~ 90 kg N ha-1 was applied, hence the divergence from non-adjusted 

regression increasing as the rate of application increases. The MERA for TLC is estimated at 5.05 t 

ha-1, a 0.48 t ha-1 increase from the original MERA with the adjusted regression (Figure 3.5)  
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Figure 3.5. Most economic rate of application (MERA) for spelt with and without protein 
premiums, price of amendment (60 $ t-1), value of spelt (650 $ t-1), protein premium (12 $ t-1 > 
12%, $ t-1 > 12.5%). 

 

The risk of using composts for supplying all of the crop’s N requirements is over application 

of P.  The preplant soil samples from the Milverton site had a soil test P (STP) of 9 ppm (sodium 

bicarbonate P) (Table 3.1). The Ontario Ministry of Agriculture, Food and Rural Affairs 

recommendation for phosphate application to cereals is a rate of 30 kg phosphate (P2O5)
 ha-1 or 

13.08 kg P ha-1, which has a high probability of a profitable yield response for winter wheat.  The 

average MERA at the Milverton site for spelt was 5.05 t ha-1 and at this rate 84 kg ha-1 of total P 

would be applied. TLC has an estimated 40% total P availability (Gingerich 2011) in the first season, 

thus this rate of amendment would provide 34 kg ha-1 P to the crop, which more than double what 

is recommended for a profitable response. At the Riverstown site, with a STP of 5 ppm, the 

recommended application for oats is 60 kg phosphate ha-1 with a high probability of a profitable yield 

response. For a MERA of 2.3 t ha-1, the total P applied is 39 kg ha-1 with an estimated availability of 

15.6 kg P ha-1 or ~35 kg phosphate ha-1 which is about half the recommended rate of application.  
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The amendment application rate that maximizes economic gain at Riverstown site is such 

that over application of P will not occur in the first season, which can be a criticism of using 

composted amendments to achieve N goals (Eghball et al., 1999). In contrast, at the Milverton site 

more P was applied then was required to meet the optimal N needs for the spelt. Caution needs to 

be used when using composts as repeated applications will result in an increase of P in the soil, due 

to the quantity of P applied exceeding crop P requirements. Since not all of the applied P is available 

in the first year of application, because it is present as slowly soluble inorganic P and organic P that 

needs to be mineralized, these high application rates will eventually cause an accumulation of soil P. 

The use of legume forages within a rotation can mitigate the increase in P through significant crop P 

removal and do not require a source of N, while providing N to the next season’s crop (Brown 

2009).  A sample crop rotation of Corn-Soybean-Spelt (interseeded with red clover)-Corn–Oats–3 

years of forage has been used to illustrate the challenge of using TLC compost as a primary N 

source (Table 3.7). In this example rotation, to provide the 55 kg N ha-1 required for corn a total of 

157 kg P ha-1 will be applied, whereas to reach the same N target using PL 52 kg P ha-1 is applied. In 

this simplified P budget, without considering spring soil N levels, the use of TLC as the primary N 

source creates a P surplus of 215 kg P ha-1 and the use of PL creates a deficit of 18 kg N P ha-1 over 

the 9 year rotation. In practice producers have typically applied TLC at rates between 2-5 t ha-1 (PC 

2011) which fall within the MERA applications calculated in Chapter 3 and 4. At these more modest 

applications (Table 3.7) there is lower surplus of 44 kg P ha-1 over 9 years. In personal 

correspondence with several organic producers (PC 2011) it was indicated that in some years no 

amendment is applied to some small grain crop, such as oats. If the oat crop is left unamended then 

the estimated MERA budget would have a P balance close to zero (Table 3.7). 
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Table 3.7. Sample crop rotations using a) turkey litter compost (TLC) as the primary N 
source for crop N requirements b) poultry litter (PL) as the primary N source C) estimated 
most economic rate of amendment (MERA)  of  TLC.  
 

  A.TLC applied to meet N requirements  

Rotation  

N1 
Required 
(kg ha-1) 

P2 

Applied 
(kg ha-1) 

Expected3 
Yield        
(t ha-1) 

P4 
Removal 
(kg ha-1) 

Net P  
(kg ha-1) 

Corn  0 0 6.6 21 -21 

Soybean 0 0 2.02 12 -12 

Spelt (RC5) 56 157 3.36 17 140 

Corn  556 123 6.6 21 102 

Soybean  0 0 2.02 11 -11 

Oat 35 91 2.37 13 78 

Forage7 (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Forage (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Forage (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Net P   
    

215 

 
B.PL8 applied to meet N requirements 

  

N 
Required 
(kg ha-1) 

P 
Applied 
(kg ha-1) 

Expected 
Yield      
(t ha-1) 

P 
Removal 
(kg ha-1) 

Net P       
(kg ha-1) 

Corn  0 0 6.6 21 -21 

Soybean 0 0 2.02 12 -12 

Spelt (RC) 56 54 3.36 17 37 

Corn  55 52 6.6 21 31 

Soybean  0 0 2.02 11 -11 

Oat 35 32 2.37 13 19 

Forage (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Forage (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Forage (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Net P  
    

-18 
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C. MERA rates and  expected application rates 

Rotation  

Rate of 
TLC       

(t ha-1) 

P 
Applied 
(kg ha-1) 

Expected 
Yield     
(t ha-1) 

P 
Removal      
(kg ha-1) 

Net P    
(kg ha-1) 

Corn  0 0 6.6 21 -21 

Soybean 0 0 2.02 12 -12 

Spelt (RC) 4.568 76 3.36 17 59 

Corn  5 83 6.6 21 62 

Soybean  0 0 2.02 11 -11 

Oat 2.5 42 2.37 13 29 

Forage (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Forage (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Forage (1st cut)  0 0 6.1 15 -15 

(2nd cut)  0 0 2.53 6 -6 

Net P           44 
1 

N requirements  for oats (Brown 2009), spelt (Oplinger 1990), corn (PC 2011) 
2  P applied calculated  rate of TLC required to reach N goals at 33% availability and a P % of 1.62, for PL assumed 50% availability 
and  a P% of 2.17 
3 Expected yields for field crops Molenhius (2012) and forage dry matter yield information (OMAFRA 200) 
4 P removal estimates derived from Brown (2009) 
5 RC – red clover 
6 45 kg N ha-1 credited to Corn N requirement   
7 Forage – Afalfa – Timothy – Red Clover mix, provides a 110 kg N ha-1 credit to the corn (Brown 2009) 
8 PL – Poultry litter, nutrient composition based on Chapter 4 Dashwood PL values 
9 Most Economic Rate of Amendment (MERA) based on the Milverton spelt analysis  

 

Estimates of AE and GNAE can be used to compare crop response to TLC across different 

sites. These calculations normalize the effect of amendment rate to GY or GNU as a ratio to the 

control plots and dividing by the rate of application. The AE and GNAE values do not account for 

the physiological differences between crop types. For example, the N uptake efficiency of corn 

receiving 100 kg Nha-1 TLC will be different to that of barley which has a lesser N crop requirement. 

However, there are limited options on normalizing the data due to the inherent differences in crop 

N uptake response.  
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In addition to the data used from the field studies examined within this chapter, an 

additional field site, that applied TLC, was included to increase the samples size for the following 

AE and GNAE discussion. The site located in Dashwood Ontario was a comparison study which 

was implemented in the same growing season as the Chapter 3 studies in 2011 between TLC and 

fresh PL which had similar rate treatment levels on a soft white winter wheat (Triticum aestivum) crop. 

The crop response to TLC was included in this cumulative AE and GNAE examination. Further 

description of the field experiment and results are found in the following chapter (Chapter 4).  

  

In general both the AE and GNAE exhibited the highest efficiencies at the lowest rates of 

amendment application (Table 3.6). This is an agreement with other studies that have used these 

forms of efficiency calculations for comparing the N availability of organic amendments (Munoz 

2004). This decline in AE and GNAE with increasing amendment rate is expected as the higher N 

application rates exceed the rate of GNU or GY and decrease the efficiency of nutrient uptake from 

the amendment (Munoz et al., 2008).  

 

An exponential decay function can be used to describe the nutrient uptake efficiency from 

TLC.  The GNAE is Y = 3.57 + 29.85E (-0.082*rate) adjusted R2 = 0.59, and the AE is Y = 3.75 + 

15.79E(-0.0129*rate) adjusted R2 = 0.59 (Figure 3.6).  The GNAE shows a higher initial efficiency at the 

lower rates and as amendment rates increase the values drop to a greater degree relative to the AE, 

leveling off at ~5%. Munoz (2008) showed an AE of 3.5 (GY: N) at a rate of 260 kg N ha-1, which is 

which is similar to the overall average of 4.3% derived from our combined studies.  Cooperband et 

al. (2002) compared corn grain yield response over two years to fresh and two different composted 

PL, with 15-month and 4-month composting periods. These composts had AE of 4.8 (GY:N)  and 
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2.9 (GY:N), respectively, at application rates of 345 and 334 kg N ha-1, which is in agreement with an 

AE of ~ 3.9 (GY:N) at this rate of application.  
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Figure 3.6. Agronomic efficiency (AE) and grain nitrogen accumulation efficiency (GNAE) 
of all sites use TLC as the amendment source; each point represents the least squared mean 
of AE and GNAE (n=4). 

 

The lack of response and large variability of GY to CD applications at the Harriston site 

caused some values of AE and GNAE to be negative due to the check plots having greater yields 

then the treatments plots.  Negative values have been previously documented in evaluations of CD 

with whole plant N uptake efficiency of corn instead of GNU (Munoz et al., 2008). Composted 

cattle manure from the Gagnon et al. (1997) research showed an AE of 2.5(GY: N) at an average 

amendment rate of 185 kg N ha-1 compared to the -0.9(GY: N) at 180 kg N ha-1 calculated at the 

Harriston site. 

 

3.4.5 Residual Soil Nitrogen (RSN) 
 

At the Riverstown site, rate of amendment application and sampling depth were both 

significant factors influencing the NO3-N and the RSN (Table B.3). Sampling depth was the greatest 

contributor to variance (P=<0.0001), with the soil from the 15-30 cm depth having 20% lower RSN 
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compared to soil from the 0-15 cm depth (Table 3.8). The regression coefficients that best described 

the NO3-N and RSN in the soil was a quadratic function (Figure 3.7 & Figure 3.8). This followed a 

similar response in the GNC with the rates of 50 and 132 kg N ha-1 having similar or slightly lower 

values than the control before rising with the remaining three rates (Figure 3.7). Pooled RSN values 

showed the three lowest amendment rates had significantly lower levels than the control plots. The 

Riverstown site exhibited a non-normally distributed soil exchangeable NH4
+and a log transform 

was performed and normality was achieved. There was no significant effect of amendment rate on 

soil NH4
+ with all rates being not significantly different than the check plots (Table 3.8). Depth was a 

significant factor for NH4
+ within the ANOVA analysis, but an LSD contrast did not indicate a 

significant difference between the two depths.  The pre-plant average NO3
--N was 36 kg N ha-1 

within the 0-30 cm soil profile, when compared to the control soil at harvest of 98 kg N ha-1 it is 

clear significant mineralization of the soil N pool has occurred.  
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Table 3.8. Least squared means of NO3-N, NH4-N and RSN (0-30cm), letters denote LSD 
with a Tukeys t-test significance, * denotes significance of the effect of rate.  

 

Site Rate  NO3-N NH4+-N RSN 

 
(kg ha-1)  (mg kg-1) 

Riverstown 

0 23.69bc 0.35 27.75b 

50 21.47ac 0.25 24.3a 

133 20.18a 0.24 23.04a 

178 22.62b 0.05 24.39ac 

225 24.58b 0.05 26.67bc 

282 24.61b 0.16 26.68bc 

se 0.825 0.13 0.91 

Sig * n.s. * 

Depth  

   0-15 cm 26.05 n.s. 28.24 

15-30 cm 19.67 n.s. 22.69 

se 0.49   0.53 

Forest 

0 17.11a 1.92 19.03 

81 21.8ab 2.50 24.20 

163 18.3ac 1.83 20.20 

250 28.03b 2.64 30.64 

378 25.03bc 3.91 28.94 

495 23.28abc 1.47 24.74 

se 2.88 2.28 2.7 

Sig * n.s. * 

Depth  

   0-15 cm 26.74 n.s. 33.99 

15-30 cm 18 n.s. 25.4 

se 1.43   1.57 

Milverton 

0 14.22a n/a 14.29a 

59 15c n/a 15.11c 

89 17.62bc n/a 17.85bc 

117 17.68b n/a 17.86b 

148 17.6bc n/a 17.64bc 

189 19.44b n/a 19.61b 

se 0.63 

 

0.64 

Sig *   * 

Depth  

   0-15 cm 18.488 n/a 18.61 

15-30 cm 15.36 n/a 15.51 
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se 0.345 n/a 0.373 

Yeoville  

0 13.58 1.18 1.47 

59 12.36 1.14 1.42 

110 11.77 1.14 1.42 

144 12.6 1.18 1.45 

225 12.46 1.17 1.42 

284 10.92 1.02 1.34 

se 0.62 0.06 0.03 

Sig n.s n.s. n.s. 

Depth  

   0-15 cm 12.9 1.18 1.46 

15-30 cm 11.65 1.08 1.38 

se 0.377 0.035 0.021 

Harriston  

0 21.59a 3.37 24.54a 

49 24.93b 3.25 28.19b 

100 26.5b 3.8 30.31b 

168 26.19b 3.57 29.76b 

240 25.16b 3.53 28.69b 

336 21.9a 3.96 25.85a 

se 0.96 0.31 1.06 

sig * n.s. * 

Depth  

   0-15 cm 28.2 n.s. 31.75 

15-30 cm 20.51 n.s. 24.03 

se 0.55   0.62 
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Figure 3.7. Relationship between the residual Soil NO3-N at at 0-15 cm and 15-30 cm depths 
and rate of turkey litter compost (TLC) and composted dairy manure (CD) application after 
harvest at A) Riverstown B) Milverton C) Forest D) Harriston. 
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Figure 3.8. Relationship between the residual soil inorganic N at 0-15 cm and 15-30 cm 
depths and rate of turkey litter compost (TLC) and composted dairy manure (CD) 
application after harvest at A)Riverstown B) Milverton  C)Harriston. 

 

At the Forest site no treatments contained soil NH4
+ levels that were significantly different 

from the control. Soil NO3
--N showed a significant response to the rate of TLC application and 

depth was also significant, with a regression indicating a positive linear relationship (Figure 3.7). 

When pooled at 0-30 cm, rates 250 kg N ha-1 and 378 kg N ha-1 were significantly greater than the 

control (Table 3.8). The RSN was not significantly affected by rate and no rates of TLC were 
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significantly different than the control, although depth of sampling was significant, this was due to 

the variability in the NH4
+ samples.  

 

 At the Milverton site, amendment rate and soil sampling depth significantly affected soil 

NO3
--N and RSN (Table B.3). There were no interactions effects between sampling depth and cover 

crop with rate of amendment application. The RSN remaining after harvest was 21% greater in soil 

sampled from the 0-15 cm depth as compared to that in soil from 15-30 cm. All amendment rates 

contained significantly greater RSN than the check plots. The RSN and NO3
--N exhibited a positive 

linear relationship with rate (Figure 3.7 & Figure 3.8). Soil exchangeable NH4-N displayed no 

relationship with the parameters within the model. Over 80% of the soil samples had exchangeable 

NH4-N levels of < 1 mg N kg-1. The remaining samples that were measureable were at such low 

quantities that it had no effect on the RSN in the soil and when the detectable values were combined 

with NO3
--N it caused no difference to treatment significance (Table B.3).  The RSN showed no 

clear relationship with GY and GNU values (data not shown).  

   

The Harriston site had non-normal distribution of NH4
+, the log transformation did not 

achieve a normal distribution. For ease of data interpretation the non-transformed data were used 

for the analysis.  NH4
+ was not affected by any factor (Table B.3). Soil NO3-N at the Harriston site 

showed a significant effect of rate and depth (Table B.3). The pooled depth (0-30 cm) had all rates 

being significantly greater than the control with the exception of the highest rate. A contrast 

revealed that the presence of CD increased the NO3-N significantly by 2.90 mg N kg-1 over the 

control plots.  A quadratic regression was the significant orthogonal partition for the NO3-N at the 

Harriston site (Figure 3.7). The RSN value exhibited a similar pattern as the NO3-N with depth and 

rate being significant. The RSN yielded a quadratic coefficient as significant with the regression 
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analysis (Table B.3). A LSD of the rates showed the same rates as the NO3-N (49, 100, 168, 240 kg 

N ha-1) being significantly greater than the control (Table 3.8). The contrast of control versus the 

presence of CD showed an overall 3.3 mg RSN kg-1 increase with application of CD. 

 

NO3
--N values at the Yeoville were significantly influenced by depth of sampling and a cover 

crop x rate interaction (Table B.3).  The regression revealed a non-linear response to the increasing 

rates of application with the crop x rate interaction. The non-linear response had no discernable 

pattern that could be even partially explained through crop physiology or soil biochemistry. The only 

LSD that was significant with Tukey’s t-test was the NO3
--N values of the control with no red clover 

were 4.56 mg kg-1 greater than that of the lowest rate (59 kg N ha-1) with no red clover. A log 

transformation was required to achieve normality for the NH4
+ and RSN measurements at the 

Yeoville site. Depth was the only significant effect for NH4
+ values (Table 3.8).  

 

 

The inconsistent relationship between increasing rates of TLC application with the 

increasing levels of NO3-N in the soil, when the general GNU response of the crops has a positive 

linear relationship could possibly be attributed to the mineralization rate of the amendment and 

plant N uptake patterns.  In the Milverton site due to wet soil conditions the TLC was applied later 

than expected. The spelt crop was nearing the growth stage (GS) 30, which is considered the stage in 

crop development when plant N uptake is greatest (Baethgen et al., 1989). The inorganic N 

contained in the TLC will have been immediately used by the crop, but the mineralization of the 

organic N will happen over time and the rate of which the N is released can be heavily influenced on 

the abiotic conditions in the field. Significant mineralization of the amendment could have occurred 

during the period of grain filling when N is being translocated within the plant (and not as rapidly 

being taken up from the soil N pool) (Baethgen et al., 1989). Mineralization of amendment N would 



92 

 

continue after time of harvest and the residual N is reflected in the positive linear relationship 

exhibited at the Milverton site. Alternatively at the spring planted cereal sites, periods of rapid N 

uptake by growing plants may have utilized most of the inorganic N within the soil in the late spring 

and early summer, which would result in no discernable differences in soil NO3-N levels between 

treatments and the control. This is speculation as no soil samples were collected during the growing 

period, but it should be noted that at these sites, with the exception of Forest, had severe moisture 

limiting conditions occurred in the month of July. Soil moisture deficits can significantly limit N 

mineralization (Myers et al., 1982), therefore at harvest at the end of July soil NO3-N levels may 

have been largely utilized by the crop resulting in no clear relationship between rate of application 

and soil inorganic N, although conditions that limit mineralization will also limit crop growth. A 

relationship emerged using the combination of the RSN values (converted to kg N ha-1 (0-30 cm)) in 

the soil and the GNU values on the small grain sites (CD site excluded) with the total N applied. 

The quadratic regression (r=0.54) was found to best describe the relationship (Figure 3.9). This 

combination represents part of the total N budget at the site (grain N and N loss excluded) and this 

relationship could be expected as a portion of the applied N will invariably be measured within these 

two parameters.  
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Figure 3.9. Relationship between the combined grain nitrogen uptake (GNU) and residual 
soil nitrogen (RSN) of the turkey litter compost (TLC) with the total N applied from the 
Riverstown, Yeoville, Forest and Milverton sites, each symbol represents a mean (n=4).  
 

3.5 CONCLUSION  
 

The organic cereal crops examined in this study all showed positive GY responses to 

application rates of TLC, with the Riverstown and Milverton site exhibiting a quadratic response.  

The spring application of CD to the Harriston oat crop did not illicit any significant crop GY but 

had a positive linear response in GNU. The low initial inorganic N content with the CD, relatively 

high C:N ratio and rate of mineralization/initial immobilization were all likely contributing factors in 

the lack of crop response. The Forest corn crop achieved GY 40% greater than the control and had 

a linear accumulation of residual NO3
--N in the soil at time of harvest. The barley/oat mix had a 

positive linear response to TLC with a 56% increase in yield at the highest application rate (284 kg N 

ha-1). The Riverstown oat crop exhibited severe lodging at the highest rates of application (282 kg N 

ha-1) and had a MERA with oats of 2.3 t ha-1. At this rate of application only half of the 

recommended P is provided for a profitable crop response. In contrast the Milverton site had a 

MERA for spelt at 5.04 t ha-1, which would apply almost double the P recommended for a profitable 

rate. The use of TLC as an N source would be most effective on fields with low STP status due to 
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the smaller N: P ratios associated with poultry composts. Even with a significant portion of organic 

dairy farms in Ontario have reported to have low STP values (Roberts 2008) and four of the five 

sites in the field study had soil test P valued <10 mg kg-1, the repeated use of TLC to achieve N 

goals will risk soil P accumulation. The combination of modest applications of TLC and the use of 

green manures such as red clover would be an effective management approach to crop N 

requirements for organic producers.   
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4 A COMPARISON OF FRESH AND COMPOSTED POULTRY 
AMENDMENTS ON YIELD RESPONSE, GRAIN QUALITY AND 

SOIL RESIDUAL NITROGEN ON A WINTER WHEAT AND CORN 
CROP 

 

4.1 ABSTRACT  
 
Determining the effectiveness of composted and uncomposted poultry amendments as a primary 

nitrogen (N) source for cereal crops and the impact these amendments have on the soil N pool, is 

an important component of organic N management. Over application of these amendments can be 

both costly and have potential adverse environmental impacts. Two field studies were implemented 

that compared increasing application rates of fresh poultry (Gallus gallus domesticus) litter (PL) and 

composted turkey (Meleagris gallopavo) litter (TLC) on soft white winter wheat (Triticum aestivum) and 

corn (Zea mays L.). Severe drought conditions and coarse textured soil resulted in grain yields (GY), 

grain nitrogen content (GNC) and grain nitrogen uptake (GNU) of the corn crop to be 

undistinguishable from the control plots for both TLC and PL. The winter wheat was significantly 

affected by both the PL and TLC.  The PL achieved a 44% greater increase to GY when compared 

to TLC. GNC was not affected by TLC application whereas PL had a linear increase of GNC to 

concentrations above market-desired protein content. The agronomic efficiency (AE) of the PL was 

11.6% and the TLC 5.9%. The increased N availability of the PL through higher initial inorganic N 

quantities and greater potential mineralization rates caused the disparity between the two sources.  

The soil inorganic N further confirmed this contrast, with the significantly greater levels of nitrate 

(NO3-N) in the soil treated with PL. The TLC showed no accumulation of soil NO3-N at the winter 

wheat site with increasing rates of application. The most economic rate of application (MERA) was 

1.6 t ha-1 for the TLC and 4.5 t ha-1 for the PL when the wheat is being sold at a food grade quality, 

if sold at feed grain prices the TLC is not recommended to apply based on this economic evaluation.  

To achieve PL equivalent GY responses the TLC would need to be applied at rates the risk 
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phosphorus (P) accumulation in the soil. While the TLC revealed positive yield responses, economic 

viability and no accumulation of soil NO3-N, if the main objective is to use these amendments as a 

primary N source, than PL is recommended due to the far greater yield response while also applying 

less P.   

 

4.2 INTRODUCTION  
 

 
 The use of composts as an organic amendment is a common practice for organic producers 

that do not produce their own livestock and subsequent manure generation. The benefits of 

composting fresh manures materials is the dry matter loss that can range from 24 – 43% (Tiquia et 

al., 2003, Sommer 2001) which causes significant loss of carbon while maintaining much of the 

desired nutrients and having lower moisture contents then fresh manures (Miller et al., 2009), which 

significantly lowers haulage costs (Larney et al., 2006). The composting process homogenizes the 

materials through frequent turning and control over particle sizes, which results in more consistent 

crop response across a field site (Preusch et al., 2002, Larney et al., 2006). At application the chance 

of NH3
  loss due to volatilization is much lower in poultry composts as compared to their fresh 

counterparts (Brinson et al., 1995).   

 

 Fresh poultry waste is commonly applied as a “litter” which contains bedding material such 

as straw and feathers. The N in the fresh litter can consist of up to 80% uric acid and urea. This 

form of N will quickly hydrolyze to NH4
+ (Mahimairaja et al., 1994). These high quantities of NH4

+ 

can result in rapid conversion to NH3 , which is susceptible to volatilization losses from the system 

(Delaune et al., 2004). N loss through volatilization can occur in the barn, in storage and when 

applied to the field. If not incorporated losses of TAN can be 100% in the right field conditions 

with bare soil (Meisinger et al., 2000). The process of composting has been argued as a way to avoid 
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the N loss at application as the total ammonia nitrogen (TAN) that was present in the fresh material 

will have been utilized by microbial biomass of the composts and will be predominately in the 

organic form (Paul 2007). Alternatively there has been considerable research showing the significant 

N loss can occur during the composting process (Delaune et al., 2004, Larney et al., 2006a, Tiquia et 

al., 2002). The losses can be significant enough that the resulting amendment is no longer an 

economically viable N source for crop growth (Delaune et al., 2004). 

 

There has been limited cereal crop field studies comparing fresh and composted poultry 

litter as an N source and the comparison on organic systems is non-existent. The comparisons that 

does exists shows the fresh PL having a greater N availability to that of the compost (Cooperband et 

al., 2002), with fertilizer equivalent values reaching 57% for PL in contrast to 14% for composted 

PL (Munoz et al., 2008). Incubation experiments indicate that mineralization rates are often 

significantly lower in composted PL then the PL  1 to 9% as compared to 42-64% respectively 

(Presuch et al., 2002), 0.4 – 5.8% compared to 25.4 to 39.9% (Tyson et al., 1993).  Crop GY 

response from composts has been varied in previous research studies, with repeated application of 

composts showing the greatest success in causing increased yields (Eghball et al., 2004, Warman et 

al., 2000). Singer et al. (2004) found no response of composted swine manure on corn GY in the 

first year of application. In contrast PL can be an effective fertilizer source, achieving yield responses 

equivalent to inorganic N fertilizers (Cooperband et al., 2002; Sims 1987). Greater N use efficiency 

occurs when N mineralization rates coincide with periods of crop N uptake by providing the N the 

crop requires (Ma et al., 1999) and ideally releasing the N at quantities that do not exceed plant N 

uptake to avoid the potential for N loss through leaching or denitrification (Fortuna et al., 2003).  
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The objectives of this study were to compare first-year GY, GNC and GNU response from 

PL and TLC on a soft white winter wheat and corn crop, determine a MERA for each amendment 

and to evaluate the residual inorganic soil N remaining after harvest.   

4.3 MATERIAL AND METHODS  
 

4.3.1 Site Description and Experimental Design  
 

The field experiments were established in the spring of 2011 at two sites, located near 

Dashwood Ontario (43° 22’09.3”N 81° 38’30.4”W ) and Walkerton Ontario (44° 7’34.28”N 81° 

4’53.98”W). The Dashwood site is an imperfectly drained Berrien sandy loam soil type ((Grey-

Brown Luvisol (Hoffman et al., 1952)) 77% sand, 11% silt and 12% clay). The Walkerton site was 

established on a well-drained Waterloo sandy loam soil type ((Grey-Brown Luvisol(Hoffman et al., 

1954)) 62% sand, 24% silt, 14% clay). Samples of the soil (0-15 cm) were collected prior to initiating 

the experiment for chemical characterization and are summarized in (Table C.1). The growing 

season temperature and precipitation were obtained from the government weather station located 

nearest to the site and from 30-year historical mean measurements for that region (Table 4.1 and 

Table 4.2). 
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Table 4.1. Monthly mean temperatures and total precipitation and the historical 30 year 
mean at Dashwood in 2011. 
 

  ---------Temperature (°C)------------- -----Precipitation (mm) -------- (%)  

 

30 y 
Mean*  

2011   Min Max 
30 y 

Mean 
2011 

Max 
(Daily)  

Proportion of 
Monthly Total  

Jan  -5 -6.4 -25 10 72.3 79.5 14 18 

Feb  -3.9 -5.3 -21 8.5 65.1 89 20 22 

Mar  0.4 -1.1 -15 15 60.9 126.4 22 17 

Apr 6.9 6.6 -11 26 79 89.4 18.8 21 

May  13.4 14 2 32.5 85.2 87.2 20 23 

Jun 18.6 18.3 4 34 76.2 69.1 35.6 52 

Jul  20.8 23.2 9 36.5 85 65 14.6 22 

Aug 19.8 20.9 11.5 30 87.9 130.8 36 28 

Sep 16 16.8 5.5 33.5 117.9 130.6 22.6 17 

Oct 9.8 11 -1 27.5 83.7 114.4 45.6 40 

Nov  3.7 7.6 -4.5 19 99.1 137.7 45.1 33 

Dec  -2 1 -11.5 11.5 94.6 82.2 12.8 16 
*30 year mean precipitation and temperature data from the Dashwood Environment Canada weather station (2 km from site), 2011 

data taken from Theford weather station (25 km from site) 
 

Table 4.2. Monthly mean temperatures and total precipitation and the historical 30 year 
mean at Walkerton in 2011. 

 

  -----------Temperature (°C)----------- ----Precipitation (mm) -------- (%)  

 

30 Mean*  2011   Min Max 30 y Mean 2011 
Max 

(Daily)  
Proportion of 
Monthly Total  

Jan  -6.8 -10 -26.1 9 109.6 66.7 14.6 22 

Feb  -5.9 -7.7 -22.5 7.8 81.3 112.5 63.4 56 

Mar  -1.7 -3.3 -16.6 10.7 72 85.3 24 28 

Apr 5.8 5.4 -3.8 20.5 73.1 89.7 14 16 

May  11.9 13 0.7 30.4 84.6 95.2 25.2 26 

Jun 17.2 16.4 3.3 29.7 78.3 73 31.5 43 

Jul  19.6 21.3 7.5 32.7 83.1 28.5 16.1 56 

Aug 18.6 19.3 10 29 95 63.7 23.6 37 

Sep 14.6 15.2 2.3 30 109.1 107.8 35 32 

Oct 8.4 9.1 2.1 25.6 89.7 69.5 25.6 37 

Nov  2.6 4.7 -4.3 17.7 103 89.3 47 53 

Dec  -3.3 -1.7 -13.5 12.2 79.3 77.5 14.9 19 
*30 year mean precipitation and temperature data from the Hanover Environment Canada weather station (6 km from site). 2011 data 
taken the Mt. Forest Station (27 km for site)  
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The treatments consisted of six amendment application rates designed to provide 0 to 

~150% of the N requirement for each specific crop (Table 4.3). The N rates were based on the 

assumption that 33% of the total N applied in the TLC and a 50% of the total N in the PL would 

become plant available within the first growing season following a spring application. Table 4.3 

shows the actual N application rates based on the analysis specific samples collected at each site. No 

amendments had been added in the previous field season prior to setting out the experiment. The 

experimental design was a randomized complete block with 4 replicates. The Dashwood had the 6 

treatments and an unamended control for each amendment, and additional 6 treatments and a 

control for each amendment with red clover interseeded with the crop shortly after amendment 

application (Table 4.4), resulting in a total of 96 experimental units.  The Walkerton site had 6 

treatments for each of the two amendments for a total of 48 experimental units.  

Table 4.3. Application rates and total N applied of turkey litter compost (TLC) and poultry 
litter (PL) applied in 2011. 

 

    Total N Applied  (kg N ha-1)  

Sites   1 2 3 4 5 

Dashwood 
TLC 69 157 219 306 363 

PL 59 124 186 262 378 

Walkerton 
TLC 49 132 169 239 306 

PL 40 71 123 178 213 
TLC – turkey litter compost, PL – poultry litter  

 

Table 4.4. Management and sampling dates for the 2011 growing seasons in Dashwood ON 
and Walkerton ON. 

 

Site  
Pre- Plant 

Soil 
Sampling 

Amendment 
Application Planting 

Red Clover 
Seeding Harvest 

Post-
harvest 

Sampling 

Dashwood Apr 14  Apr 15 Oct 5. 2010  April 16 Jul 22 Jul 25 

Walkerton May 16  May 21 May 21       N/A Nov 7 Nov.9 

 

Each experimental unit was 12 m by 20 m in length which allowed full-sized field equipment 

to be used and represent actual farm practices and field conditions. The producer’s equipment was 
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used for amendment application; therefore it varied from site to site.  At Dashwood a lime spreader 

(Stoltzfus 8 ton) was used for lower rates and horizontal beater manure (New Holland 185) spreader 

were used to achieve the higher rates of application. At the Walkerton site a horizontal beater 

manure spreader (New Holland 185) was used for all rates of amendment application. At Dashwood 

the amendment was surface broadcasted and left, whereas at the Walkerton site amendment was 

immediately incorporated after application and prior to planting. The Dashwood field site had been 

previously fall planted to soft white winter wheat after tillage and seedbed preparation with a 

cultivator, whereas corn was planted after harrow tillage in spring at the Walkerton site. The dates of 

amendment application and crop harvest are reported in Table 4.4. 

.  

 Weeds were controlled only at the Walkerton site, which had tine weeding 4 weeks after 

application. None of the sites received any pesticide applications as per Organic Certification 

guidelines.  

4.3.2 Amendment Properties   
 

The TLC (Table 4.5) used in the trial was a produced commercially from turkey bedding at a 

composting facility located on a large-scale conventional turkey farm near Thamesford ON.  The 

TLC consists of turkey manure, softwood shavings and wheat straw which are composted under 

controlled conditions, temperature monitored to ensure a thermophilic stage of above 55°C for at 

least 4 d for pathogen sterilization and weed seed sterilization and a curing phase to yield a stable 

finished product ready for distribution at 12 months. This amendment meets the required criterion 

of the Canadian Organic Standards (COS) and is approved for use in organic farming systems in 

Canada. 
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The PL applied at each site was acquired from nearby chicken broiler operations. The PL 

contained the same bedding material at each site, which consisted primarily of broiler manure and 

wheat straw.  The PL at Dashwood contained double the NH4-N and 13% greater total N than that 

from Walkerton; both had similar C:N ratios (Table 4.5).  

 

At each site the amendment was sampled on the day of application for determination of 

amendment-specific nutrient and moisture contents. Samples were taken from several locations 

within the amendment heap and homogenized for an analytical subsample. The duration between 

amendment delivery and application was no longer than 3 days. The amendment moisture content 

and site rates of N application were determined after field application, thus actual N application 

rates diverged from the target N rates (Table 4.3).   

 

Table 4.5. Properties of the TLC and PL applied in 2011 at Dashwood ON and Walkerton 
ON. 

 

Amendment 
Parameters  Dashwood ON  Walkerton ON  

  TLC  PL  TLC  PL  

Organic Carbon (%) 15.14 30.23 18.12 25.69 

Dry Matter (%) 55.4 74.5 57.4 63.3 

Total N (%) 1.65 2.70 1.71 2.27 

NH4+-N (mg kg-1)  1286 5063 1202 2468 

Total P (%) 1.74 1.3 1.8 1.19 

Total K (%)  1.76 1.81 1.82 1.53 

C:N Ratio  9.1 11.2 10.6 11.3 
TLC – turkey litter compost, PL – poultry litter 
 

4.3.3 Soil measurements   
 

A criterion for determining the location of the experiment was a consistent soil series 

throughout, this determined through soil survey confirmation and a visual inspection prior to site 
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establishment. Soil samples to a depth of 0-30 cm were taken at each site prior to site establishment.  

Ten soil samples from each block were taken, homogenized and subsampled in order to obtain an 

analytical sample representative of the entire study site. Soil physical and nutrient characteristics are 

summarized in Table C.1 Soil analysis was conducted by Agri-Food Laboratories (Guelph, ON). The 

soil N samples were sampled at each experimental unit 10 times and separated by depth, 

homogenized on site and either immediately frozen or extracted on return to the laboratory. 

Sampling occurred immediately before amendment application and after crop harvest (Table 4.4).  

Soil moisture was determined by oven drying at 105°C for 24 h. Soil organic carbon was determined 

by combustion using a LECO TrueSpec analyzer (Agri-Food Laboratories, Guelph, ON). Soil 

inorganic N measurements were analyzed using the same methods a described in Chapter 2.  

4.3.4 Crop Yield and Grain N determination 
 

The wheat crop was harvested using a Winterstrieger plot combine at the Dashwood site; in 

strips ranging in length from 8-12 m at a width of 1.25 m. Samples were weighed in field, and on 

return to the laboratory were kept for several days in an oven set at 60°C until a dry matter weight 

could be determined. After cleaning of the grain to remove any crop stalks, weed seed or plant 

matter a final dry matter weight was calculated. Using the area of the harvested strip and the weight 

of the grain, dry matter yield was determined with kg ha-1 being the units of choice. At the 

Walkerton site two rows 9 meters in length taken from the center of the plot were hand harvested. 

The corn cobs and stover were weighed in the field and a subsample of 10 corn cobs and 6 corn 

stalks were taken for drying for dry matter yield determination. The kernels from the corn cob were 

removed (Agriculex Corn Sheller) to determine grain yield. Grain protein content was determined 

using the NIR method (DICKEY john OmegAnalyzerG Whole Grain Analyzer). Based on the 

protein values, 20% of the grain samples representing the spectrum of values from highest to lowest 
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concentration were subsampled from each site and ground to pass through a 0.5mm sieve using a 

Brinkman-Retsch hammer mill. Ground samples were analyzed for Total N content using dry 

combustion using a LECO TrueSpec® CN analyzer at the University of Guelph, Ridgetown 

Campus.  Grain total N concentration (GNC) was used to generate a regression coefficient with the 

data for protein content to allow a within field calibration of the NIR grain analyzer. All regression 

relationships had an r2 fit greater than 0.93. The grain N uptake (GNU) was calculated by 

multiplying the GNC (%) of the grain x the GY (kg ha-1).  

4.3.5 Economic Analysis and Nitrogen Use Efficiency  
 

Agronomic efficiency (AE) was calculated based on the following equation used by Delogu 

et al. (1998) and Motavalli et al. (1989) which is referred to as the difference method for amendment 

evaluation:  

 

AE (GY:N)= (GYt (kg ha-1) – GYo(kg ha-1)) / Nr (kg ha-1) [4-1] 

 

Incorporating the GNC response to the amendment offers further insights to the uptake of 

N by the crop. This was achieved by evaluating the Grain N accumulation efficiency (GNAE) which 

was calculated based on the equation proposed by Dawson et al. (2008): 

 

  GNAE (%) = [(GNt (kg ha-1)– GNo(kg ha-1)) / (GNr)(kg ha-1))] x 100 [4-2]                                                    
  

Where Nt is the grain N from the treatment plot, No is the grain N from the control 

treatment, and Nr is the N application rate.  Dawson et al. (2008)  described this concept as a ratio 

between grain N and N supply, and the additional step of subtracting the control Grain N from the 
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treatment Grain N considers the N supplied from the N soil pool so that the GNAE of the 

treatment and the N supplied only by amendment N.       

 

Most economic rate of amendment (MERA) is a method economic evaluation and is 

determined by calculating the first derivative of the yield regression against the price ratio of grain 

value and amendment cost, and this generates an application rate (kg/ha) for TLC which is 

optimized for economic gain:   

 

 MERA = (by – (bn/k))/ (2cy)  [4-3] 
 

 

Where by is the linear component of the quadratic regression response curve, bn is the price 

of fertilizer ($/kg), k is the value of the grain ($/kg) and the cy  is the quadratic component from the 

grain yield regression response curve. The MERA can be performed only when crops responded in a 

quadratic regression as a positive linear response indicates that a rate has not been applied at a level 

in which the crop no longer responds to increasing N and a plateauing has occurred. 

4.3.6 Statistical Analysis  
 

The PROC GLM procedure in SAS (SAS institute 2013) was used for analysis of variance 

(ANOVA) for the crop (GY, GNC, GNY) and soil measurements (NO3
--N, NH4

+-N, RSN). 

Interactions between rate x cover crop (when applicable), rate x source and rate x source x cover 

crop were examined using least-square means (LSM). The inorganic soil analysis includes sampling 

depth as an additional variable. A second analysis was performed with the addition of the two depth 

samples (0-15 cm and 15-30 cm) to examine treatment effects on inorganic N pools at 0-30 cm.  

Probability level of ≤ 0.05 was deemed significant for the F statistics and rate comparisons using 
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LSM values. The assumption for the ANOVA was that treatment effects are linear and additive with 

the errors being random and normally distributed around mean of zero with similar variance. At the 

Walkerton site the rates of application were sufficiently different (Table 4.3) at two of the levels that 

an ANOVA with 5 rates could not be completed. An ANOVA of three comparable rate levels (40, 

123, 178 kg N ha-1 and 49, 131, 178 kg N ha-1) was conducted to examine comparisons between 

sources. Separate ANOVA’s and regression analysis of all the rate levels were assessed for each 

source to examine full yield response to the increasing rate of N.  

 

The Shapiro-Wilk test was used to test the sample data for normality. If the data was found 

to have a non-normal distribution then a log transformation of the data was performed for the goal 

of achieving normal distribution. If transformed data achieved normality then reported LSM and 

standard error (SE) will be reported, with a secondary column reporting a back transformed LSM. 

The back transformed data cannot have a valid SE and is reported for ease of comparison as it 

displayed field applicable values.   

 

Orthogonal polynomial contrasts for the regression determination was completed through 

PROC GLM.  The sum of squares for N application was portioned into linear, quadratic, cubic and 

lack of fit portioning LOF (LOF not shown). The interaction effects of cover crop or depth with 

rate were also portioned into orthogonal polynomial (not shown). The polynomials were deemed 

significant if an F-test exhibited a type 1 error probability level of ≤ 0.05. The regression occurred 

when the non-class variable of rate or rate interaction was found to be significant in the ANOVA 

analysis.  
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4.4 RESULTS AND DISCUSSION  
 

4.4.1 Crop Grain Yield Response 

 

 
At the Dashwood site, rate and source of amendment significantly (P=<0.0001) impacted GY 

of the soft white winter wheat. The effect of interseeding red clover was not a significant in the year 

of grain harvest and had no interactions with other variables. This is consistent with other research 

examining red clover interseeding with winter cereals (Martens et al., 2001). The anticipated benefits 

of red clover are expected in the year after seeding when the cover crop is incorporated into the soil 

as an N source for the following season’s crop. The potential impact of red clover will be discussed 

in the following chapter.  The control plots grain yields ranged from 0.85 to 2.5 t ha-1, which is far 

below the average yield of 3.36 t ha-1 for organic wheat in Ontario (Molenhuis 2014). The PL had 

achieved maximum GY of 4.31 t ha-1 at the 124 kg N ha-1 application, a value 143% greater than that 

of the control.  The TLC wheat treatments had a GY response that peaked at 3.06 t ha-1 at 306 kg N 

ha-1, 108% greater the control GY (Table 4.6). This is a far greater GY response that is normally 

seen with compost applications, Singer et al. (2004) saw only a 7% increase from composted swine 

on wheat when compared to the control. Gagnon et al. (1997) saw yields similar to the control on 

spring wheat applied with farmyard cattle compost. The soil at the Dashwood site is 77% sand and 

had a pre-plant soil inorganic content of 12.97 kg N ha-1 (0 - 30cm) which suggests N limiting 

conditions for the crop and is likely the contributing factor for such a strong yield response to any N 

additions. The application of the amendments was at an ideal period in early spring (Table 4.4) and 

after application consistent precipitation events occurred (Table 4.1) and would allow for the 

amendment nutrients to be become incorporated into the soil and adequate moisture levels for 

decomposition to begin. This is in contrast to the Milverton spelt site (Chapter 3), which had the 

TLC applied almost a month later then the Dashwood site.  At a comparable rates (157 vs 148 kg N 
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ha-1), both surface applied and similar pre-plant soil N levels, the winter wheat had an almost double 

response to the TLC than the spelt.   

Table 4.6. Least squared means of wheat grain yield (GY), grain nitrogen concentration 
(GNC), grain nitrogen uptake (GNU) , agronomic efficiency (AE) and grain nitrogen 
accumulation efficiency (GNAE)  at the Dashwood site, letters denote significant LSD 
comparison between rates, lettered comparisons within source rates only.   

 

Source Rate GY GNC GNU AE GNAE  

  (kg N ha-1) (t ha-1)  log10(%) (kg ha-1)  (GY:N) % 

TLC 

0 1.47a 0.173a 21.84a n/a n/a 

69 1.89b 0.21a 30.77b 6.05 6.05 

157 2.53bc 0.172a 37.72bc 6.82 6.82 

219 2.42bc 0.187a 37.16bc 4.3 4.30 

306 3.06c 0.161a 44.58c 5.21 5.21 

363 2.87c 0.174a 42.98c 3.86 3.87 
 

 

 

    

PL 

0 1.77a 0.19a 27.47a n/a n/a 

59 2.7ab 0.17a 40.78a 20.4 17.19 

124 4.31c 0.19ac 68.29b 20.51 20.72 

186 3.37bc 0.24a 58.83b 8.625 8.76 

262 3.66bc 0.264a 68.08b 7.255 7.35 

378 3.54bc 0.30bc 72.67b 4.71 5.40 

se 0.25 0.02 4.46 1.89 1.64 

       

Contrast 

TLC 2.55 0.18 38.64 5.24 8.66 

PL 3.59 0.24 61.73 11.65 20.40 

se 0.104 0.01 2.11 0.951 1.39 

Significance   *** ** *** *** *** 
*** significance P<0.0001, ** P<0.001, * <0.05, TLC – turkey litter compost, PL – poultry litter  

 

 A LSM comparison of the TLC x PL showed a significant difference between the two 

sources at all rates and resulting in the PL having a 40% greater overall GY and a 40% greater 

maximum GY (Table 4.6). A similar disparity between fresh and composted PL was observed on a 

corn study by Cooperband et al. (2002) which found PL to have a 30% greater GY than composted 

PL, which was attributed to greater N availability from the PL.  
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  The regression analysis showed the rate variable having a significant quadratic polynomial 

and a significant quadratic interaction between source and rate of application (r2 = 0.50) (Table C.3). 

Figure 4.1 highlights the impact N availability has the yield response curves of the winter wheat. The 

regression rate maximum for the TLC is 420 kg N ha-1 which is beyond what was applied, whereas 

the PL had a maximum of 242 kg N ha-1 (Figure 4.1). The estimated N availability of TLC ranges 

from ~16% (Chapter 2) to 33% (Gingrich 2011) compared to the PL 40% (Brown 2008), at an 

application rate of 242 kg N ha-1 at 40% availability, first year available N is 97 kg N ha-1, which is 

within the N recommendation rates for optimal winter wheat GY response. Similarly, at the N 

availability for TLC, the first year availability ranges from 84 kg N ha-1 to 138 kg N ha-1 which 

reaches and exceeds the target rate.  
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Figure 4.1. Winter wheat grain yield (GY) response at the Dashwood site to increasing rates 
of turkey litter compost (TLC) and poultry litter (PL).   
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The quadratic response of the PL at the Dashwood site can be partly attributed to the 

proliferation of Canada fleabane (Conyza Canadensis) that was observed at the plots that received the 

two highest rates. A qualitative assessment of the site revealed minimal Canada fleabane populations 

present at the control, TLC and low rate PL sites. It appears that high quantities of available N were 

exploited more efficiently by the weed populations at time of application then the wheat crop. This 

exploitation happened before competition from light interception could occur and the weed 

populations were able to establish. Blackshaw et al. (2003) assessed the responsiveness of 23 

agricultural weeds to increasing rates of N in Alberta and compared the uptake to wheat and canola. 

At the highest rates of application (180 and 240 mg N kg-1 soil) 17 of the 23 weed species were 

equally or more responsive via N uptake then the wheat crop, when all grown from seedlings after 6 

weeks, highlighting the need for consideration of weed response when implementing N 

management in organic systems.  Even with the winter wheat plant already established, the early 

April application of PL seemed to favour the Canada Fleabane at high N rates.  The slower/lower 

release of N from the TLC appeared not to be sufficient for significant weed proliferation (or wheat 

growth). The slower release of N can cause future concerns with weeds, a 4 year repeated 

application study by Blackshaw (2005) compared an inorganic fertilizer applied banded and 

broadcast and fresh and composted cattle manures on weed growth. This study showed the both 

fresh and compost cattle manure caused the greatest weed seed bank and although the amendments 

improved barley yields, it benefited the weed populations to an equal or greater degree.  

 

At the Walkerton site GY had no significant response to increasing rates of TLC or PL. 

Source of amendment did not have a significant impact on GY.   The control was not significantly 

different to any rate of PL or TLC and a LSM comparison between controls and each source 

indicated no overall significant difference (Table C.4). The mean yield was 5.9 t ha-1 which is 0.9 t ha-
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1 below the expected yield for organic corn in Ontario (Molenhuis 2014) and 2.4 t ha-1 below the 

county average for conventional grain corn (Kulasekera 2012).  A contributing factor to the lack of a 

corn GY response to the amendments can be attributed to a severe drought period lasting 45 d, 

beginning in late June to mid-August, where there was only one precipitation event above 2 mm 

occurred (16 mm) and the remaining periods was without significant precipitation. Temperatures 

during July were 1.7°C greater than the historical norm and in August were 0.7°C higher (Table 4.2).  

The texture of the soil at the Walkerton site is 62% sand and coarse-textured soils are known to 

allow rapid drainage of any precipitation events and have a lower potential to retain soil moisture. 

The combination of drought conditions, higher than average temperatures and the sandy soil texture 

makes it likely that a soil moisture deficit was the main yield limiting factor at the site, and that the 

influence of N application would have had a negligible effect on final yield. Personal communication 

with the producer also confirmed that the corn exhibited characteristics of extreme drought stress 

during the summer months and relayed doubts that the effect of the amendment application would 

be distinguishable due to the severe climatic conditions. 

4.4.2 Grain N Concentration (GNC) and Grain N uptake (GNU) 

 

 
The interaction between source and rate, as well as the main factors of source and rate 

significantly impacted GNC at the Dashwood site (Table C.4).  The interseeding of red clover had 

no significant effect on the wheat GNC. A log-normal transformation was required to meet the 

model assumptions. The mean control GNC was 1.49 – 1.55 % when back transformed. The LSM’s 

for the TLC showed no significant difference between the GNC of the control and any rate of 

application. The GNC of PL was significantly different from the control only at the highest rate of 

application (378 kg N ha-1). A comparison of the amendments showed a significant difference 

(P=0.0010) with the PL having a 33% greater GNC overall. The linear regression with a source x 
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rate interaction was fit to the GNC measurements (r2=0.33). As described in Figure 4.2 the source x 

rate interaction shows the clear divergence of GNC responses, with increasing rates of PL resulting 

in a strong positive linear response, whereas the TLC showed a slight negative slope. These results 

are reasonable, as it agrees with the significantly different GY response measured between the two 

amendments, with PL causing the greater GY increase, suggesting greater N availability of the 

“fresh” amendment. When a separate regression was completed on just TLC (not shown), there was 

no significant response with the application of TLC. A similar lack of response was observed by 

Gagnon (1997) on GNC with increasing rates of mature and immature composted dairy manure on 

spring wheat.   

 

 There was no effect to corn GNC with the application of either amendment at the 

Walkerton site. A LSM comparison showed no difference between treatments and the control for 

both sources. The average GNC for the corn was 1.32 (±0.10) % (Table C.4). 
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Figure 4.2. Winter wheat grain N concentration (GNC) response to increasing rates of 
turkey litter compost (TLC) and poultry litter (PL) at the Dashwood site.  



113 

 

 
A line fitting exercise was performed on the non-transformed LSM of the GNC for soils 

amended with PL (PL alone was normality distributed) which revealed a distinctive wheat GNC 

response pattern to increasing rates of N at the Dashwood site (Figure 4.3). A sigmoidal four-

parameter Gompertz equation accurately fit the response with success similar to that of Fowler 

(2003) who used that equation to express GNC response of several winter and spring wheat 

cultivars on increasing rates of N application. The initial decline, as discussed in Chapter 3, may be a 

function of rapid biomass accumulation that exceeds the rate of N uptake, lowering the 

concentration of N (Macy 1936).  The apparent plateau of the GNC suggests that a maximum N 

uptake concentration has occurred (Fowler 2003).  
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Figure 4.3. Nonlinear relationship with winter wheat grain nitrogen concentration (GNC) 
and poultry litter (PL) application at the Dashwood site, line represents a sigmoidal four-
parameter Gompertz equation.  

 

  

At the Dashwood site, GNU was significantly affected by rate, source (P=<0.0001) and a 

source x rate interaction (P=0.0119) (Table C.2). The presence of interseeded red clover did not 

significantly affect GNU. The control GNU ranged from 22 – 27 kg N ha-1. The maximum GNU 
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for the PL treatments occurred at the highest amendment rate of 378 kg N ha-1 with a GNU of 

72.67 kg N ha-1, which is 2.6 times greater than the control (Table 4.6). All rates of application of PL 

had a greater GNU than the control sites.  The TLC had the greatest GNU at 306 kg N ha-1 at 44.58 

kg N ha-1, 2.04 times greater than the control. The lowest rate of the TLC (69 kg N ha-1) was not 

significantly different from the control; all other rates had significantly higher GNU. A comparison 

of LSM of the treatments between sources indicated that the PL treatments had a 60% greater GNU 

than did the TLC treatments (P=<0.0001). 

  

In Dashwood the regression analysis indicated that the source x rate interaction had a 

significant linear coefficient (P= 0.0001) and the rate had a significant quadratic coefficient (Table 

C.3) (r2=0.61), resulting in the TLC attaining a quadratic maximum at a rate of ~270 kg N ha-1, 

whereas the PL had a maximum of at 375 kg N ha -1 (Figure 4.4). The divergence between the 

regressions is partly due to the positive linear regression of the GNC response to PL in contrast to 

the slightly negative linear regression with the TLC (Figure 4.2).   
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Figure 4.4. Total grain N uptake (GNU) of soft white winter wheat as influenced by 
application of turkey litter compost (TLC) and poultry litter (PL) at increasing rates at the 
Dashwood site. 

 

 
There was no effect to corn GNU with the application of either amendment at the Walkerton 

site.  A LSM comparison showed no difference between treatments and the control for both 

sources. The average GNC for the corn was 77.8 (±15.7) kg N ha-1 (Table C.4). 

 

4.4.3 Residual Soil Nitrogen (RSN) 

 
Soil NO3

- -N concentrations measured post-harvest were compared between the increasing 

rates of application, sources of amendment, and at 0-15 and 15-30 cm depths separately and 

combined (0-30 cm). At the Dashwood site, a log transformation was required for the model 

assumptions to be validated.  The ANOVA showed rate, source and depth as significant 

(P=<0.0001) and a significant rate x source interaction (P = 0.0039) (Table C.6). The red clover had 
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no significant effect on residual soil NO3
- -N concentrations. The TLC NO3

- -N LSM comparison 

had rates above 219 kg N ha-1 significantly greater than the control (Table 4.7). The PL significantly 

increased soil NO3
- -N at rates 124, 262, 387 kg N ha-1 as compared the control (Table 4.7).   

 

An examination of comparable GY responses of ~2.7 t ha-1 (Table 4.6) achieved at rates of 

363 kg N TLC ha-1 and 59 kg PL N ha-1 showed similar back transformed soil NO3
- -N 

concentrations at 4.46 and 4.27 mg kg-1. Using the estimated availability of 33% (Gingerich 2011) for 

TLC approximately 119 kg N ha-1 was available. The TLC GNU at this rate was 43 kg N ha-1 and a 

rough estimation of stalk uptake (with a harvest index of 0.5 and a protein concentration of 5%) 

would indicate an additional removal of 25 kg N ha-1 for a total removal of 68 kg N ha-1. The PL at 

the comparable yield response and 50% N availability would provide 30 kg N ha-1 and had a total 

crop N uptake estimated at 64 kg N ha-1. The similar crop N removal, GY and residual soil N 

between the two amendments, despite the TLC having an estimated an additional 89 kg N ha-1 plant 

available N applied, suggests that the seasonal availability of the TLC is much lower than estimated. 

The risk of N loss through volatilization is higher in the surface applied PL than TLC which would 

narrow the difference between the two amendments harvest NO3-N. Lastly neither had significant 

quantities of NO3
--N when applied making initial N leaching loss unlikely. Therefore the probable 

reason for the difference in NO3
- - N is that far less N was mineralized than what was estimated and 

the remaining N is still within the organic N fraction. 

 

Diaz (2008) found similar increases in soil NO3
- -N with PL application rates to corn 

following a late spring application at rates of 40-55 kg N ha-1 which resulted in ~13 mg NO3
- -N kg -1 

soil as compared to ~22 mg NO3
- -N kg-1 soil when applied at a rate of 90 – 110 kg N ha-1. A 

comparison between sources showed PL to have supplied a significantly greater concentration of 
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NO3
- -N to the soil (P=<0.0001) with concentrations (back-transformed) of 8.51 mg N kg-1 soil 

compared to 3.55 mg kg-1 soil. Cooperband et al. (2002) reported similar results to when comparing 

fresh and composted PL with midseason soil NO3
- -N being 3-4 times greater in fresh PL than the 

compost, additionally the compost applied to corn had NO3
- -N levels was indistinguishable to the 

control. The fresh PL sites had corn GY 30% greater to that of the compost sites (Cooperband et 

al., 2002). At the Dashwood site within the 0-30 cm soil profile this translates to 53 kg NO3
- -N ha-1 

from the highest rate of PL compared to 12 kg NO3
- -N ha-1 for the highest rate of TLC remaining 

in the soil at time of harvest.  

Table 4.7. Least squared means of nitrate (NO3-N), ammonium (NH4) and residual soil 
nitrogen (RSN) at the Dashwood site at the 0 - 30 cm depth, letters denote significant LSD 
comparison between rates, lettered comparisons within source rates only.   

 

    Log10(NO3-N) NO3-N
z Log10(NH4) NH4

z Log10(RSN) RSNz 

Source kg N ha-1 Log10(mg kg-1) (mg kg-1) Log10(mg kg-1) (mg kg-1) Log10(mg kg-1) (mg kg-1) 

TLC 

0 0.22a (1.6) 0.97 (9.33) 1.09a (12.30) 

69 0.31ab (2.0) 0.92 (8.32) 1.01a (10.23) 

157 0.55ab (3.55) 0.86 (7.24) 1.09a (12.30) 

219 0.64b (4.37) 0.97 (9.33) 1.22a (16.60) 

306 0.63b (4.26) 0.88 (7.58) 1.12a (13.18) 

363 0.65b (4.46) 0.75 (5.62) 1.04a (10.96) 

PL 

0 0.49a (3.09) 0.90 (7.94) 1.12a (13.18) 

59 0.63ac (4.27) 0.96 (9.12) 1.18a (15.13) 

124 0.91bc (8.12) 1.02 (10.47) 1.31a (20.42) 

186 0.76ac (5.75) 0.81 (6.45) 1.14a (13.80) 

262 1.15b (14.12) 0.96 (9.12) 1.41a (25.70) 

378 1.20b (15.85) 0.96 (9.12) 1.45b (28.18) 

 
se 0.08  0.09  0.06 

 Contrast 
 

     

 

 

TLC 0.55 (3.55) n.s. n.s. 1.10 (12.59) 

PL 0.93 (8.51) n.s. n.s. 1.30 (19.95) 

 

0.030 

 
 

 
0.03 (1.07) 

  Significance ***       ***   
z 

Values backtransformed from a log, 
y 

*** significance P<0.0001, ** P<0.001, * <0.05, TLC – turkey litter compost, PL – poultry 

litter  
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The difference between the two amendments is likely due to their high initial NH4
+-N 

concentrations, which is ~4 times greater in the fresh PL, and the presence of uric acid within the 

PL which will hydrolyze rapidly by urease to NH4
+-N (Mahimairaja et al., 1994). Similar experiments 

comparing fresh and composted PL have shown that initial NH4
+-N concentrations in PL are a 

major contributor to the post-harvest NO3
- -N levels (Cooperband et al., 2002, Diaz et al., 2008). A 

second factor that is often suggested as a major influence on mineralization is the difference 

between the C:N ratio of the feedstock and the compost product (Diaz et al., 2008). In this study, 

the C:N ratios were 9.08 and 10.8 for the TLC and PL respectively.  The similar C: N ratios lend 

credence to the concept that it is the quality and processing history of the material that is as 

important as the C:N ratio (Mamo et al., 1998, Lasharmes et al., 2010). While having similar C:N 

ratios, the fresh PL also has significantly greater proportion of its total N in the inorganic form while 

the TLC N needs to be mineralized from the organic N fraction which requires time. The C:N ratio 

comparison tends to be a more accurate indicator of net mineralization and immobilization in fresh 

organic wastes and manures (Gale et al., 2006). Regression lines were fitted to the NO3
- -N response 

to source and a quadratic rate x source interaction coefficient (P=0.047) (Figure 4.5).  

 

 The maximum point of the GY regression was 4.04 t ha-1 measured for the PL crop at an 

application rate of 242 kg N ha-1, at this point there is some confidence that the N requirements for 

the crop are met. At a 40% (Brown 2008) availability of the PL, this provides 97 kg N ha-1 to the 

crop. At an estimated availability of 33% for the TLC, the treatment of 306 Total N kg ha-1 would 

provide a similar 100 kg N ha-1. The GY at 306 kg N ha-1 was 3.06 t ha-1, 24% lower than the PL at 

the same estimated availability. At this same point the post-harvest soil NO3
- -N levels were 46 and 

18 kg N ha-1 (0-30 cm depth) for the PL and TLC respectively. Lastly the difference in crop N 

uptake (GNU + straw (harvest index 0.5 at 5 % protein)) is 103 kg N ha-1 (PL) to the 71 kg N ha-1 
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(TLC).  The additional 32 kg N ha-1 removed from crop N uptake in PL soils highlights the gap 

between the two amendments soil NO3
- -N levels, as if the same crop N had been removed between 

the sites you would expect that some portion of difference (32 kg N ha-1) would be measured within 

the soil.   
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Figure 4.5. Relationship between nitrate (NO3-N) and increasing rates in turkey litter 
compost (TLC) and poultry litter (PL) a) Dashwood site b) Walkerton PL c) Walkerton both 
sources.  

 

At the Walkerton site the soil residual NO3
- -N values was only significantly influenced by 

the rate of application (Table C.7). Depth was significant for all three soil measurements. An 

ANOVA was completed on the 3 treatment levels with comparable rates and source was found not 



120 

 

to be a significant factor (P=0.9795), but rate was found to be significant (P=0.0249). When the PL 

values were subsampled and fitted with regression coefficients a significant positive linear 

relationship emerged (P=0.0101) (Figure 4.5). PL treatment rates at 71, 177 and 213 kg N ha-1 were 

significantly greater than the control. A subsample of the TLC ANOVA showed rate being 

significant and a comparison between the control and overall TLC rate was significant, with TLC 

having a greater NO3
- -N by 2.3 mg NO3

- -N kg soil-1. The regression for the TLC was non-linear 

(not shown).  When a regression analysis was performed with both amendments, source was not 

significant and a cubic relationship was found to be significant with rate (Figure 4.5) 

 

The end of season soil NH4
+-N was not significantly influenced by rate, source of depth at 

the Dashwood and Walkerton Sites. A log transformation was required for the Dashwood site to 

achieve a normal distribution. The NH4
+-N values ranged from 5 to 11 mg kg-1 in Dashwood (Table 

4.7) when averaged over the 30 cm soil profile. There were no differences between amendments 

with a LSM comparison.  Soil NH4
+-N concentrations ranged from 2 to 4 mg kg-1 at the Walkerton 

site, with no significant effects emerging with LSM comparisons.  

 

The RSN values followed a similar linear trend at the Dashwood site that was observed with 

the soil NO3-N measurements (Figure 4.6). The PL had a significantly greater RSN in a LSM 

comparison with TLC, with back transformed values of 20 mg kg-1 to 13 mg kg-1 (Table 4.7) The 

highest RSN value (1.45 log10 [mg kg-1]) for the PL was at the highest rate of application, a LSD 

comparison between rates showed the highest rate being significantly greater than the control (28.18 

vs 13.18 mg kg -1). The TLC was not different from the control for RSN as well (Table C.6). The 

regression analysis reported depth, source, rate and a rate x treatment interaction as significant. The 

rate x treatment interaction had a significant linear coefficient. The combined Walkerton RSN values 
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showed no influence with either amendment or rate of application, depth was the only significant 

variable (Table C.8).  
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Figure 4.6. Relationship between residual soil nitrogen (RSN) and turkey litter compost 
(TLC) and poultry litter (PL) applications at the winter wheat Dashwood site. 
  

 

4.4.4 Economic Analysis and Nitrogen Use Efficiency  

 

 
 The MERA was calculated at the Dashwood site using two pricing schemes. The first 

MERA used the grain price for organic feed soft white winter wheat of 424 $t-1 and the price of 

TLC at 60$ t-1 to calculate the MERA. The MERA for feed grade quality organic soft white winter 

wheat was below zero for the TLC at this response curve and price ratio. This implies that the grain 

yield response achieved by the TLC was not sufficient to offset the cost of the amendment 

application at any rate, causing the MERA to drop below zero. The breakeven point for the TLC at 

this cost is a grain price of 495 $t-1. The PL price based on the N – P2O5 – K2O values (1.30 -1.35 -

0.95 $/kg (Brown 2008) and a 40% availability of the three macronutrients during the first year of 
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application (Brown 2008), resulting in an amendment cost of 123$t-1. At a grain value of 424 $t-1 the 

MERA for PL is estimated at 3.5 t ha-1.  

  

The second method is to incorporate protein penalties into the MERA consideration. Soft 

white winter wheat is often sold for specialty baking products that require cake and pastry flour, 

these products require lower protein content. The ideal protein range for soft white winter wheat is 

8.5-10 % for use in cakes and pastries products (Brown 2009). The lower protein requirements can 

create a trade-off scenario for producers on the amount of N to apply, as producers also strive for 

high yields. There is a well-established relationship with increasing rates of N increasing GNC 

content within wheat products (Fowler 2003). The positive linear increase of GNC with increasing 

rates of PL that was observed in this study will eventually reach the 10% protein threshold for an 

acceptable food grade grain. This threshold for the PL GNC response is at 215 kg N ha-1. The TLC 

GNC response was slightly negative but from agronomic standpoint was unchanged from the 

control with increasing rates of N. This undesirable increased protein content is an noted  issue in 

the Pacific Northwest of the USA  with an average grain protein content increasing from 9% to 

>11% between 1984 and 1991 (Sower et al., 1994). Sower et al. (1994) attributed these increased 

levels in part due to over fertilization and an excess of residual N in the soil inorganic N pool.  

 

 Therefore, if the objective of the producer is to sell the grain at food grade milling price 

(514$t-1 (Karwal 2014)) the final MERA must fall below the protein content criteria. The TLC had a 

calculated MERA at 1.16 t ha-1 (~19.5 kg N ha-1) when sold at milling prices. The PL had a MERA 

of 4.5 t ha-1 (~ 121 kg N ha-1). Based on the positive linear regression that was observed with the 

GNC, the MERA will cause the protein to be ~9.3%, which falls below the maximum allowable 

level for protein content, and avoids the loss of the price premium for food grade winter wheat.  
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The AE of the PL was significantly greater than that of TLC with a LSM comparison the 

LSM for the PL was 11.66 (GY:N) and for TLC was 5.29 (GY:N), the TLC only being 44% as 

efficient as the PL. The AE is expected to be greater for the fresh amendment as the calculation and 

efficiency is based on the total N applied. The PL has a greater proportion of the N in inorganic 

plant available form and contains uric acid which will rapidly become available as NH4 and lastly 

some organic components of the PL will be more easily decomposed then the components within 

TLC. A similar difference in N forms between fresh and composted PL was observed by 

Cooperband et al. (2002) with the composted amendment being only 37% as efficient as the fresh 

PL on a corn crop. The slope of the TLC line is far smaller than the PL (Figure 4.7), approaching no 

slope at all, whereas the PL showed a drop from 20 (GY:N) at 124 kg N ha-1 to 5.4 (GY:N) at 378 

kg N ha-1 (Table 4.6). 
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Figure 4.7. Agronomic efficiency (AE) and grain nitrogen accumulation efficiency (GNAE) 
relationship with application rate of turkey litter compost (TLC) and poultry litter (PL) A) 
Dashwood AE, B) Dashwood GNAE, C) Walkerton GNAE and AE, Dashwood crop winter 
wheat, Walkerton crop corn.  

 

Munoz (2008) showed an average PL AE of 8.5 (GY:N)  over 3 years with rates ranging 

from 131 to 525 kg N ha-1 (average 327 kg N ha-1), which was slightly higher than then regression 

estimated AE modeled at the Dashwood site of 5.4 (GY:N). Blitzer et al. (1988) showed an average 

AE of 18 (GY:N) for fresh poultry litter on corn for rates ranging from 90 to 270 kg PAN ha-1 
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compared to the 13.6 (GY:N) at the average application rate of 180 kg N ha-1. The greater efficiency 

observed in this study is likely due to the NH4
+ contents in their PL study being  four times higher, 

therefore providing  significantly more initial PAN for crop. Also corn has a greater N requirement 

and different N uptake pattern than wheat. Cooperband et al. (2002) compared fresh and composted 

PL over two years on corn crops. Two composts were used with varying composting durations, a 

mature 15-month and immature 4-month.  A good agreement of AE was found with the composts 

and the TLC, as reviewed in Chapter 3. The fresh PL had an AE of 12.7 (GY:N) at 245 kg N ha-1 

whereas the Dashwood site showed a AE  of 10 (GY:N). The Cooperband (2002) PL had a greater 

total N than the PL used at the Dashwood site. Diaz et al. (2011) applied PL at a low and high rate 

of amendment at 18 sites between 2004-2006 in both the fall and spring as an N source for corn. 

The average AE calculated across all sites was 15.3 (GY:N), at an averaged application rate of 193 kg 

TN ha -1. This is slightly higher than the 12.9 (GY:N) predicted at the same values for the 

Dashwood site.   

 

It is worth considering the loss of N that occurs during the composting process and the 

implications that this may have on the AE of the product. In Chapter 2 both the fresh turkey litter 

(TL) and the composted counterpart (TLC) were analyzed for their nutrient content. Assuming that 

the feedstock used to make the TLC was similar to the TL analyzed, a rough estimation of nutrient 

change can be measured. Assuming that there is no P loss during the decomposition then the 

change in C:P ratio can be used as indicator of carbon loss. The analysis showed the C:P drop from 

22:1 to 7:1, whereas the C:N ratio only changed from 11:1 to 9.1 (Table 2.1). If no N was lost from 

the system then the C:N ratio should have followed the C:P by a similar proportion. The difference 

in ratio reduction is 50% and in addition there is a drop in total N between the two from 3.38% to 

2.17% (35%) (Table 2.1). Therefore the quantity of initial TL N needed to produce 100 kg N of 
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TLC is approximately 238 kg N. The average AE at the Dashwood site was 5.29 %, if adjusted based 

on the initial TL required then the AE drops to 2.2 %.  Future research will ideally evaluate fresh 

and composted materials as soil amendments based on initial feedstock, N losses during processing 

and then the N dynamics once applied to the soil.  

 

4.5 CONCLUSION  
 

Grain yield was 40% higher with application of PL as an N source for soft white winter wheat 

production when compared to TLC, while also having greater GNC and GNU. Though the GY 

response to TLC was significantly greater than that of the control, the GNC of the winter wheat was 

not affected. There was a strong positive linear response of GNC to PL at levels above desired 

market ranges (Sower 1994). The MERA for the TLC was 1.6 t ha-1 and that of PL was 4.5 t ha -1 

when the grain is sold at food grade quality, which is significantly higher even with greater cost of 

application based on nutrient content. AE and GNAE of the TLC at the Dashwood site were 

significantly less efficient than that of the PL (44% and 37% less respectively). This due to the 

initially higher NH4
+ concentrations in the PL and its more rapid mineralization compared to the 

TLC, which has already gone through a significant decomposition phase during the composting 

process. Measurements of soil NO3-N provides further support of the difference between the N 

dynamics of the two amendments, with plots amended with PL having significantly greater levels of 

soil NO3-N than the control treatment at post-harvest soil sampling. For the TLC to achieve GY 

equivalent to the PL lowest rate (69 kg N ha-1) it would need to be applied at 240 kg N h-1. TLC with 

a N:P ratio of 0.95:1 compared to that of PL with 2.07:1 would result in 253 kg P ha-1 being applied 

as compared to 33 kg P ha-1 from PL.  The soils at the Dashwood site had soil test P levels (Table 

C.1) such that no additional P would be recommended. At the maximum recommended rate of 70 

kg (P2O5), or 30.8 kg P ha-1, based on severely P deficient soils and 40% P availability in the first 
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season the application TLC not be an over application of P from a profitability standpoint.  

Repeated use of TLC to achieve N requirement goals would result in soil P accumulation. The 

MERA of 1.6 t ha-1 would reduce applications to 28 kg P ha-1 or an estimated P supply of 11 kg P  

ha-1. Repeated application of the amendment at the MERA would lower the risk of P accumulation 

considerably. The lack of weed stimulation and lack of grain protein enrichment makes TLC a 

potentially useful amendment of soft white winter wheat for producers who require an off-site 

source of composts. Comparing the two amendments, PL applied at MERA and lower, will produce 

greater crop yields due to its higher N availability, but it will also have greater residual soil inorganic 

N levels and an increased risk of N losses through leaching.   
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5 RESIDUAL NITROGEN CARRYOVER EFFECTS OF ORGANIC 
AMENDMENTS ON SUBSEQUENT SEASON CEREAL 

PRODUCTION 
 

5.1 ABSTRACT  
 
A major portion of the total N contained in organic amendments is as organic N which is 

mineralized over the growing season and becomes available for crop growth. Forty to sixty percent 

of the total N of poultry litter (PL) is available during the first growing season, whereas only 5 to 

18% is available in composted PL. Thus considerable amounts of amendment-derived N can remain 

in the soil after the first season’s harvest. The impact of the residual N on the following season’s 

crop is an important consideration for organic producers who use these amendments as source for 

N fertility.  The objectives of this study were to evaluate the residual N effects of PL and turkey 

litter compost (TLC) on the following season’s crop and to examine the potential interaction effects 

between these organic amendments and red clover used as a green manure. At four field sites where 

TLC and PL had previously been applied at rates ranging from 40 to 500 kg N ha-1 the response to 

residual effects of these amendments was examined in the second year. At two of the sites inter-

seeded red clover (Trifolium pretense) was an additional treatment planted in the previous season.  

Grain yield (GY), grain N concentration (GNC), grain N uptake (GNU) and residual soil N (RSN) 

were evaluated on each sites respective crop; two oat (Avena sativa) crops, a barley (Hordeum vulgare) 

crop and a corn crop (Zea mays) in 2012. At the site growing corn there was no effect of previous 

organic amendment, however red clover increased GY by 16% compared to the control. Spring 

sampling at field sites without red clover showed elevated soil NO3-N in the treatment receiving 

TLC. At the spring pre-plant soil analysis for one oat field, an overall contrast between amended and 

unamend sites showed greater residual soil N (RSN) in PL plots, but not for the TLC treatments 

compared to that in the control. Red clover was an effective green manure for promoting corn crop 
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yields. The red clover stand establishment was affected negatively by high rates of PL application in 

the previous season. Overall there were no significant residual carryover effects on crop yield or 

grain quality in the second year growing season following an application of fresh and composted 

poultry litter. 

  

5.2  INTRODUCTION  
 
 The use of organic amendments as nitrogen (N) sources for crop production provides an 

opportunity for managing livestock wastes produced on farm and reducing the need for synthetic N 

fertilizer additions. Specifically in organically managed farming systems, organic amendments such as 

manures and composts are often the primary source of nutrients (Berry et al., 2012). Considerable 

research has been completed to evaluate nutrient availability and crop yield response from manures 

and composts in the growing season in which they are applied. Soil incubation and field experiments 

have highlighted that significantly greater portions of the organic N contained in fresh amendments 

is mineralized within the first growing season compared to their composted counterparts (Preusch et 

al., 2002, Gale et al., 2006, Munoz et al., 2008, Eghball et al., 1999b). Composted poultry litter (PL) 

has been reported to have only 14% N availability (Munoz et al., 2008) in the first year. The 

incubation study (in Chapter 2) suggests that 16% of turkey litter compost (TLC) organic N and 

47% of fresh turkey litter (TL) organic N was mineralized over a 98 d period. A two pool decay 

model of amendment-N mineralization predicted that after a year there would be ~70% of the TLC- 

N and 46% - 58% of the PL-N remaining in the soil. Even with the highest estimates of N 

availability rate of PL (62% (Presuch et al., 2002)), considerable quantities of amendment organic N 

could potentially be mineralized after harvest, through the winter and in the following growing 

seasons.   
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There is less information for producers on the residual contribution of these organic 

amendments to crops after the first year. Beauchamp (1987) examined the residual contribution of 

liquid cattle manure, solid beef manure and liquid poultry manure in the first, second and third 

growing years to continuous corn production. The grain yield response in the second year suggested 

that there was no residual N derived from liquid poultry manure, and although there was evidence of 

N mineralization for the liquid cattle manure and solid beef manure amendments the quantity was 

not sufficient to have an effect on crop yields. Paul et al. (1993a) determined that application of 

composted cattle manure resulted in the lowest yield response in the first year of application, 

compared to urea and liquid cattle manure, but showed the greatest yield response in the second 

year after application. This trend was supported with research conducted by Reider et al. (2000) who 

showed that in the first year of application crop yields were significantly less with poultry litter and 

composted dairy manure compared to fertilizer, but in the second year, yields on sites that received 

the composts were achieving significantly comparable yields to that of the inorganic fertilizer. 

Positive yield effects have been shown with soybean crops in the season following fall and spring 

application of composted and fresh swine manure used on the previous seasons corn crop, the 

author notes that it was inconclusive as to what component (N, P, K, SOM(soil organic matter)) of 

the amendment attributed to these yield increases (McAndrews et al., 2006). Diaz et al. (2012) 

measured corn yield response in the second season after PL applications and estimated 3 to 12% of 

the total manure N applied was available in the 2nd season. Eghball et al. (2004) showed similar corn 

grain yield responses in the 2nd year following application for fresh and composted feedlot manure 

and inorganic fertilizer N (applied at a rate of 150 kg Total N ha -1) with yields ~ 40% greater than 

the unfertilized plot. No crop yield responses were observed in any of the treatments in the third 

year after application. Spring cereals planted in the season following sugar beets showed apparent N 
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recoveries ranging from 3 to 12% when PL was applied at total N rates between 300-700 kg N ha-1 

in a study conducted in England (Nicholson et al., 2003).  

 

Another source of N common to organic producers is the use of cover crops and green 

manures (Berry et al., 2012), incorporation of green manures into the soil can provide substantial 

quantities of N to a subsequent crop. Red clover is a common cover crop used by organic producers 

in southern Ontario (PC 2014). It has been found to contribute quantities of N ranging from 12 - 13 

(N’Dayegamiye et al., 2011) to 30 – 48 kg N ha-1 (Gentry et al., 2013) to 87-184 kg N ha-1 (Liebman 

et al., 2012). The contribution of N to the subsequent crop depends on several factors such as 

seeding time, stand homogeneity and effects of additional N inputs. Red clover crops have been 

shown to have a negative linear response or no response to increasing rates of N fertilizer 

(Hauggaard-Nielsen et al., 2001, Nelson et al., 2014). N’Dayegamiye et al. (2011) observed that the 

maximum yields achieved with green manures were with supplemental additions of 30 kg N ha-1 to 

60 kg N ha-1, which responded better than application rates of 90 kg N ha-1 or 0 kg N ha-1. This 

suggests that there is an optimal requirement for supplemental N to maximize benefits of cover 

crops. There is the possibility that the combination of green manure N and N supplied via organic 

amendments application can have an interaction on overall N availability. Johnson et al. (2012) 

reported in a soil incubation study, that a combination of composted PL and a soil treatment (2 

grams added to 40 gram microcosm) from a field that had alfalfa as a green manure (incorporated 1 

week before) caused greater composted PL-N mineralization then when the composted PL was 

incubated without any green manure addition. 
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The objectives of this study were to determine the residual effects of fresh and composted 

PL on GY, GNU and residual soil inorganic N after harvest and during a subsequent growing 

season, and to evaluate the potential interaction between the organic amendments and red clover on 

these parameters.   

 

5.3 MATERIAL AND METHODS  
 

5.3.1 Site Description and Experimental Design  

   

The experimental design of the research plots and the amendment application rates are 

described in detail in Chapter 3 for the Forest and Milverton field sites and in Chapter 4 for the 

Dashwood and Walkerton sites. The physical and chemical properties of the soils at these sites are 

reported in Table 5.1. After the spring application of the amendment in spring 2011 no further 

amendments were added to the plots. Therefore for the 2012 growing season the only source of N 

available to the crop was from the soil N pools and from the organic N from the previous 

amendment application in 2011. At the Milverton and Dashwood sites half of the plots had been 

seeded to a red clover cover crop as a supplementary source of N. On April 14, 2011 red clover 

(double cut) was broadcast planted into the winter wheat crop at ~ 10 kg ha-1. On April 9, 2012 the 

red clover was incorporated into the soil prior to corn planting on April 13th 2012 through 

moldboard plowing to a depth of 15 cm. In May 6th 2011 (double cut) red clover was broadcast 

planted into the winter spelt crop at the Milverton site at a seeding rate of ~9 kg ha-1. On April 10th, 

2012 the red clover was incorporated by disking to a depth of 10cm prior to planting oats.  The 

previous crops at the field sites are listed in Table 5.2. The management, sampling dates and crop 

type are reported in Table 5.2. The crops planted were selected by the producers on whose farm 

field sites the research plots were located.  
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Table 5.1. Description of site location and soil physical and chemical properties prior to 
amendment application in 2011. 

 

Site  Forest    Milverton  Walkerton  Dashwood 

Location  

43°6'43.7" 
N 

82°02'41.7"
W 

43°36'25.08" N 
80°52'57.48"W 

44°7'34.28" N 
81°4'53.93"W 

43°22'09.3" N 
81°38'30.4"W 

Soil Type  Clay Clay Loam Sandy Loam Sandy Loam 

Soil Series Brookston1 Perth2 Waterloo3 Berrien4 

Soil Texture  

14% Sand  15% Sand  62% Sand 77% Sand 

43 % Silt  45 % Silt  24% Silt 11% Silt 

43% Clay 40% Clay 14% Clay  12% Clay  

Great Soil 
Group   

Dark Grey 
Gleysol1 

Grey-Brown 
Luvisol2 

Grey- Brown 
Luvisol3 

Grey-Brown 

Luvisol4 

Drainage  Poor Imperfect Well Imperfect 

OM5 (%) 2.82 3 2.3 3.8 

pH 7.2 7.6 7.5 6.11 

P6 (ppm) 33 9 57 46 

K (ppm)  122 132 69 128 

Mg7 (ppm)  370 414 218.3 131 

Ca7 (ppm)  3190 5694 1886 1331 

Zn7 (ppm)  2.02 1.43 3.5 2 

Mn7 (ppm) 10 7.6 23.2 27.1 

B7 (ppm)  0.64 0.38 0.4 0.27 
1 

Soil Survey of Lambton County (Matthews 1957), 2 Soil Survey of Perth County (Hoffman 1952a) 

 3Soil Survey of Bruce County (Hoffman 1954), 4 Soil Survey of Huron County (Hoffman 1952b) 
5 OM – Organic Matter 6 Sodium Bicarbonate P 7 Method- Dry Ashing followed by ICP/OES AOAC 985.01 
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Table 5.2. Site management and sample collection in 2012. 

 

Site  Dashwood  Walkerton     Forest    Milverton  

Previous Crop  Wheat Corn Corn Spelt 

Planted Crop Corn Oats Barley Oats 

Spring Soil Sampling   April 9th  April 27th  May 17th  April 10th  

Red Clover Incorporation April 10th n/a n/a April 10th 

Planting  April 13th  April 27th  May 12th  April 14th 

Mid-Season Sampling  July 12th  n.a n.a n.a 

Harvest Oct.17th July 17th July 20th  August 17th 

Post-Harvest Sampling  Oct.19th July 18th  July 23rd  August 20th  

Tillage  SP1 FP2/SC3 FP2/SC3 SP1 
1
Spring Moldboard Plowing, 2 Fall Moldboard Plowing, 3Spring chisel 

 

5.3.2 Soil and Amendment Properties  

 

 
 The TLC is produced commercially from turkey bedding at a composting facility located on 

a large-scale turkey farm near Thamesford ON. The TLC consists of turkey manure, softwood 

shavings and wheat straw which is composted under controlled conditions, temperature monitored 

to ensure a thermophilic stage of above 55°C for at least 4 d for pathogen sterilization and weed 

seed sterilization and a curing phase to yield a finished product ready for distribution at 12 months 

(PC 2011). The PL applied at each site was acquired from nearby broiler operations. The PL 

contained the same bedding material at each site, which consisted primarily of broiler manure and 

wheat straw. The PL at Dashwood contained double the NH4-N and 13% greater total N than that 

from Walkerton; both had similar C:N ratios (Table 5.3). Samples of the amendment were collected 

the on the day of application for determination of nutrient and moisture contents (Table 5.3). The 

samples were taken from the several locations within the amendment heap and later homogenized 

for preparation of a representative subsample. The period between amendment delivery and field 

application was no longer than 3 days.  
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Prior to initiating the study soil samples were collected at each site from a depth of 0-30 cm. 

Ten samples were taken from each block, homogenized and subsampled to get a background 

estimate that is representative of the entire study site. Soil physical and nutrient characteristics are 

summarized in Table 5.1. Soil sampling was carried out at pre-plant and at post-harvest. The soil N 

samples were sampled at each experimental unit 10 times and separated by depth, homogenized on 

site and either immediately frozen or extracted on return to the laboratory. Soil inorganic N was 

measured using the method described in Chapter 2. 

   

Table 5.3. Properties of the organic amendments applied as N sources in 2011, nutrient 
values “as is” basis. 

 

Location  Forest    Milverton  Dashwood Walkerton 

Amendment  TLC1 TLC TLC PL2 TLC PL 

Dry Matter (%) 42 53 55.4 74.5 57.4 63.3 

Organic Carbon (%) 14.02 17.49 15.14 30.23 18.12 25.69 

Total N (%) 1.06 1.92 1.65 2.7 1.71 2.27 

NH4
+-N (ppm)  923 1123 1286 5063 12.02 2468 

Total P (%) 1.42 1.66 1.74 1.3 1.8 1.19 

Total K (%)  1.47 1.68 1.76 1.81 1.82 1.53 

C:N Ratio  13.2 9.09 9.08 10.59 10.59 6.29 
1 TLC - Turkey Litter Compost 2

 
PL -Poultry Litter  

5.3.3 Crop Yield and Grain N determination  

 

  
At the Walkerton, Forest and Milverton sites the cereal grain was harvested using a 

Winterstrieger plot combine. For cereal crops the harvested strips ranged in length from 8 to 12 m 

depending on site and crop at a width of 1.25m. Grain samples were weighed in field;  in the 

laboratory samples were kept in an oven set at 60°C for several days until a constant dry matter 

weight was reached. The crop was threshed and grain cleaned to remove crop residues, chaff, and 

weed seeds.  Grain yield (GY) was calculated based on the area of the harvested strip and the weight 

of the grain harvested and expressed in kg ha-1 dry grain. At the Dashwood site, two rows 9 m in 
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length were sampled first with hand harvested cob removal and then corn stover cut at the soil 

surface taken from the center of the plot. Corn cobs and stover were weighed in the field and a 

subsample of 10 corn cobs and 6 corn stalks were taken for drying and dry matter yield 

determination. The kernels from the corn cob were removed (Agriculex Corn Sheller) to determine 

grain yield. The harvesting dates are found in Table 5.2. The methodology for determining grain 

nitrogen concentration (GNC) and grain nitrogen uptake (GNU) is explained in detail in chapter 3 

and 4.  

 

5.3.4 Economic Analysis and Nitrogen Use Efficiency  
  

Agronomic efficiency (AE) and grain nitrogen uptake efficiency (GNAE) were completed in 

this residual study for each crop site; methods for calculation of AE and GNAE are described in the 

methods section of Chapter 3. If a quadratic response function was significant with GY and 

increasing rates of amendment then a MERA evaluation will be completed. The methodology for 

the evaluation can be found in detail in chapter 3 and 4.  

5.3.5 Statistical Analysis  

 
The statistical analysis was performed in the same fashion as described in chapters 3 and 4 

either as a rate only (Forest) experiment or when comparing the two amendment sources 

(Walkerton), or the presence of a cover crop (Dashwood and Milverton). The same issue of non-

balanced N rates exists at the Walkerton site, and the separate ANOVA analysis was completed for 

each amendment and the combined regression with rate as the continuous variable.  

 

A pre-side-dress nitrogen test (PSNT) evaluation was completed at the Dashwood site with 

midseason soil measurements.  The analysis involved using the relative GY values ((GY of each 

treatment/Average GY of highest rate of amendment) x100) and attempt to fit a quadratic plateau 
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with the NO3-N (0-30 cm) soil values using PROC NLIN was made to determine a critical NO3-N 

value following methods outlined by Munoz et al. (2008).   

5.4 RESULTS AND DISCUSSION  
 

5.4.1 Red Clover Cover Crop  
  

 Visual inspection of the red clover cover crop at the Dashwood field site at the time of soil 

sampling (April 12th 2012) showed uniform growth with no apparent variation in establishment or 

biomass production between blocks due to soil variability. However, the highest application rate of 

the PL significantly affected the red clover stand. First observed at harvest in 2011, areas that 

received an application of 378 kg N ha-1 PL had negligible red clover growth; this was confirmed 

again in soil sampling in April with no apparent recovery within the applied area. The seeding of the 

red clover occurred the day prior to amendment application and it is likely that the high NH4
+-N 

content of the PL affected red clover seed germination. Sites that received lower PL rates exhibited 

no negative effects of application as was observed on 378 kg N ha-1 sites.  

 

The red clover cover crop at the Milverton site was non-uniformly established over the 

experimental area. Areas that did establish or areas that did not establish were not associated with 

amendment treatments. There was no visual evidence that high rates of TLC application affected red 

clover establishment. Blaser et al. (2012) found that the use of composted beef manure had no effect 

on red clover plant densities over a 6-yr study.  

5.4.2 Crop Grain Yield Response 

 

 
The incorporation the red clover into the soil had a significant affect (P=0.0243) on the GY 

at the Dashwood site.  A LSD comparison showed a significantly greater GY on plots incorporated 
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with red clover, 6.3 t ha-1 to 5.4 t ha-1 (SE = 0.28), a 16% increase (Table D.2) compared to the 

control treatment. The average GY at the Dashwood site was within the expected organic corn crop 

GY in Ontario at 5.76 t ha-1 (Molenhius 2014). Previous studies of red clover cover crop have 

reported GY increases of 30% in an irrigated corn crop (Amosse et al., 2014) and 25-36% in corn 

following an intercropped oat-red clover mix (Liebman et al., 2012). The 16% GY increase in our 

study was most likely due to cover crop N mineralization. Gentry et al. (2013) calculated apparent 

red clover nitrogen credit on corn GY, with spring cover crop termination, and found values ranging 

from 30 and 48 kg N ha-1. There are also well documented additional benefits of red clover beyond 

as an N source including improvement in the seedbed, wet aggregate stability and soil moisture 

retention (Raimbult et al., 1991, Gaudin et al., 2013). Measurements of the soil moisture content 

soils sampled in the spring and midseason showed no significant difference due to the presence or 

absence or red clover (data no shown). The stover biomass was not significantly affected by any 

treatment and none of the multiple mean comparisons of the treatments were significantly different 

from one another or the control treatment using a LSD tukey’s comparison. Harvest Index (HI) was 

not altered significantly by any treatments (data not shown). Residual studies of PL applied to corn 

crops have shown significant GY increases in the 2nd year after application using similar rates of PL 

(Diaz et al., 2012), although the yield responses were highly variable. Sims (1987) found yield 

increases in the second year and a small highly variable response in the third year after application.  

The Dashwood site was high in soil test P (46 ppm) in 2011 and at that level no additional P is 

recommended (Brown 2009), therefore the effect of TLC and PL on GY would be primarily 

attributable to the N availability.  

 

The oat crop at the Walkerton site showed no significant response to a TLC or PL 

application in the previous season. The average GY was 1.31 t ha-1, which is a relatively low yield 
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response as compared to the expected average of 2.37 t ha-1 for organic oats in Ontario (Molenhius 

2014). The overall low GY was likely due to the droughty conditions that occurred during the April 

to July growing period when precipitation was 45% lower than normal and  single rainfall events 

accounting for 38 -67% of the monthly precipitation (Table D.1). The soil at this site is sand-

textured (62% sand) and would have limited ability to store plant available water during periods 

between precipitation events and would exhibit rapid drainage when these events occurred.  

 

The oat crop at the Milverton site showed no response to TLC application or to the 

presence of a red clover cover crop. The average GY was 2.76 t ha-1 (Table D.4), which was higher 

than the expected organic GY for Ontario of 2.37 t ha-1(Molenhius 2014).  

 

The barley crop at the Forest site did not show a significant response to the TLC 

amendment. The average GY was 1.38 t ha-1 (Table D.5), which considerably lower than the 

expected yield of 2.37 t ha-1 for organic barley in Ontario (Molenhius 2014). A contrast between 

treatments and the control showed no significant difference.   

 

The lack of GY response to composted poultry manure has been reported in a residual study 

by Munoz et al. (2008), with application rates between 75 and 135 kg N ha-1. Munoz et al. (2008) did 

find a significant increase in whole plant N uptake with the composted poultry litter in the year after 

application. Diaz et al. (2012) showed a small contribution of PL in the second year after application, 

with a fertilizer equivalency of 6-12 kg N ha-1 for an original application rate of 168 kg N ha-1 applied 

in the previous season. Bitzer et al. (1988) found that between 6 and 11% of the PL-N applied in the 

previous season was available to a corn crop in the following season, with two of the three PL 

amendments having a positive effect on the corn yield. Liu et al. (2010) conducted a 4-yr rotation 
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study which included the use of composted PL as one of the nutrient sources, in the last year of the 

study no amendments were applied and those sites were compared to sites that never received any 

amendments during the 4 years and in that final season no significant difference between the control 

and historically amended sites were reported. In this dissertation the unamended plots were not 

significantly different from the amendment plots, suggesting that the yield response to the N supply 

from composted PL will only be seen in the first year of application.  

5.4.3 Grain N Concentration (GNC) and Grain N uptake (GNU) 

 
The corn GNC at the Dashwood site showed no significant treatment effects and the overall 

model did not significantly contribute to explaining the variance observed. A log-transformation was 

completed to achieve normality. The LSM mean values presented in Table D.2 are non-transformed 

values for ease of data interpretation. The average GNC for the corn was 1.02%. A GNC regression 

analysis revealed no significant response to treatments or interactions. The analysis of variance for 

the GNU had a non-significant model. The GNU varied widely with LSM values ranging from 44 kg 

N ha-1 to 103 kg N ha-1 (Table D.2).  

  

The oat crop at the Walkerton site exhibited no GNC or GNU response to either PL or TLC 

at any rate of application. The average GNC was 1.82% and GNU 23.8 kg N ha-1 (Table D.3).  The 

oat crop at the Milverton site showed no significant response to TLC application or influence of the 

red clover cover crop.  The average GNC was 1.59% and the average GNU 44.3 t ha-1 (Table D.4).  

The barley crop at the Forest site did not have a significant GNC or GNU response to the TLC 

amendment. The average GNC was 1.38% and GNU 18.6 kg N ha-1 (Table D.5). 
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5.4.4 Soil Nitrogen 

 

 Dashwood  
 

 The pre-plant soil NO3-N was significantly influenced by a crop x rate interaction, crop x 

source interaction. A log transformation was required to meet model assumptions.  An LSD 

comparison between the crop x source interaction showed that soil NO3-N levels were significantly 

greater in the TLC treatments with no red clover (6.16 mg kg-1 vs 4.3 – 4.6 mg kg-1) as compared to 

TLC with red clover and PL with and without red clover (Table D.6). Vyn (2000) showed a similar 

increase in NO3-N in bare soils as compared to spring chemical killed red clover when soil was 

sampled at planting (8.0 vs 5.2 mg NO3-N kg-1). Regression was not significant for NO3-N values.  

There was no significant influence of any treatment on the NH4-N or RSN soil pools.  The spring 

soil sampling was completed prior to red clover incorporation and N values were quite low. An 

application rate of 116 kg N ha-1 is suggested at that concentration of NO3-N for profitable corn 

growth if there was no legume plowed down, with red clover plow down considerably less is 

recommended based on stand composition (Brown 2009). 

 

The midseason soil sampling at the Dashwood site showed not treatment effects on the soil 

NO3-N, NH4-N or soil inorganic N (SIN (NO3-N + NH4-N)) soil pools. The average NO3-N was 

6.05 (±0.96) mg NO3-N kg-1 soil, NH4-N was 6.82 (±1.5) mg NH4-N kg-1 soil and the SIN was 12.87 

(±1.84) mg N kg-1soil (Table D.7). There was no significant effect of the red clover treatment. 

Mineralization of red clover-N was likely limited by this time in the season and any N being released 

would be removed by N uptake. Stute et al. (1995) found red clover mineralized half of the N within 

the first 4 weeks of incorporation, and that by week 10 mineralization was limited. Liebman et al. 

(2012) found in a study with a similar incorporation date that soil NO3-N levels that were previously 
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elevated in May and early June, declined by mid-June. The soil NO3-N and the GY showed no 

correlation.  

 

The soil NO3-N values sampled in early July were used in determining if final GY could be 

predicted based on mid-season soil sampling, in the same approach as a pre-side-dress nitrogen test 

evaluation (PSNT). Ideally the test would be performed when the corn plant is 15-30 cm (Brown 

2009), in this study the plants were ~120 cm. Performing a soil N in mid-June is preferable to the a 

spring soil test particularly when an organic N source has been added in the spring (etc, legume) 

(Brown 2009), which a spring soil sample would not measure as the N has yet to mineralize into the 

soil. In this study a quadratic plateau convergence failed and a “critical cutoff” point in the quadratic 

plateau was not found. The reason is that all the soil NO3-N values midseason fell well below the 

range of 20-25 mg NO3-N kg-1 which is a commonly found threshold point, where soils containing 

NO3-N above this level may have yield responses that begin to plateau, allowing for the calculations 

of supplemental N application rate recommendations (Munoz et al., 2008). The local 

recommendations would suggest that at soil  NO3-N levels of 6.05 mg NO3-N kg-1 , 161 kg N ha-1 is 

recommended  for corn, and with a red clover credit of 45 kg N ha-1 (Brown 2009) a significant 

quantity (116 kg N ha-1) of N is still recommended.   

 

The post-harvest soil N parameters at the Dashwood site required log-transformations to 

meet model criteria. Soil mineral N sampling post-harvest was not significantly influenced by any 

treatments for any of the soil inorganic N (NO3-N, NH4-N or RSN) pools. The average NO3-N was 

10.50 (±1.27) mg kg-1, NH4-N was 3.36 (±1.26) mg kg-1 and the RSN was 14.87 (±1.26) mg N kg- 

(Table D.8). There was no significant effect of the red clover crop on soil mineral N levels as; the 

soil N values were highly variable between experimental units.  
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Walkerton 
 

The pre-plant soil samples for the PL treatments showed rate (P=<0.0311) and depth as 

significant for the RSN values. In the 0-15 cm depth, the two lowest rates (40 kg N ha-1 and 71 kg N 

ha-1) of applied nitrogen had significantly greater RSN quantities than the control (Table D.9). A 

contrast between all treatment sites and the control showed a significant difference between site with 

PL and the control. A regression analysis found a cubic coefficient with rate was significant 

(P<=0.0500). With a lack of response from the previous season in GY, it is uncertain why this 

pattern (Figure 5.1) of RSN occurred. The TLC plots showed no significant influence of rate for all 

three soil parameters.  
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Figure 5.1. Relationship between residual soil nitrogen (RSN) and rates of poultry litter (PL) 
in the pre-plant soils at the Walkerton site. 

  

The post-harvest soil sampling at the Walkerton site showed not treatment effects on the 

NO3-N, NH4-N or RSN soil pools. However, soil sampling depth had a significant impact on RSN 

levels. The NH4-N pool was negligible (Table D.10) and NO3-N is reported as RSN. The average 
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RSN was 17.31 (±1.44) mg N kg-1 at the 0-15 cm as compared to 12.57 (±2.2) mg N kg-1 at the 15-

30 cm depth.  

Milverton  
  

The pre-plant soil sampling at the Milverton site showed RSN to be significantly influenced 

by rate, depth and cover crop x rate interaction (P=<0.0017). A LSD comparison of cover crop x 

rate showed no treatment rate to be significantly different than the control. No clear pattern of the 

significant differences could be seen. A regression analysis showed a cubic crop x rate interaction to 

be significant. A log transformation was required for the NH4-N and RSN values to meet model 

assumption criteria. There was no influence amendment rate on soil NO3-N and NH4-N. The 

average NO3-N was 13.45 (±3.7) mg kg-1, NH4-N was 4.68(±1.22) mg kg-1 (Table D.11).   

 

The post-harvest soil sampling at the Milverton site showed no rate treatment effects on the 

NO3-N, NH4-N or RSN soil pools and no influence from red clover; soil sampling depth was the 

only significant variable. The soil NH4-N values were negligible; in Table D.12 the RSN values 

represent the contribution of inorganic N from NO3-N. A log transformation was required for the 

NH4-N and RSN values to meet model assumption criteria.  

 

Diaz (2012) showed that application of PL at rates of 84 and 168 kg N ha-1 had negligible 

effects on NO3
--N levels in the top 0-30 cm of the soil in the second year after application. The 

depth of sampling (0-30 cm) could have limited measurements of the effect of these amendments on 

the soil inorganic N levels. Sims (1987) reported significant yield responses in the second year of PL 

application and though no detectable difference in RSN was found for soils sampled from the 0-60 

cm depths significantly greater RSN was found at the 80-100 cm depths. Eghball et al. (2004) 

showed an increase in soils NO3-N for samples taken from the 0-15 cm from both the composted 
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and fresh manure when compared to the check plots (1.92 mg kg-1 vs 0.61 mg kg-1 for the manure 

and 0.88 mg kg-1 for the compost).  

Forest  
  
 The soils at the Forest site showed a significantly greater accumulation of NO3-N in the 

spring in the top 0-15cm depth versus 15-30 cm (4.09 mg kg-1 to 2.47 mg kg-1)(Table D.13). There 

was no effect of amendment on soil NO3-N, NH4-N and RSN.  Depth did not have a significant 

impact on NH4-N and RSN levels. Log transformations were required for NH4-N and RSN to meet 

model assumptions. At the spring nitrate levels measured (~ 24.4 kg N ha-1 at 30 cm depths), N 

recommendations range from 76-129 kg N ha-1 and suggest that the barley crop would respond well 

to N potentially mineralized from the TLC (Brown 2009).  

 

The post-harvest soil sampling at the Forest site showed no treatment effects on the NO3-N, 

NH4-N or RSN soil pools. The average NO3-N was 6.50 (±1.02) mg NO3-N kg-1 soil, NH4-N was 

2.36 (±0.86) mg NH4-N kg-1 soil and the RSN was 9.87 (±1.26) mg N kg-1soil (Table D.13). 

   

5.4.5  Economic Analysis and Nitrogen Use Efficiency  
 

The overall F-test was not significant for the AE and GNAE values at the Dashwood site, 

suggesting that the factors included in the model did not adequately explain the variations for these 

calculations. This is to be expected as both the GNC and GNU were not adequately explained with 

their respective analysis. The AE and GNAE, calculated from the LSM of the GY and GNU, 

showed a comparatively small decrease for the PL from the winter wheat 2011 season of 12.1 (AE) 

and 11.9 (GNAE) to 10.1and 9.8 in the corn 2012 season. The TLC dropped from 5.3 (AE) and 5.3 

(GNAE) to 2.3 and -3.5, respectively.  
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Calculations of the AE and GNAE based on the LSM of the GY and GNU for the Forest site 

showed an average AE of 1.6 (GY:N) and GNAE  of 2.4 (%) respectively. This is a drop from the 

7.38 and 9.59 reported in the first season of application on corn GY and GNU.  The AE and 

GNAE dropped at the Milverton site from an average of 7.1 and 21.40 for a spelt crop in 2011 to 

1.2 and 2.2 in the following season’s oat crop. The Walkerton site showed a gain in efficiency from 

the previous season with the PL, due to higher yields in the control plots, whereas in 2011 there 

were greater GY variability due to limiting climatic conditions and overall GY was low. The TLC 

showed a drop from an AE of 13.3 and a GNAE of 18.1 in the 2011 corn crop to 2.7 and 8.7 in the 

2012 oat crop.  Overall in the second year the average AE for TLC was 1.9 (±0.6) and 2.4 (±4.3) for 

GNAE, a respective drop of 76% and 82% from that in the first season of application.  

 

5.5 CONCLUSION  
 
 The laboratory incubation two-pool kinetic model estimates that 8% of the TLC and 13% of 

the PL N applied in the previous season would become available in the 12 weeks after planting in 

the 2012 season. As an example, at the Forest site the highest rate of TLC applied, 496 kg N ha-1, 

this would amount to 64 kg N ha-1 and at the lowest TLC rate would be 10 kg N ha-1.  The kinetic 

models were developed in controlled conditions and while useful as starting point for N availability 

these models are likely to overestimate mineralization. Distributed over 12 weeks, it is not 

unreasonable that there was no detectable effect on crop growth with the inherent variability of field 

conditions coupled with weed pressures characteristic of organic farming systems at the low rates of 

application. Additionally oat crops have low N requirements (35 kg N ha-1) and the soil N pool in 

addition with TLC mineralization could provide sufficient N for crop growth at all application rates, 

which would account for the lack of a response curve for GY. Red clover was shown to be an 

effective green manure at the Dashwood site, increasing overall yields by 16%.  Based on the results 
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with a one off application of TLC or PL, producers should not expect to see a crop response in the 

2nd year, and it is unlikely that soil inorganic N levels in the spring and harvest sampling would 

indicate residual N contributions from these amendments.  However, repeated applications of 

organic amendments to meet the crop N requirements will have significant effects on soil physical 

properties, plant available nutrient pools and increase the risk of soil P loading. 
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6 EFFECT OF FALL VERSUS SPRING APPLICATION OF 
COMPOSTED POULTRY LITTER ON WINTER SPELT AND RYE 

CROP YIELDS, GRAIN QUALITY AND RESIDUAL SOIL 
NITROGEN 

6.1 ABSTRACT  
 
Turkey litter compost (TLC) is an organic amendment certified for use as a nutrient source in 

organic farming systems in Ontario. Adoption of an amendment for beneficial use in crop 

production is contingent on understanding the nitrogen (N) availability of the product to develop 

recommendations for application rate and timing of application. This study evaluated the response 

of spelt (Triticum spelta) and fall rye (Secale cereale) to increasing rates of TLC applied in the late fall 

and spring to supply 0-150% of the crop N requirements. Crop grain yield (GY), grain N 

concentration (GNC) and grain N uptake (GNU) were measured at harvest. Soil inorganic N was 

measured in spring and post-harvest samples. Spelt showed a positive linear response in GNC to 

increasing rates of the spring applied TLC. Spelt GY and GNU were not affected by any of the 

treatments. Rye GY showed a positive linear response to increasing rates of TLC, with the highest 

rate (527 kg N ha-1)  resulting in a 46% GY increase as compared to the control; the effect of timing 

of application was not significant. Rye GNC had a steeper linear slope response to spring applied 

TLC than to the fall application. Elevated soil inorganic N (RSN) was detected at the rye site with 

spring soil sampling on the fall applied plots. At harvest only the spelt showed a minor increase in 

RSN with spring applied TLC, and effectively a zero slope response with fall applied TLC. Based on 

the insignificant difference between fall and spring applied TLC on rye GY and GNU response, and 

an improved GNC response measured for the spring application, it is recommend that the TLC be 

applied in the spring. The potential for N leaching losses over the fall and winter is an unnecessary 

risk. If the producer does apply TLC in fall, there is no rate adjustment required if the TLC is 

applied in the late fall (November), as GY responses were the same between time periods.   
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6.2  INTRODUCTION  
 

When compared to the synthetic fertilizer, organic amendments have an added complexity 

of predicting N availability due to the difficulty in predicting the rate of organic N mineralization. A 

key management decision for the successful use of organic amendments as an N source is the timing 

of application, which ideally optimizes the rate of N being mineralized from the amendment with 

crop N demands.  A 2001 survey of manure application timing on Canadian farms showed an 

almost even divide between spring and fall application (35.4 vs 33.2%), with 26% applying in the 

summer and 5.5% applying in the winter.  The proportions varied by manure source (poultry was 

not reported), with beef manure being applied mostly in the fall, swine in the spring and dairy in the 

spring (Statistics Canada 2004). This report attributed much of the application decision was based on 

spring being a busy period for the producer and to limited on-site manure holding capacities.   

 

The success of these amendments as nutrient sources is greatly influenced by material’s 

chemical composition and on climatic factors influencing these release patterns.  The studies that 

have examined the timing of organic amendments typically contrast fall or winter vs spring 

application, with the fall being further split up into early fall  and late fall . The distinction between 

the fall applications is important as in early fall there can still be periods of relatively warm 

temperatures and significant rainfall events (Gordon et al., 2014). Warm temperatures promote 

decomposition of the amendment, mineralization of organic N and accumulation of NO3
--N due to 

conditions favorable for nitrification (Beckwith et al., 1998). This can lower the nitrogen use 

efficiency of the amendment, due to N losses through NO3
--N leaching, on following season’s crop 

as compared to a later application date (Jackson et al., 1997).  If the amendment has a high C:N 

ratio, such as solid beef manure, fall application may be ideal to avoid the initial immobilization that 

could reduce soil N availability  if this amendment were to be applied in the spring. Gale et al. (2006) 
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measured immobilization of N up to 60 days after application of composted dairy manure. 

Immobilization reported after solid swine manure application during first 9 weeks was shown to 

significantly suppress corn plant biomass through N limiting conditions during that time period 

(Loecke et al., 2012). Alternatively if the amendment releases NO3
--N in large quantities after fall 

applications this will increase the risk of soil NO3
--N losses to leaching if there is no crop to take up 

the nutrients (Beckwith et al., 1998). Late fall application in southern Ontario occurs when 

temperatures are lower (<10°C) and shortly before the ground becomes frozen. Low temperatures 

will limit microbial decomposition of the amendment and N mineralization rates will be significantly 

reduced (Gordon et al., 2014). A further advantage of a late fall application is that it avoids the 

potential for planting delay due to wet soils and soil compaction common in spring; the warm 

period prior to planting would allow for amendment N to become available to that season’s planted 

crop.  The benefits of fall application may be specific to regions that undergo winters with full snow 

cover and ground freeze, rather than just cool temperatures (Tewolde et al., 2013).  

 

In general the recommendation for amendments with high concentrations of inorganic or 

easily mineralizable N is for a spring application, and the more stable, high C:N ratio amendments 

may be appropriate for fall application (Schröder 2005).  Zebarth et al. (1996) compared fall versus 

spring applications of liquid dairy and liquid hog manure on silage corn application and found that 

the fall applied plots had no influence on GY. While not measured, the author suggests that these 

results imply that the N applied was lost over the fall and winter through nitrification and 

denitrification and subsequent leaching and volatilization losses. Alternatively Loecke et al. (2004) 

found that spring applied solid fresh and composted swine manure caused reduced N supply 

efficiency as compared to fall applied fresh and composted, with the composted manure being the 

most efficient.   
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Timing of manure application studies are highly influenced by the year to year climatic 

variability. The lower than normal over winter nitrate losses from fall applied manure found by 

Jackson et al. (1997) was attributed to significantly less than average rainfall. The diverse N release 

patterns of organic amendments coupled with regional climatic conditions create the necessity for 

continued studies evaluating timing of application, across varying soil textures and organic 

amendment sources, to understand the overall trends and provide management recommendations 

for producers.   

 

Research on timing of application has been inconsistent and limited with PL as the 

amendment.  Gordon et al. (2014) evaluated winter wheat GY response to PL applied at pre-plant 

(mid-September) and at planting (Oct-Nov) and found positive yield responses from both timings. 

However, in 4 of the 5 sites there was no significant difference between timing periods. Diaz et al. 

(2008) showed no significant difference in grain corn yield from fall, winter and spring application of 

PL. Tewolde et al. (2013) showed a 12.8 % and 16.7% decrease in corn yield with fall applications of 

490 and 245 total N kg/ha PL when compared to the same rates applied in the spring. Tewolde et al. 

(2013) attributed these differences to nitrate leaching, volatilization and denitrification occurring 

over the winter months. A 15N study in Denmark measured N recovery from a barley crop using PL 

applied in the winter and spring and found N recoveries to be 38% in spring applied and 15% in 

winter, recommending spring application to be best time for application (Thomsen 2004).  

 

The use of PL in the fresh (Diaz et al., 2008; Diaz et al., 2011; Gordon et al., 2014; Hirzel et 

al., 2007) and composted (Munoz et al., 2008; Cooperband et al., 2012) forms have been shown to 

be an effective source of N for field crops. The majority of the research conducted with these 
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amendments has evaluated only spring applications with different rates. The few studies that have 

compared timing of amendments have only looked at the fresh PL, and no studies have examined 

timing effects of TLC on winter cereal yields. The objective of this study was to compare the 

effectiveness of TLC on late fall planted spelt and rye crop yields in a late fall application in contrast 

to spring applications and to evaluate their effects on the soil inorganic N content.   

6.3 MATERIAL AND METHODS  
 

6.3.1 Site Description and Experimental Design  
 
 

The field experiments were established in the fall of 2011 at two sites, located near Scotland 

Ontario (43° 00’18.5”N 80° 25’02.1”W). The site planted to rye (~140 kg ha-1 seeding rate, drill 

planted) was an imperfectly drained Brady sandy loam (Gleyed Orthic Gray Brown Luvisol (Acton 

1989) (77% sand, 11% silt and 12% clay)). The site planted to spelt (~190 kg ha-1 seeding rate, drill 

planted) was a Camilla imperfectly drained sandy loam (Gleyed Orthic Gray Brown Luvisol (Acton 

1989) (51% sand, 38% silt, clay 11%)). Soil chemical properties prior to amendment application and 

seeding are summarized in Table 6.1 and Table 6.2 describes seasonal management and sampling 

timeline.  

Table 6.1. Description of site location and soil physical and chemical properties prior to 
amendment application. 

 

Site OM1 pH P2 K 7Mg 7Ca 7Zn 7Mn 7B 

  (%)   <------------------------------------------( ppm) -----------------------------------------> 

Spelt 4 7.3 12 192.3 400 1421 1.5 26 0.6 

Rye 2.24 7.2 7.8 160.7 364 1817 1.6 22 0.7 
1
OM – Organic Matter  2 Sodium Bicarbonate P  3Method- Dry Ashing followed by ICP/OES AOAC 985.01 
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Table 6.2. Site management and sample collection for the spelt and rye sites with spring and 
fall application of turkey litter compost (TLC).  

 

Site  Spelt  Rye 

Fall Soil Sampling  Nov 2th Nov 2th 

Fall Application  Nov 3th Nov 4th 

Planting  Nov 4rd  Nov 5th  

Spring Soil Sampling   April 4th April 5th 

Spring Application  April 6th  April 6th  

Harvest Aug 2nd  Aug 16th 

Post-Harvest Sampling  Aug 3rd Aug 17th 

 

The experiment was designed as a randomized complete block with 4 replicates. The 

treatments consisted of five amendment application rates designed to provide from 0 to ~150% of 

the N requirement for each specific crop applied at both the fall and spring, resulting in 48 

experimental units. These application rates were based on the assumption that 33% of the total N in 

the TLC was plant available during the first growing season following a spring application. No 

amendments had been added in the previous field season. Each experimental plot was 12 m in width 

by 20 m in length which allowed full-sized field equipment to be used to duplicate farm practices 

and field conditions. A wet lime spreader (Stoltzfus 5 ton) was used for amendment application for 

the fall treatments. At the rye site mechanical failure and difficulties with the spreader caused a wide 

disparity between rates in the fall application. The low rates were smaller than the target application 

rates and the highest rates required hand broadcast application, resulting in the highest rate (527 kg 

N ha-1) to be significantly greater than the target rate. The spring application was done using a 

horizontal beater manure spreader (New Holland© 680) for all treatment rates. During preparation of 

the seedbed TLC was tilled ~10 cm into the soil in the fall and spring remained surface applied. The 

date of amendment application, crop planting, crop harvest and soil sampling is detailed in Table 

6.2. 
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6.3.2 Amendment Properties  

 
Samples of the amendment were collected on the day of application for determination of 

their nutrient and moisture contents (Table 6.3). The samples were taken from several locations 

within the amendment heap and later homogenized for preparation of a representative subsample.  

The period between amendment delivery and field application was no longer than 3 days. Refer to 

Chapter 3 for a description of the TLC.  

Table 6.3. Properties of the turkey litter compost (TLC) applied as an N source, nutrients 
shown in “as is” basis.   

 

Location  Fall Spring Fall Spring 

Crop Type  Spelt Rye 

Dry Matter (%) 50.45 52.21 46.35 52 

OM1 (%) 30.25 28.75 26.51 30 

Total N (%) 1.54 1.50 1.54 1.6 

NH4
+-N (ppm)  1084 1125 1171 1036 

Total P (%) 1.51 1.86 1.48 1.62 

Total K (%)  1.57 1.62 1.54 1.67 

C:N Ratio2 11.6 10.7 10.2 10.8 
1 OM- Organic Matter 2 C:N ratio based on 0.58 correction factor for organic C 
 

6.3.3 Soil and Crop Collections  
 

The cereal grain was harvested using a Winterstrieger plot combine. The harvested strips 

ranged in length from 8 to 12 m depending on site and crop at a width of 1.25m. Grain samples 

were weighed in field; in the laboratory samples were kept in an oven set at 60°C for several days 

until a constant dry matter weight was reached. The crop was threshed and grain cleaned to remove 

crop residues, chaff, and weed seeds. Grain yield (GY) was calculated based on the area of the 

harvested strip and the weight of the grain harvested and expressed in kg ha-1 dry grain. The 

methodology for determining grain nitrogen concentration (GNC) and grain nitrogen uptake (GNU) 

is explained in detail in chapter 3 and 4.  
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Prior to initiating the study soil samples were collected at each site from a depth of 0-30 cm. 

Ten samples were taken from each block, homogenized and subsampled to get a background 

estimate that is representative of the entire study site. Soil physical and nutrient characteristics are 

summarized in Table 6.1. Soil sampling was carried out in the spring and at post-harvest (Table 6.2). 

The soil N samples were sampled at each experimental unit 10 times and separated by depth, 

homogenized on site and either immediately frozen or extracted on return to the laboratory. Soil 

inorganic N was measured using the method described in Chapter 2.   

6.3.4 Statistical Analysis  

 
 The statistical analysis was performed in the same fashion as described in chapter 3, which 

compared the two amendment sources. In this case, this study has the variable of timing instead of 

source. In the rye field due to the disparity of rates between the fall and spring application an 

ANOVA was not performed to evaluate interactions between timing rate and rate x timing 

interaction with rate as a class variable. A regression analysis was able to be performed with rate as a 

continuous variable.   

6.4 RESULTS AND DISCUSSION  
 

6.4.1  Meteorological Data  
 

The month of February had 46% less precipitation than normal. The total precipitation 

during the period between fall and spring applications fell closely to the historical means, with 10% 

less precipitation the normal. The largest precipitation event occurred in March with 24.6 mm (Table 

6.4).  The months of May and July were drier than normal conditions (50% and 56% less than 30-yr 

mean). 
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Table 6.4. 30 year average, mean, maximum, minimum air temperature (°C) and 30 year 
monthly average, monthly daily maximum and percentage of monthly total due to 
maximum precipitation event (mm) in Scotland ON. 

 

Month 

30 yr 

Mean1  
20112  Min Max 

30 yr 
Mean1 

20112 
Max 

(Daily)  

% of 
Monthly 

Total  

--------------Temperature (°C)-------- ------Precipitation (mm)------ (%)  

Oct 2011 9.3 11 -6 27 70.1 110.5 27 24 

Nov 2011 3.8 6.6 -6 18 84.4 95.8 27 28 

Dec 2011 -2.5 -0.2 -10 13 65.1 78 19.4 25 

Jan 2012 -6 -2.1 -22 11 54.7 49.6 13.8 28 

Feb 2012 -4.3 -0.6 -12.5 16 51.5 23.7 11.2 47 

Mar 2012 0.3 6.4 -12 27.5 59.1 45.7 24.6 54 

Apr 2012 7 7 -5 24 68.9 49.8 20 40 

May 2012 13.5 16.5 -1 32.5 81.1 40 11.4 29 

Jun 2012 18.7 19.8 5.5 33 75.9 95.4 34.8 36 

Jul 2012 21.3 23.2 9.5 35 95 41.7 18.4 44 

Aug 2012 20.2 20.3 5 34.5 75 67.4 14.8 22 

Sept 2012 16 15.7 1 32 86.6 120.8 28.8 24 
1
30 year mean precipitation and temperature data from the Scotland Environment Canada weather station (1 km from site), 2011 data 

taken from Brantford weather station (20km from site) 

 

 

6.4.2 Crop Grain yield response 

  
The applications of TLC in the late fall or in spring had no effect on the GY at the spelt site. 

No GY at any amendment rate was significantly different from the control or one another treatment 

across timing periods. The average GY was 1.5 (±0.12) t ha-1 (Table 6.5), was below the expected 

average of 2.47 t ha-1 for organic spelt in Ontario (Molenhius 2014).   

 

An ANOVA of rye GY showed rate as significant for the fall application (P=<0.014) and 

non-significant for the spring (P=<0.067). As noted in the methods, the disparity between the fall 

and spring rates prevents a combined ANOVA with rate as a class variable, which would allow 

testing for a rate x time interactions.  The average control GY was 1.34 t ha-1. The two highest rates 
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for both spring and fall were significantly greater than the control in a Tukey’s multiple means t-test. 

The highest GY were achieved at the highest rates for both fall and spring, 2.21 and 1.71 t ha-1 at 

rates of 527 and 390 kg N ha-1, respectively (Table 6.6). At an estimated availability of 33% 

(Gingerich 2011) the 390 kg N ha-1 would provide 128 kg N ha-1 to the crop, exceeding winter rye 

requirements. A winter rye crop has a recommended N requirement of 90 kg N ha-1.  The lack of 

apparent GY response plateau with these highest rates suggests that the % availability estimation is 

an overestimation. Using the incubation estimation (Chapter 2) of 16% organic N mineralization + 

inorganic N would provide ~83 kg N over the 16 weeks between application and harvest which falls 

slightly below the N recommendation, with the rye GY likely approaching a plateau.   

Table 6.5. Spelt site least squared means of grain yield (GY), grain N concentration (GNC), 
grain N uptake (GNU), letters denote significant differences between means at each timing 
period, no letters indicate no significant difference between means in a Tukey’s T-test. 

 

Timing 

Rates GY GNC GNU 

kg N ha -1  t ha-1 % kg N  ha-1 

Fall Applied 
TLC 

0 1.39 2.15 39.76 

39 1.59 2.29 48.42 

98 1.42 2.22 40.79 

138 1.56 2.24 46.51 

187 1.76 2.35 54.93 

236 1.38 2.32 42.81 

Spring  
Applied TLC 

0 1.53 2.24 45.58 

59 1.38 2.36 42.97 

89 1.63 2.29 49.23 

118 1.42 2.41 44.60 

170 1.57 2.37 49.39 

252 1.68 2.40 54.08 

 
se2 0.23 0.05 5.60 

Contrast  Fall 1.52 2.27 45.54 

 
Spring 1.53 2.36 47.64 

 
se 0.07 0.02 2.3 

    n.s.1 * n.s. 
1P<0.05, n.s. not significant, 2 se – standard error  
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Table 6.6. Rye site least squared means of grain yield (GY), grain N concentration (GNC), 
grain N uptake (GNU) letters denote significant differences between means at each timing 
period.  

 

Timing Rate GY GNC GNU 

 

kg N ha -1  t ha-1 % kg N  ha-1 

Fall Applied 
TLC 

0 1.51a 1.77a 23.41ac 

13 1.38a 1.79a 24.77ac 

26 0.97a 1.77a 16.96a 

64 1.19a 1.75a 20.75a 

301 1.91ab 1.79a 34.28bc 

527 2.21b 1.8a 39.81b 

 
se 0.22 0.04 3.89 

Spring 
Applied TLC 

0 1.16a 1.77a 19.56a 

60 1.22ac 1.75a 21.25a 

120 1.25ac 1.7a 21.38a 

165 1.62ab 1.81a 29.8a 

255 1.78b 1.81a 32.92b 

390 1.71bc 1.97b 34.031b 

  se 0.17 0.04 3.52 

 

    The regression analysis was performed with both timing periods as rate was no longer a 

class variable. The rye plots showed rate significantly impacting GY, there was no significant 

interaction with timing x rate (Figure 6.1). Due to the significantly greater application rate at 527 kg 

N ha-1 as the highest rate, a second regression was included without this rate, to examine the timing x 

rate interaction. The second analysis confirmed there was no significant difference between the fall 

applied and spring applied linear rate response. The lack of difference has been previously reported 

with fresh PL with Diaz et al. (2008) finding no significant difference between application times of 

late fall, winter and pre-plant on corn crops in a study conducted in Iowa.  
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Figure 6.1. Rye crop grain yield (GY) response as influenced by rate of turkey litter 
application (TLC) application in the fall and spring. 

 

6.4.3 Grain N Concentration (GNC) and Grain N uptake (GNU) 

 
 At the Spelt site, a comparison of timing at the site, showed GNC to be significantly 

(P=<0.0369) higher in the spring treatments (2.36 %) than the fall (2.27%).  A linear regression 

indicated a significant  rate (P=<0.0015) and timing (P=<0.0369) effects, and there was no 

significant interaction with timing x rate, resulting in equations that have significantly different 

intercepts due to timing and parallel slopes (Figure 6.2). Timing, rate and timing x rate interactions 

were not significant factors influencing the GNU at the spelt site. The mean GNU across all sites 

was 47(±4.6) kg N ha-1 (Table 6.5).   
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Figure 6.2. Spelt (A) and rye (B) crop grain nitrogen concentration (GNC) in response to 
rate of turkey litter compost (TLC) application in fall and spring. 
 

  

For the rye crop, the ANOVA’s for the fall and spring application showed a significant rate 

effect in the spring application but not significant for the fall application. The two highest spring 

rates were significantly greater than the control, with the highest GNC being 1.97% vs the control at 

1.77% (Table 6.6). The regression analysis revealed a significant timing x rate interaction. The slope 

of the spring application was steeper than that for the fall indicating that per rate increase of 

application the spring TLC caused greater increase in GNC. The NH4
+- N within the TLC (at 

highest rate - 25 kg NH4
+- N ha-1) could account for the stronger response of the GNC in the spring 

as this ammonium in the fall application will have been converted to NO3
--N  or lost over the 

season.     

  

Rye response to spring application time had rate as a significant factor for GNU. A LSD 

comparison between rates had the two highest rates (301 and 390 kg N ha-1) with significantly 

greater GNU than the control (Table 6.6). The control GNU for the spring was 19.6 kg N ha-1, and 
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the maximum uptake was 34.0 kg N ha-1. A regression analysis for GNU showed only rate as 

significant with a linear coefficient (Figure 6.3). 
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Figure 6.3. Rye crop grain nitrogen uptake (GNU) response as influenced by rate of turkey 
litter compost (TLC) applications in the fall and spring. 

 

6.4.4 Soil Nitrogen  

 

Spring Inorganic Nitrogen (SIN) 
 

At the spelt site, time of application and rate where not significant factors influencing NO3
--

N, NH4
+-N and SIN (soil inorganic N), time x rate was not a significant interaction. The average 

SIN value in the spring was 13.25 mg kg-1 (0-15 cm), equating to 30 kg N ha-1 soil inorganic N 

(Table E.1).  
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At the rye site spring sampling showed a significant accumulation of soil NO3
--N with rate 

and soil sampling depth as significant factors. In the 0-15 cm the highest rate of 527 kg N ha-1 had 

the highest soil NO3
--N levels (8.7 mg kg-1 versus 5.9 mg kg-1 (control)). The NH4

+-N responded to 

rate of TLC in a positive linear regression (Figure E.1). The SIN showed rate and depth as 

significant factors in the fall applied sites in pre plant soil samples (Figure 6.4) with the highest 

accumulation occurring at the highest rate of amendment at 16.6 mg kg-1 and was significantly 

greater than the control (8.5 mg kg-1) (Table E.2). Converted to kg ha-1 (0- 15 cm depth), the 

quantities in the treatments with the highest application of TLC have 18 kg N ha-1 more soil 

inorganic N than the control. Spring applications, if applied at an equivalent rate to the fall 

application, would increase the soil inorganic N by 34.1 kg N ha-1, a higher quantity of immediately 

available N for the rye crop. Due to the late planting date of the rye crop, it is unlikely that there was 

any significant “scavenging” of N in the fall. A study using fresh and composted PL with a rye cover 

crop evaluated N assimilation in the fall and nitrate leaching in a loamy sand soil in Delaware (Ritter 

et al., 1998). The overall results suggest that rye was not an effective crop for reducing N losses in 

coarse textured soil if planted after October (Ritter et al., 1998).  
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Figure 6.4. Relationship between spring soil inorganic N (SIN) and rate of fall applied 
turkey litter compost (TLC) in spring soil samples at the rye site. 

 

Residual Soil Nitrogen (RSN)  
 

At the spelt site, timing (P=<0.0386) and a timing x rate interaction was significant 

(P=<0.0316) for the post-harvest soil sampling for RSN (Table E.3).  A LSD comparison between 

fall and spring applied showed that the spring treatments had a greater concentration of RSN (15.13 

mg kg-1 vs 12.47 mg kg-1) (Table E.3). The regression analysis had a significant linear coefficient with 

rate and rate x timing (P=<0.0018). Figure 6.5 shows the spring application with a steeper slope 

(0.024) than the fall applications (0.002) of TLC. The slope of the fall application was close to zero, 

showing little accumulation of RSN.  Soil NO3
--N had timing x rate as a significant interaction and 

the linear coefficient was significant (Figure E.2). Soil NO3
--N exhibited the similar lack of slope 

with the fall applications and a slight positive slope with the spring applications. NH4
+-N showed no 

significant interaction with TLC application at either time periods.  
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At the rye site, post-harvest RSN was not significantly impacted by timing rate or timing x 

rate interaction with all 3 soil parameters. A regression analysis revealed a similar lack of significance 

with any of the factors considered. The average RSN for this site was 12.96 mg kg-1 at the 0-15 cm 

depth (Table E.4).  
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Figure 6.5. Relationship between residual soil nitrogen (RSN) and rate of fall and spring 
applied turkey litter compost (TLC) at crop harvest at the spelt site. 

 

The incubation study (Chapter 2) on the N release from TLC showed a fast mineralization 

pool, accounting for ~10% of the amendment organic N with a half-life of 5 d, and a slow pool 

accounting for 90% of the organic N with an estimated half-life of 2.8 years. Even at lower 

temperatures in the fall, mineralization occurs and it may be that the rapidly mineralizable pool had 

the significant effect on the crop GNC response in the spring, which may otherwise have been lost 

over winter. At the highest N application rate of 527 kg N ha-1, mineralization of the fast pool could 

potentially risk a loss of 54 kg N ha-1, this is in addition to the ~41kg N ha-1 inorganic N present at 

the initial application.  
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6.5 CONCLUSION  
 
 The spelt site showed a small (4%) but statistically significant increase in GNC in the spring 

treatments as compared to the fall. The NH4
+-N in the TLC may have been the contributing factor 

to the greater GNC spring application response. The spelt had GY and GNU were unresponsive to 

any amendment addition, with yields 40% lower than expected for this region, possibly due to lack 

of precipitation in May and July. The rye site GY and GNU responded in positive linear pattern with 

increase rates of TLC, with no effects due to timing of application. The linear response suggests that 

the N availability of the TLC may be overestimated at 33%. The GNC regression showed a timing x 

rate linear interaction showing a steeper slope for the spring TLC treatments, with little 

accumulation of GNC at the fall sites. The influence of fall applied amendment on soil inorganic N 

were detectable in the spring soil sampling at the rye site, with a log linear positive coefficient with 

increasing rate of TLC. At harvest the spelt site showed a slight elevation of RSN in the spring 

applied amendments have a timing x rate interaction, with the fall RSN have a slope of close to zero.  

Due to the lack of difference in GY and GNU in the fall vs spring applied TLC and only 

improvement with spring applied in the GNC, it is recommended to apply the TLC in the spring for 

these winter cereals. There was no indication of immobilization with the spring application and the 

potential of N loss through leaching in the winter is an unnecessary risk. If fall is the only 

appropriate application time available to the producers due to external constraints, then the same 

rates of TLC application can be used as in the spring due to the same linear responses measured.    
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7 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 

 

7.1 CONCLUSIONS 
 

The studies conducted for this dissertation are of topical and regional importance. The 

location of the study sites are within the highest N and P manure production centers in Canada 

(Statistics Canada 2009). The 2008 survey on future research directions within organic agriculture 

showed a clear interest for on farm field research addressing the challenges of soil fertility within 

organic systems (OACC 2008). Effective nitrogen management requires a balance between achieving 

profitable yields and minimizing environmental risks. These objectives are often complementary as 

negligent use of an amendment causing N loss is a potential environmental contaminant and that 

lost N can also be viewed as an unnecessary expense to the producer, lowering the net profitability 

from the system. The focus of this dissertation was to examine N management practices based on 

amendment source, rate of application and timing of application.  

 

N mineralization rate estimations of organic amendments are useful for determining timing 

and rate of amendment application at the field level. The lab incubation study (Chapter 2) provided 

a basis for comparing the N and C dynamics on a variety of amendments available to organic 

producers (exception anaerobic digestates). The incubation highlighted the effect of initial inorganic 

N content and quality of C has on N and C mineralization rates. The availability of N was 

significantly lower in the TLC amendment as compared to the fresh TL. Composted materials (TLC 

and CD) showed markedly lower C mineralization rates, as compared to fresh amendments from a 

similar feedstock, due to the recalcitrant nature of their organic components.  As found in previous 

studies anaerobic digestates, caused initial immobilization of N and subsequent linear mineralization 
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over time. The agronomic implications of this initial immobilization should be quantified through 

greenhouse and field scale studies of crop growth response.  

  

The evaluation of TLC as a potential N source, in the single source field trials (Chapter 3), 

showed positive grain yield responses across the various crop and soil types. Two sites had grain 

yields display a quadratic response with increasing rates of TLC (oats and spelt), while the corn and 

mixed crop sites showed a linear response. The inability of the TLC, applied at rates estimated to 

supply over 150% of the crop N requirements and to elicit a plateau in yield at two sites, suggest that 

the estimated N availability of the TLC in the first season at 33% is an overestimation or the timing 

of the N release was asynchronous to crop N uptake. A positive linear relationship with residual soil 

NO3-N occurred on the sites that showed a positive linear response in grain yield, further 

reinforcing the idea that N uptake and N release may not have aligned completely. The summer of 

2011 exhibited periods of severe soil moisture limiting conditions which could have markedly 

changed mineralization rates of the amendments.  

 

 The most economic rate of amendment for TLC was 1.16 t ha-1, 2.3 t ha-1 and 5.05 t ha-1 for 

soft white winter wheat (Chapter 4), oats and spelt respectively. Producers that apply TLC at MERA 

levels within rotations that include forages are unlikely to run the risk of excess P accumulation in 

the soil. When comparing the TLC to the PL at the Dashwood site (Chapter 4) the winter wheat had 

greater response to PL application at equivalent rates, higher agronomic efficiency and higher grain 

nitrogen accumulation efficiency. At significantly greater amendment costs, the PL still had a MERA 

of 4.5 t ha-1 as compared to 1.16 t ha-1 for TLC. As a primary N source, PL is the recommended 

amendment, due to the greater nitrogen use efficiency and N availability, coupled with a higher N: P 

ratio which lowers the risk of soil P accumulation when applying at rates to reach crop N 
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requirements. The use of PL at Dashwood site caused a proliferation of weed growth and 

suppressed red clover germination at the highest rate of application. Due to the N availability of PL, 

there is the potential for elevated residual soil inorganic N levels and an increased risk of N losses 

through leaching after the harvest. The potential labor required for weed management, loss of 

potential N from the red clover to the following season’s crop and soil N accumulation all need to 

be considered when evaluating PL in the broader context of organic field crop management. 

 

Existing studies examining the residual impacts of single amendment applications on the 

following season’s crop have reported mixed findings. Repeated applications of amendments have 

shown more detectable impacts on crop yield and residual soil N. The four sites examined in the 

second year of application in the study revealed no amendment influence to the following season’s 

crop (Chapter 5). Based on the results with a single application of TLC or PL, producers are unlikely 

to see a crop response in the second year. Research monitoring residual impacts should be 

continued in future studies as 2012 season did exhibit drier than normal conditions which may have 

limited the crop response to N. The use of red clover as a cover crop improved overall corn yields 

by 16% regardless of amendment source or rate.  

 

 The comparison of TLC applied in the late fall or spring revealed increased grain N 

concentration in the spring applied spelt sites, with grain yield unresponsive to any amendment 

additions. A positive linear yield response was measured for the rye crop with increasing rates of 

TLC regardless of time of application. The lack of differentiation between timing for grain yield and 

slight increase in grain N concentration suggests a spring application is the recommend time for 

application as it appears there is no immobilization of N in the spring and applying in the fall creates 

the unnecessary risk of N loss during the winter months to leaching.  
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The obtainability of organic amendments certified for use in organic agriculture is growing 

rapidly and these products are increasingly diverse in their production methods, feedstock sources, 

nutrient composition, and physical properties (pelletized, slurry, emulsion etc).  Increased access to a 

variety of organic amendments has the potential to benefit organic producers looking for ways to 

supply adequate N to their crop rotation. This availability of certified amendments is in contrast to 

the lack of agronomic research existing for organic producers focused on N management of these 

amendments. Increasing nitrogen use efficiency through adoption of N management practices based 

on fundamental field and lab research such as was completed in this dissertation is essential for a 

continued economically and environmentally viable organic agricultural sector in Ontario.  

 

7.2  RECOMMENDATIONS FOR FUTURE RESEARCH 
 

Conducting field experiments within certified organic farms poses challenges for crop 

response research due to restrictions using inorganic fertilizers. Though the goals and funding of 

future research on organic amendments may be focused on the organic agricultural sector there is 

merit in conducting the research on conventional systems. In an amendment trial additional 

treatments of inorganic N, P, K can be applied at known levels sufficient for crop growth in 

combination with the amendment. This would allow for better insight into the influence each 

macronutrient has on crop yield response. The yield response curves measured in this dissertation 

were displayed over an x-axis of total N applied, but in truth the crop response was a function of the 

total amendment applied included all other macro and micronutrients. Using inorganic fertilizers as a 

secondary “control” with accurate nutrient composition would allow for stronger inferences to be 

made within comparative organic amendment studies. There is the sentiment within the organic 

agricultural sector that the research findings in conventional systems cannot be seamlessly 

transferred to organic agriculture. An argument, that current research is beginning to confirm, is that 
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organic systems can have significantly different soil biota composition then conventional managed 

soils (Verbruggen 2010) and that this may alter soil nutrient availability and amendment dynamics 

once incorporated in the soil. Implementing a field experiments on a farm in transition from organic 

to conventional and on an adjacent conventional farm would be an exceptional opportunity to 

conduct research on the influence of soil biota has on crop P and N use efficiency using organic and 

inorganic fertilizers.  

  

 This dissertation evaluated amendment rate response over a variety of crops and soil textures 

providing a basis for management recommendations on the use of TLC in Ontario.  A future trial 

that focuses on more parameters within one field site could continue to refine the N management 

recommendations. N mineralization rates over the growing season could be quantified with repeated 

soil N sampling after amendment application, further improving spring application timing 

recommendations for increased nitrogen use efficiency. Repeated plant tissue and biomass sampling 

throughout the growing season could provide insight into the crop N uptake pattern and allow for a 

comparative analysis of the soil N values.  

  

 Lastly the current literature on comparative research studies focusing on fresh and processed 

amendments (composts, anaerobic digestion, pelletization, etc.) for nitrogen use efficiency, crop 

response or environmental impacts (greenhouse gas emissions, N leaching) tends to be 

compartmentalized within distinct stages of the amendment’s lifecycle. This can lead to conclusory 

statements that are accurate within the scope of the study but have the potential to be misleading 

within a broader context.  It is of interest to evaluate composts such as TLC by measuring N loss 

from the fresh manure during the composting process and use the same quantity of fresh manure to 

measure N loss once applied to the field, with a compost treatment as a comparison. This would 
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allow for a direct discussion of nitrogen use efficiency of the amendments, on the same N unit per 

unit basis, using the original N content. Similar evaluations can be made on C lost via CO2 emissions 

during composting and the overall soil C sequestration potential of either amendment once 

incorporated into the soil.  Overall conclusions for the benefits or risks of an N amendment 

management practice should be stated with caution, unless studies measure or account for changes 

in the parameter of interest at each step, from production to incorporation within the soil. 
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9 APPENDICES 

APPENDIX A  CHAPTER 2  
 
Table A.1. Background chemical composition of the incubation soil from Scotland Ontario. 

 

OC1  (%) 1.3 

pH 
 

7.2 

Phosphorus2  (ppm) 7.8 

Potassium (ppm) 161 

Magnesium3 (ppm) 364 

Calcium3  (ppm) 1817 

Zinc3  (ppm) 1.6 

Manganese3  (ppm) 22 

Boron3 (ppm) 0.7 
1
OC- Organic Carbon 2Sodium Bicarbonate P 3Method- Dry Ashing followed by ICP/OES AOAC 985.01 
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Figure A.1. Methane emissions after application of the various organic amendments over a 
98 d incubation, each data point signifies the least squared mean of the measured values 
(n=4); CON- control A) PL - poultry litter,  TL – turkey litter, TLC – turkey litter compost 
CD – composted, PA – pelletized amendment B) D1-3 – anaerobic digestates, LD – liquid 
dairy. 
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Figure A.2. Correlation between ammonium (NH4

+-N) at initiation and nitrate (NO3
--N) at 

98-d. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



192 

 

APPENDIX B  CHAPTER 3  
 

Table B.1. Statistical significance of treatment effect on crop grain yield, grain N content 
and grain N uptake and regression orthogonal coefficient significance (linear, quadratic, 
cubic). 

 

Site Effect  Grain Yield  
Grain N 
Concentration  

Total Grain 
N uptake  

    (t ha-1)  (%) (kg ha-1)  

    ---------------------Pr>f ---------------------- 

Riverstown  Rate 0.0035 0.0004 0.0067 

 
 Linear  0.0003 0.0163 0.0003 

 
Quadratic 0.0007 0.0007 0.1049 

 
Cubic  0.7789 0.4488 0.5407 

 
Cover Crop  0.355 0.5286 0.6144 

  Cover Crop x Rate 0.5194 0.4908 0.4921 

Milverton  Rate 0.0003 0.0002 0.0002 

 
 Linear  <0.0001 <0.0001 <0.0001 

 
Quadratic 0.0144 0.0692 0.0159 

 
Cubic  0.5554 0.8752 0.6847 

 
Cover Crop  0.6713 0.6677 0.9349 

  Cover Crop x Rate 0.9268 0.4993 0.9201 

Yeoville  Rate <0.0001 0.0991 <0.0001 

 
 Linear  <0.0001 n/a <0.0001 

 
Quadratic 0.407 n/a 0.6632 

 
Cubic  0.0705 n/a 0.2374 

 
Cover Crop  0.2029 0.9487 0.1724 

  Cover Crop x Rate 0.6236 0.0605 0.2916 

Forest  Rate 0.0411 0.4033 0.0285 

 
 Linear  0.002 n/a 0.0022 

 
Quadratic 0.2316 n/a 0.3735 

  Cubic  0.1343 n/a 0.0695 

Harriston Rate 0.6131 0.0064 0.4071 

 
 Linear  n/a 0.0002 n/a 

 
Quadratic n/a 0.0053 n/a 

  Cubic  n/a 0.1438 n/a 

* Significant at P<0.05 
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Table B.2. Regression equations for grain yield (GY), grain N concentration (GNC), grain 
N uptake (GNU), agronomic efficiency (AE) , grain accumulation nitrogen efficiency 
(GNAE). 

 

Site  Regression Equation  R2 

 
GY (t ha-1)   

Milverton Y = 2.132 + 0.01153x - 0.00003730x2 0.41 

Riverstown  Y = 2.837 + 0.008293x - 0.000024937x2 0.3 

Forest  Y = 5.919 + 0.003309x 0.34 

Yeoville  Y = 3.0168 + 0.004650x 0.38 

Harriston  ns 
 

 
GNC (%)   

Milverton Y = 1.8768 + 0.002099x 0.41 

Riverstown  Y = 1.542 - 0.001131x + 0.000006x2 0.39 

Harriston  Y = 1.887 + 0.001526x – 0.00000318x2 0.46 

Yeoville  ns 
 Forest  ns 
 

 
GNU (kg N ha-1)   

Milverton Y = 38.77 + 0.335x - 0.001007x2 0.46 

Riverstown  Y = 45.67 + 0.03804x 0.25 

Forest  Y = 47.34 + 0.03526x  0.33 

Yeoville  Y = 59.29 + 0.09441x 0.37 

Harriston  ns 
 

 
AE (GY:N)    

Milverton ns 
 Riverstown  ns 
 Forest  ns 
 Yeoville  Y =12.03 - 0.02381x 0.13 

Harriston  ns  
 

 
GNAE (%)   

Milverton ns 
 Riverstown  Y = 31.12 - 0.2405x +0.00051792x2 0.5 

Forest  Y = 17.02 - 0.0302x 0.36 

Yeoville  ns 
 Harriston  ns          
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Table B.3. Analysis of variance with PROC GLM of soil parameters, linear, quadratic and 
cubic determined with rate as continuous variable (R = rate, C = cover crop, D = depth).  

 

Site Treatment  NO3
-  NH4

+ RSN 

Riverstown 

  Pr<f 

  0-15 and 15-30 cm  

R <.0001 0.0865 0.0034 

Linear 0.0358 n.s 0.8662 

Quadratic 0.001 n.s. 0.0002 

Cubic 0.0741 n.s. 0.14 

C 0.6487 0.744 0.8664 

D <.0001 0.0001 <.0001 

DxC 0.2205 0.2808 0.2642 

RxD 0.6305 0.55 0.8716 

RxC 0.6302 0.4639 0.2991 

RxCxD 0.3452 0.3794 0.6229 

Forest  

  0-15 and 15-30 cm  

R 0.0432 0.0818 0.1855 

Linear 0.0325 n.s n.s. 

Quadratic 0.0722 n.s. n.s. 

Cubic 0.5865 n.s. n.s. 

D 0.0001 0.5208 0.0006 

RxD 0.4577 0.6202 0.8642 

Milverton 

  0-15 and 15-30 cm  

R <0.001 n/a <0.001 

Linear <0.001 n/a <0.001 

Quadratic 0.7831 n/a 0.7155 

Cubic 0.9385 n/a 0.9616 

C 0.7111 n/a 0.7661 

D <0.001 n/a <0.001 

DxC 0.966 n/a 0.9592 

RxD 0.6462 n/a 0.612 

RxC 0.3481 n/a 0.4663 

RxCxD 0.911 n/a 0.9136 

Yeovile   0-15 and 15-30 cm  

  R 0.1306 0.4197 0.2273 

  C 0.8836 0.7384 0.7408 

  D 0.021 0.0338 0.0159 
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  DxC 0.2826 0.0974 0.0985 

  RxD 0.7702 0.8569 0.8191 

  RxC 0.0108 0.2601 0.1133 

  RxCxD 0.1679 0.8124 0.5744 

Harriston  

  0-15 and 15-30 cm  

R 0.007 0.6297 0.0022 

Linear 0.8963 n.s. 0.8839 

Quadratic 0.0038 n.s. <0.001 

Cubic 0.0854 n.s. 0.1621 

D <0.001 0.6303 <0.001 

RxD 0.6047 0.6987 0.5834 
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Table B.4. Regression equations for soil parameters.  

 

Site   Regression  R2 

Riverstown  

  NO3
--N       

0-15 Y= 27.15 - 0.0324x + 0.000143x2  0.49 

15-30 Y= 19.99 - 0.0324x + 0.000143x2  
 

 
NH4

+-N 

  
 

0-15 n.s. 

  
 

15-30 n.s. 

  
 

 
RSN 

  
 

0-15 Y=29.86 – 0.048x + 0.000178x2 0.41 

15-30 Y=24.34 – 0.048x + 0.000178x2   

Forest  

  NO3
--N       

0-15 Y = 23.53 + 0.0128x 

 
0.3 

15-30 Y = 15.29 + 0.0128x 

 
0.3 

 
NH4

+-N 
   

0-15 n.s. 

  
 

15-30 n.s. 

  
 

 
RSN 

  
 

0-15 n.s. 

  
 

15-30 n.s.       

Milverton 

  NO3
--N       

0-15 Y = 15.74 + 0.0273x 

 
0.46 

15-30 Y = 12.61 + 0.0273x 

 
0.46 

 
NH4

+-N 
   

0-15 n.s. 

  
 

15-30 n.s. 

  
 

 
RSN 

  
 

0-15 Y = 15.84 + 0.0276 

 
0.45 

15-30 Y = 12.74 + 0.0276x   0.45 

Harriston  

  NO3
--N       

0-15 Y = 25.88 + 0.055x -0.00017x2 0.55 

15-30 Y = 18.188 + 0.055x -0.00017x2 0.55 

 
NH4

+-N 
   

0-15 n.s. 

  
 

15-30 n.s. 

  
 

 
RSN 

  
 

0-15 Y = 29.02 + 0.0595x -0.00017x2 0.51 

15-30 Y = 21.31 + 0.0595x -0.00017x2 
0.51 
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APPENDIX C  CHAPTER 4  
 
Table C.1. Background soil fertility characteristics from the Dashwood (DW) and Walkerton 
(WK) field sites, soil sampled from at the 0-30 cm depth. 

 

Site OM1 pH P2 K Mg3 Ca3 Zn3 Mn3 B3 

  (%)   <----------------------------------(ppm) --------------------------------------> 

DW 3.8 6.11 46 128 131 1331 2 27.1 0.27 

WK 2.3 7.5 57 69 218.3 1886 3.5 23.2 0.4 
1OM – organic matter 2 Sodium Bicarbonate P 3 Method- Dry Ashing followed by ICP/OES AOAC 985.01 
  
 

 
Table C.2. ANOVA table and regression orthogonal partitions for winter wheat grain yield 
(GY), grain nitrogen content (GNC), grain nitrogen uptake (GNU), agronomic efficiency 
(AE), grain nitrogen accumulation efficiency (GNAE) at the Dashwood site. 

 

Factors   GY GNC GNU AE GNAE  

R 
 

<.0001 0.1018 <.0001 <.0001 0.0004 

 
linear  <.0001 0.0034 <.0001 <.0001 <.0001 

 
quadratic <.0001 0.5637 0.0015 0.1672 0.5009 

C 
 

0.1697 0.6988 0.2282 0.2408 0.2528 

S 
 

<.0001 0.0001 <.0001 <.0001 <.0001 

SxR 
 

0.0774 0.0031 0.0122 0.0012 0.0875 

 
linear  0.9914 0.0001 0.0119 0.0001 0.0641 

 
quadratic 0.008 0.3993 0.1487 0.1728 0.9645 

CxR 
 

0.4785 0.9513 0.225 0.3874 0.5691 

 
linear  0.2644 0.7926 0.3058 0.9799 0.8202 

 
quadratic 0.4723 0.5947 0.2131 0.3748 0.1867 

CxS 
 

0.4988 0.5267 0.5886 0.7481 0.8312 

CxSxR 
 

0.732 0.9785 0.9968 0.363 0.9018 

 
linear  0.4001 0.8151 0.6056 0.8914 0.8003 

  quadratic 0.9875 0.4809 0.9778 0.6194 0.692 
R – rate, C – cover crop (red clover), S – Source  
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Table C.3. Regression equations for crop parameters (Dashwood (winter wheat)).  

 

Measurements Source Regression    r2 

GY TLC Y = 1.23 + 0.0122x - 0.000022x2 0.5 

 
PL Y = 2.17 + 0.0122x - 0.000022x2 

 GNC TLC Y = 1.56 - .0002x 

 

0.33 

 
PL Y = 1.49 + .0014x 

  GNU TLC Y = 19.84 + 0.171x - 0.0031x2 0.61 

 
PL Y = 31.27 + 0.229x - 0.00031x2 

 AE TLC Y = 6.92 - 00769x 

 

0.48 

 
PL Y =21.42 - .0468x 

  GNAE  TLC Y = 17.90  -.041x 

 

0.4 

  PL Y = 28.96 - .041x     
(GY), grain nitrogen content (GNC), grain nitrogen uptake (GNU), agronomic efficiency (AE), grain nitrogen accumulation efficiency 
(GNAE) 
 

Table C.4. Least squared means of grain yield (GY), grain nitrogen content (GNC), grain 
nitrogen uptake (GNU), agronomic efficiency (AE), grain nitrogen accumulation efficiency 
(GNAE)  at the Walkerton site, letters denote significant LSD comparison between rates, 
lettered comparisons within source rates only.   

 

Source  Rate GY GNC GNU AE GNAE 

  
(t ha-1) (%) (kg ha-1)  (GY:N) (%) 

PL 

0 5.95a 1.36a 92.14a n/a n/a 

40 7.05a 1.35a 96.70a 11.25a 11.31a 

71 6.08a 1.33a 81.81a -7.32a -14.5a 

123 4.52a 1.24a 56.13a -16.91a -29.22a 

178 6.09a 1.35a 81.76a -2.82a -5.84a 

213 5.14a 1.41a 76.07a -6.84a -7.537a 

 
SE 1.23 0.05a 9.245 12.51 12.51 

  TLC x CON n.s. n.s. n.s. n/a   

TLC 

0 5.64ab 1.27a 63.04a n/a n/a 

49 7.73a 1.24a 95.96a 55.76a 67.07a 

132 4.3b 1.31a 58.15a -5.28b -3.71b 

169 6ab 1.34a 80.69a 5.98ab 14.07ab 

239 7.24a 1.29a 94.39a 9.40ab 13.07ab 

306 5.13ab 1.30a 56.76a 0.44ab 0.07ab 

 
SE 0.93 0.11 11.98 12.82 18.06 

  TLC vs CON n.s. n.s. n.s. n/a   
TLC – Turkey litter compost, PL – Poultry litter, n.s. – no significance  
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Table C.5. ANOVA table and regression orthogonal partions for grain yield (GY), grain 
nitrogen content (GNC), grain nitrogen uptake (GNU), agronomic efficiency (AE), grain 
nitrogen accumulation efficiency (GNAE) at the Walkerton site. 

 

Treatments  Factors  GY GNC GNU AE GNAE 

TLC + PL 

block 0.5562 0.3562 0.9579 0.6095 0.6574 

rate 0.069 0.5215 0.0872 0.3874 0.53254 

source 0.9813 0.4038 0.555 0.4137 0.3545 

rate x 
source 

0.9637 0.278 0.6569 0.9693 0.5122 

 
    

 
 

PL block 0.4853 0.2695 0.846 0.425 0.9842 

 
rate 0.1475 0.3641 0.7518 0.0287 0.8169 

TLC block 0.9554 0.9068 0.3563 0.9569 0.3968 

  rate 0.7676 0.8569 0.1569 0.7436 0.0489 
TLC – Turkey litter compost, PL – Poultry litter 
 

Table C.6. Statistical significance of treatment effect on soil nitrate (NO3-N), ammonium 
(NH4

+-N) and residual soil nitrogen (RSN) and regression orthogonal coefficient 
significance (linear, quadratic) at the Dashwood site (winter wheat).  

 

Parameters NO3-N NH4
+- N RSN 

R <.0001 0.9498 0.0405 

l <.0001 n/a <0.001 

q 0.047 n/a 0.145 

C 0.1541 0.4072 0.123 

S <.0001 0.4207 <.0001 

D <.0001 0.0883 <.0001 

R x D 0.6782 0.8564 0.2526 

R x C 0.2915 0.1614 0.3777 

R x S 0.0399 0.4206 0.0029 

l 0.0469 n/a 0.041 

q 0.047 n/a 0.1336 

R x C x S 0.2044 0.3695 0.7455 

R x C x D 0.8916 0.7214 0.9192 

R x S x D 0.1053 0.7771 0.7537 

R x C x S x D 0.9799 0.9131 0.6284 
R = rate, C= cover crop, S=source, D = depth, l =linear coefficient, q=quadratic coefficient  
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Table C.7. Statistical significance of treatment effect on soil nitrate (NO3-N), ammonium 
(NH4-N) and residual soil nitrogen (RSN) and regression orthogonal coefficient 
significance (linear, quadratic) at the Walkerton Site. 

Source   NO3-N NH4
+-N RSN 

PL 

R 0.0275 0.8529 0.8047 

l 0.009 0.5345 0.5821 

q 0.0491 0.473 0.3216 
D <.0001 0.0072 0.0007 

D x R  0.4325 0.8603 0.8346 

TLC 

R 0.0284 0.7156 0.0469 

l 0.1553 0.7158 0.4542 

q 0.4562 0.7216 0.1533 

D <.0001 0.341 0.0002 

D x R  0.3168 0.4048 0.3487 
R-rate, D – depth, TLC – Turkey litter compost, PL – Poultry litter 
 
Table C.8. Least squared means of soil nitrate (NO3-N), ammonium (NH4-N) and residual 
soil nitrogen (RSN) at the Walkerton site, letters denote significant LSD comparison 
between rates, Lettered comparisons within source rates only, measurements without letters 
had no significant difference between on another.  

 

Source Rate NO3-N  Log10 (NH4
+-N) RSN 

  (kg N ha-1) ------------(mg kg-1)------------- 

PL 

0 8.51a 0.42 14.86 

40 10.94a 0.34 11.76 

71 12.92b 0.38 14.10 

123 12.04ab 0.49 17.68 

178 12.29b 0.37 17.07 

213 12.67b 0.25 16.69 

 
se 1.22 0.13 1.3 

Contrast  0-15 cm 13.42 0.52 17.75 

 
15-30 cm 9.93 0.23 12.69 

 
se 0.73 0.07 0.85 

    ** ** ** 

TLC  

0 9.36a 3.70 14.85 

49 12.91a 3.27 13.25 

132 11.42a 4.05 14.84 

169 10.09a 2.55 12.18 

239 13.31a 3.04 17.77 

306 11.61a 4.14 12.53 

 
se 1.07 0.73 1.6 

Contrast  0-15 cm 13.23 3.81 17.01 

 
15-30 cm 9.68 3.11 11.4 

 
se 0.77 0.12 0.94 

    ** n.s. ** 
*** significance P<0.0001, ** P<0.001, * <0.05,  TLC – Turkey litter compost, PL – Poultry litter 
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APPENDIX D CHAPTER 5 
 

Table D.1. 30 year average, mean, maximum, minimum air temperature (°C) and 30 year 
monthly average, monthly daily maximum and percentage of monthly total due to 
maximum precipitation event (mm)  at the Dashwood (DW), Milverton (MV), Forest (FO) 
and Walkerton (WK) Field sites in the 2011 fall/winter and the  2012 growing season.  

 

    

30 yr 
Mean  

2011  Min Max 
30 yr 
Mean 

2011 
Max 

(Daily)  

Proportion 
of Monthly 

Total  

    ----------Temperature (°C)---------- -----Precipitation (mm) ---- (%)  

DW1 

Aug 2011 19.8 20.9 11.5 30 88 131 36 28 

Sep 2011 16 16.8 5.5 34 118 131 23 17 

Oct 2011 9.8 11 -1 28 84 114 46 40 

Nov 2011 3.7 7.6 -4.5 19 99 138 45 33 

Dec 2011 -2 1 -11.5 12 95 82 13 16 

Jan 2012 -5 -1.6 -17 10 72 73 14 18 

Feb 2012 -3.9 0.5 -10 33 65 44 10 23 

Mar 2012 0.4 8.1 -10.5 28 61 47 13 29 

Apr 2012 6.9 6.9 -5 22 79 42 10 25 

May 2012 13.4 16 1 33 85 53 16 30 

Jun 2012 18.6 20.3 7.5 35 76 75 17 22 

Jul  2012 20.8 23.3 10 38 85 61 35 57 

Aug 2012 19.8 21.1 7 34 88 49 18 36 

Sept 2012 16 16.5 2 31 118 78 30 38 

Oct 2012 9.8 10.7 -2 25 84 147 31 21 

Nov 2012 3.7 3.2 -10 18 99 45 11 25 

MV2 

Aug 2011 18.9 20.7 14.9 27 100 219 71 32 

Sep 2011 14.8 16.6 3 31 102 111 32 29 

Oct 2011 8.3 9.9 -3 26 87 132 30 23 

Nov 2011 2.2 5.5 -5 16 99 108 40 37 

Dec 2011 -3.9 -0.9 -11 13 79 115 21 18 

Jan  2012 -7.2 -4 -17 7 75 118 35 30 

Feb 2012 -6.2 -2.2 -14.5 7 63 39 11 28 

Mar 2012 -1.8 6.3 -16.5 26 64 47 15 33 

Apr 2012 5.8 6.1 -4.5 23 77 31 13 41 

May 2012 12.2 15.8 0 32 96 40 18 44 

Jun 2012 17.4 19.1 6.5 32 83 75 44 59 

Jul  2012 19.8 22.3 11 34 90 56 22 39 

Aug 2012 18.9 20.3 8 33 100 56 22 39 

FO3 

Sep 2011 16.4 16.8 5.5 34 103 131 23 17 

Oct 2011 10.2 11 -1 28 94 114 46 40 

Nov 2011 4.3 7.6 -4.5 19 90 138 45 33 

Dec 2011 -1.6 1 -11.5 12 85 82 13 16 
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Jan  2012 -4.2 -1.6 -17 10 74 73 14 18 

Feb 2012 -3.8 0.5 -10 33 58 44 10 23 

Mar 2012 0.7 8.1 -10.5 28 58 47 13 29 

Apr 2012 7.1 6.9 -5 22 79 42 10 25 

May 2012 13.1 16 1 33 81 53 16 30 

Jun 2012 18.7 20.3 7.5 35 76 75 17 22 

Jul  2012 21 23.3 10 38 87 61 35 57 

Aug 2012 20.2 21.1 7 34 80 49 18 36 

WK4 

Sep 2011 14.6 15.2 2.3 30 109 108 35 32 

Oct 2011 8.4 9.1 2.1 26 90 70 26 37 

Nov 2011 2.6 4.7 -4.3 18 103 89 47 53 

Dec 2011 -3.3 -1.7 -13.5 12 79 78 15 19 

Jan  2012 -6.8 -4.4 -20.2 7 110 51 12 24 

Feb 2012 -5.9 -3.1 -16.8 6 81 23 7 28 

Mar 2012 -1.7 5.6 -18.9 26 72 36 9 26 

Apr 2012 5.8 4.8 -4.8 23 73 27 10 38 

May 2012 11.9 15.6 -0.4 31 85 44 30 67 

Jun 2012 17.2 18 6.6 31 78 68 30 43 

Jul 20 12 19.6 21 8.3 33 83 39 20 52 

Aug 2012 18.6 18.9 6.9 33 95 94 45 48 
1
30 year mean precipitation and temperature data from the Dashwood Environment Canada weather station (2 km from site), 2011 

data taken from Theford weather station (25 km from site) 
2
30 year mean  and 2011 data precipitation and temperature data from the Glen Allen Environment Canada weather station (16 km 

from site) 
3
30 year mean  and 2011 data precipitation and temperature data from the Theford Environment Canada weather station (16 km from 

site) 

 
4
30 year mean precipitation and temperature data from the Hanover Environment Canada weather station (6 km from site). 2011 

data taken the Mt. Forest Station (27 km for site)  
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Table D.2. Effects of turkey litter compost (TLC ) and poultry litter (PL) amendment on 
corn crop response at  Dashwood, least squared means (LSM) of grain yield (GY), grain 
nitrogen concentration (GNC), grain nitrogen uptake (GNU), Agronomic efficiency (AE), 
grain nitrogen accumulation efficiency (GNAE). 

 

Cover Crop  Source Rate GY GNC GNU AE GNAE  

No Red 
Cover 

 
(kg N ha-1) (t ha-1)  (%) (kg ha-1)  (GY:N) % 

TLC 

0 5.10 1.02 53.00 n/a n/a 

69 5.53 1.07 60.17 6.24 10.35 

157 5.80 0.96 56.46 4.45 2.21 

219 5.08 0.92 46.36 -0.09 -3.04 

306 5.21 0.91 47.47 0.37 -1.81 

363 5.25 1.02 53.55 0.41 0.15 

PL 

0 5.40 1.07 57.40 n/a n/a 

59 7.21 1.10 78.54 30.55 35.59 

124 5.49 0.92 50.75 0.75 -5.35 

186 4.00 1.11 44.51 -7.50 -6.92 

262 5.02 1.05 61.98 1.09 1.75 

378 5.92 0.91 53.52 1.37 -1.02 

Red Clover  

TLC 

0 7.00 1.02 72.00 n/a n/a 

69 4.49 1.19 52.17 6.24 -28.60 

157 7.02 1.02 72.91 4.45 0.58 

219 5.27 0.96 52.58 -0.09 -8.88 

306 6.21 0.99 63.36 0.37 -2.83 

363 5.99 1.04 62.26 0.41 -2.68 

PL 

0 5.48 1.08 58.54 n/a n/a 

59 8.51 1.02 87.78 51.10 46.41 

124 5.85 1.04 61.78 3.01 12.60 

186 9.33 1.11 103.05 20.69 19.09 

262 5.60 1.03 56.82 0.46 -1.77 

378 5.25 1.03 53.53 -0.61 -2.58 

 
se 

 

0.974 0.04 12.00 11.30 11.25 

 
Contrast   Red Clover  6.33 

    

  

No Red 
Clover 

5.41 
    

  
se 0.28 

    

   

* n.s. n.s. n.s. n.s. 
*** significance P<0.0001, ** P<0.001, * <0.05, n.s. – No significance  
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Table D.3. Effects of turkey litter compost (TLC) and poultry litter (PL) amendment on oat 
crop response at Walkerton : least squared means (LSM) of grain yield (GY), grain nitrogen 
concentration (GNC), grain nitrogen uptake (GNU), agronomic efficiency (AE), grain 
nitrogen accumulation efficiency (GNAE). 

 

Source Rate GY GNC  GNU  AE GNAE 

  (kg N ha-1) (t ha-1)  (%) (kg ha-1)  (GY:N)  % 

PL 

0 0.99 1.79a 17.73a n/a n/a 

40 1.55 1.8a 27.77a 13.82 17.34 

71 1.08 1.84a 19.82a 1.15 -1.54 

123 1.38 1.822a 25.09a 3.14 6.99 

178 1.43 1.82a 26.66a 3.15 0.603 

213 1.42 1.82a 25.7a 2.01 0.401 

se 0.24 0.013 3.44 3.09 4.16 

TLC 

0 1.09 1.85a 20.04a n/a n/a 

49 1.57 1.83a 28.55a 9.95a 24.89a 

132 0.97 1.88a 18.01a -0.88a 2.94a 

169 1.60 1.78a 28.9a 3.05a 5.97a 

239 1.27 1.81a 22.89a 0.751a 5.93a 

306 1.29 1.81a 20.81a 0.677a 3.73a 

se 0.22 0.03 4.56 2.5 5.25 
 
 

Table D.4. Effects of turkey litter compost (TLC ) on oat crop response at  Milverton : Least 
squared means (LSM) of grain yield (GY), grain nitrogen concentration (GNC), grain 
nitrogen uptake (GNU),  agronomic efficiency (AE), grain nitrogen accumulation efficiency 
(GNAE). 

 

Rates  GY GNC GNU AE GNAE 

(kg N ha-1) (t ha-1) (%) (kg ha-1)  (GY:N) % 

0 2.66 1.6 42.19 n/a n/a 

59 2.68 1.62 43.19 0.25 1.69 

89 2.87 1.57 44.83 2.76 3.25 

117 2.94 1.58 46.21 2.34 3.44 

148 2.68 1.64 43.88 0.14 1.15 

189 2.89 1.58 45.67 1.22 1.84 

se 0.101 0.029 1.7 1.34 2.04 
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Table D.5. Effects of turkey litter compost (TLC ) on barley crop response at  Forest : least 
squared means (LSM) of grain yield (GY), grain nitrogen concentration (GNC), grain 
nitrogen uptake (GNU),  agronomic efficiency (AE), grain nitrogen accumulation efficiency 
(GNAE). 
 

Rates  GY GNC GNU AE GNAE 

(kg N ha-1) (t ha-1) (%) (kg ha-1)  (GY:N) % 

0 1.15 1.44 16.65 n/a n/a 

81 1.42 1.49 21.3 3.33 5.74 

163 1.54 1.36 20.66 2.39 2.46 

250 1.41 1.17 17 1.04 0.14 

378 1.35 1.2 16.25 0.53 -0.11 

496 1.4 1.4 19.67 0.5 0.61 

se 0.16 0.12 2.48 1.12 2.18 
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Table D.6. Effects of turkey litter compost (TLC) , poultry litter (PL) and red clover on the 
Dashwood pre-plant soil samples prior to corn planting : Least squared means of soil nitrate 
(NO3-N), Ammonium (NH4-N) and residual soil nitrogen (RSN) and contrasts of 
amendments and red clover.  

 

Crop Source Rate NO3-N NH4-N RSN 

  
(kg N ha-1) log(mg kg-1) log(mg kg-1) log(mg kg-1) 

No Red 
Cover  

TLC 

0 0.63 0.58 0.92 

69 0.74 0.94 1.25 

157 0.78 0.87 1.15 

219 0.71 1.08 1.24 

306 0.99 0.82 1.21 

363 0.87 0.86 1.20 

PL 

0 0.61 0.72 0.99 

59 0.69 0.99 1.19 

124 0.64 0.70 1.04 

186 0.51 0.51 0.81 

262 0.72 0.80 1.07 

378 0.68 0.69 0.99 

Red 
Clover  

TLC 

0 0.78 0.89 1.18 

69 0.58 0.94 1.15 

157 0.75 0.82 1.10 

219 0.64 0.62 0.96 

306 0.53 1.19 1.34 

363 0.70 0.62 0.96 

PL 

0 0.53 0.82 1.00 

59 0.72 0.97 1.18 

124 0.65 0.64 0.95 

186 0.80 0.76 1.09 

262 0.61 0.81 0.93 

378 0.71 0.90 1.13 

Contrast   

 
SE 0.064 0.17 0.12 

Red Clover  0.66 0.79 1.08 

No Red Clover 0.72 0.83 1.08 

 
SE 0.025 0.05 0.04 

  
n.s. n.s. n.s. 

TLC 0.723 0.85 1.13 

PL 0.669 0.77 1.03 

 
SE 0.021 0.05 0.03 

  
n.s. n.s. n.s. 

No C1 x TLC 0.79a 0.59a 1.16 

No C X PL 0.64b 0.73a 1.01 

C x TLC 0.66b 0.85a 1.13 

C x PL 0.67ab 0.81a 1.05 
1C – red clover cover crop  
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Table D.7. Effects of turkey litter compost (TLC), poultry litter (PL) and red clover on the 
Dashwood mid-season soil samples, least squared means of soil nitrate (NO3-N), 
ammonium (NH4-N) and soil inorganic nitrogen (SIN) and contrasts of amendments and 
red clover. 

 

Crop Source Rate NO3-N NH4-N SIN 

  
(kg N ha-1) (mg kg-1) (mg kg-1) (mg kg-1) 

No Red 
Cover  

TLC 

0 8.04 7.22 15.26 

69 6.13 7.34 13.47 

157 5.62 4.23 9.85 

219 6.18 10.08 16.26 

306 5.38 7.55 13.03 

363 7.09 6.21 13.30 

PL 

0 5.50 5.41 10.91 

59 5.92 6.65 12.57 

124 5.82 9.46 15.28 

186 4.91 5.58 10.49 

262 5.79 5.83 11.62 

378 4.83 7.01 11.84 

Red 
Clover  

TLC 

0 6.60 6.93 13.53 

69 5.12 8.94 14.06 

157 8.04 5.16 13.20 

219 6.69 5.14 11.82 

306 5.15 5.84 10.89 

363 5.41 7.43 11.38 

PL 

0 5.53 4.92 10.45 

59 5.05 7.96 14.39 

124 6.25 5.38 10.55 

186 8.22 8.14 16.36 

262 5.54 8.57 14.11 

378 6.39 6.68 12.98 

  
SE 1.210 1.63 2.82 

Contrast   Red Clover  6.16 6.75 12.81 

 
No Red Clover 5.93 6.88 12.22 

  
SE 0.35 0.47 0.63 

      n.s. n.s. n.s. 
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Table D.8. Effects of turkey litter compost (TLC), poultry litter (PL) and red clover on the 
Dashwood post-harvest soil samples: least squared means of soil nitrate (NO3-N), 
ammonium (NH4-N) and residual soil nitrogen (RSN) and contrasts of amendments and 
red clover. 

Crop Source Rate NO3
--N NH4-N RSN 

  
(kg N ha-1) log(mg kg-1) log(mg kg-1) log(mg kg-1) 

No Red 
Cover  

TLC 

0 1.10 0.48 1.22 

69 0.98 0.49 1.12 

157 1.00 0.84 1.23 

219 1.08 0.46 1.19 

306 1.12 0.56 1.25 

363 1.12 0.62 1.28 

PL 

0 0.90 0.56 1.21 

59 0.99 0.48 1.19 

124 1.10 0.51 1.07 

186 0.79 0.51 1.06 

262 0.87 0.56 1.13 

378 0.97 0.60 1.26 

Red 
Clover  

TLC 

0 1.02 0.56 1.03 

69 1.07 0.48 1.09 

157 0.93 0.51 1.21 

219 0.90 0.51 0.95 

306 0.97 0.56 1.07 

363 1.15 0.60 1.15 

PL 

0 1.11 0.64 1.29 

59 1.18 0.83 1.37 

124 1.01 0.48 1.12 

186 1.19 0.63 1.32 

262 0.90 0.51 1.10 

378 1.07 0.46 1.23 

Contrast   

 
SE 0.111 0.15 0.10 

Red Clover  1.034 0.50 1.16 

No Red Clover 1.01 0.55 1.18 

 
SE 0.03 0.04 0.03 

  
n.s. n.s. n.s. 

TLC 1 0.495 1.15 

PL 1.04 0.56 1.2 

 
SE 0.03 0.04 0.03 

  
n.s. n.s. n.s. 

No C x TLC 1.07 0.58 1.214 

No C X PL 0.94 0.42 1.08 

C x TLC 1.00 0.54 1.151 

C x PL 1.08 0.59 1.23 

  
SE 0.05 0.06 0.042 

      n.s. n.s. n.s. 
1C – red clover cover crop  
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Table D.9. Effects of turkey litter compost (TLC) and poultry litter (PL) on the Walkerton 
pre-plant soil samples: least squared means of soil nitrate (NO3-N), ammonium (NH4-N) 
and residual soil nitrogen (RSN) and contrasts of depths. 

Source Depth Rate NO3-N NH4-N RSN 

TLC 

 
(kg N ha-1) (mg kg-1) (mg kg-1) (mg kg-1) 

0-15 

0 11.99 3.01 15.00 

49 13.70 13.70 27.40 

132 13.80 4.84 18.65 

169 12.87 19.16 32.03 

238 9.22 20.38 29.60 

306 10.55 10.76 21.32 

15-30 

0 8.85 7.65 16.50 

49 6.98 16.48 23.46 

132 7.80 8.85 16.65 

169 7.13 22.82 29.94 

238 6.61 16.46 23.07 

306 5.70 18.07 23.78 

  Se 5.90 5.80 6.13 

 
Contrast   0-15 12.02 11.98 32 

  
15-30 7.19 15.06 22.86 

  
se 0.81 2.43 2.42 

      *** n.s. * 

PL 

0-15 

0 12.66 9.57 22.23a 

40 13.70 26.22 42.99b 

71 16.26 23.08 39.34b 

123 12.43 12.75 25.17a 

178 20.29 11.04 33.8a 

213 14.77 13.59 28.38a 

15-30 

0 9.35 3.78 13.12a 

40 7.52 16.03 23.55a 

71 8.38 27.79 36.16a 

123 11.02 24.56 28.95a 

178 11.58 10.27 16.94a 

213 7.76 10.68 18.44 

SE 5.90 5.49 6.13 

 
Contrast   0-15 12.02 16.04 23.96 

  
15-30 7.17 15.51 21.2 

  
SE 0.89 2.0.4 2.05 

      * n.s. *** 
*** significance P<0.0001, ** P<0.001, * <0.05, 
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Table D.10. Effects of turkey litter compost (TLC) and poultry litter (PL) on the Walkerton 
post-harvest soil samples: least squared means of residual soil nitrogen (RSN) and contrasts 
of depths. 

 

Source Depth Rate RSN 

TLC 

 
(kg N ha-1) (mg kg-1) 

0-15 

0 19.15 

49 14.78 

132 19.13 

169 16.90 

238 15.27 

306 16.69 

15-30 

0 12.82 

49 11.41 

132 10.96 

169 11.80 

238 10.09 

306 12.23 

  Se 19.13 

 
Contrast   0-15 16.98 

  
15-30 11.55 

  
se 0.669 

      *** 

PL 

0-15 

0 15.92 

40 18.36 

71 17.88 

123 16.52 

178 18.57 

213 18.54 

15-30 

0 13.81 

40 12.50 

71 12.78 

123 11.05 

178 13.97 

213 10.88 

SE 1.64 

 
Contrast   0-15 17.63 

  
15-30 12.49 

  
SE 0.67 

      *** 
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Table D.11. Effects of turkey litter compost (TLC) and red clover on the Milverton pre-plant 
soil samples: least squared means of soil nitrate (NO3-N), ammonium (NH4-N) and 
residual soil nitrogen (RSN) and contrasts of depths. 

 

Crop Source Rate NO3-N NH4-N RSN 

  
(kg N ha-1) (mg kg-1) (mg kg-1) (mg kg-1) 

No Red 
Cover  

0-15 

0 16.94 0.69 1.35 

59 17.42 0.82 1.38 

89 17.89 0.58 1.34 

117 17.36 0.79 1.38 

148 15.68 0.75 1.37 

189 16.45 0.67 1.33 

15-30 

0 10.95 0.57 1.16 

59 10.81 0.65 1.19 

89 8.77 0.66 1.14 

117 10.60 0.70 1.20 

148 9.80 0.73 1.18 

189 9.29 0.55 1.11 

Red 
Clover  

0-15 

0 16.87 0.66 1.34 

59 16.77 0.74 1.37 

89 18.10 0.53 1.33 

117 16.36 0.61 1.31 

148 14.76 0.64 1.28 

189 19.19 0.73 1.40 

15-30 

0 9.09 0.67 1.14 

59 11.22 0.90 1.29 

89 10.16 0.66 1.17 

117 9.73 0.54 1.12 

148 7.83 0.62 1.08 

189 10.68 0.63 1.21 

  
SE 16.98 0.10 0.03 

Contrast   Depth 0-15 9.91 0.68 1.35 

  
15-30 0.3 0.66 1.17 

  
SE 0.01 0.03 0.01 

      *** n.s. *** 
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Table D.12. Effects of turkey litter compost (TLC) and red clover on the Milverton post-
harvest soil samples: least squared means of residual soil nitrogen (RSN) and contrasts of 
depths. 

 

Crop Source Rate RSN 

  
(kg N ha-1) log(mg kg-1) 

No Red 
Cover  

0-15 

0 1.18 

59 1.17 

89 1.16 

117 1.19 

148 1.18 

189 1.18 

15-30 

0 1.12 

59 1.08 

89 1.06 

117 1.08 

148 1.05 

189 1.11 

Red 
Clover  

0-15 

0 1.17 

59 1.18 

89 1.14 

117 1.22 

148 1.18 

189 1.19 

15-30 

0 1.04 

59 1.15 

89 1.09 

117 1.14 

148 1.13 

189 1.13 

  
SE 0.04 

Contrast   Depth 0-15 1.18 

  
15-30 1.09 

  
SE 0.01 

      *** 
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Table D.13. Effects of turkey litter compost (TLC) on the Forest pre-plant soil samples: least 
squared means of soil nitrate (NO3-N), ammonium (NH4-N) and residual soil nitrogen 
(RSN) and contrasts of depths. 

 

Source Rate NO3-N NH4-N RSN 

 
(kg N ha-1) (mg kg-1) log(mg kg-1) log(mg kg-1) 

0-15 

0 4.50 0.80 1.05 

81 3.99 0.86 1.05 

163 3.24 0.70 0.92 

250 4.79 0.83 1.04 

378 4.66 1.15 1.30 

496 3.43 1.06 1.17 

15-30 

0 2.87 0.80 0.96 

81 3.41 0.75 0.95 

163 1.74 0.83 0.95 

250 2.22 1.07 1.15 

378 2.65 0.76 0.95 

496 1.91 0.97 1.07 

 
0-15 4.09 0.9 1.09 

 
15-30 2.47 0.86 1.01 

  

0.38 0.04 0.04 

  
** n.s. n.s. 

*** ( P<0.0001) , ** (P<0.010) , * *P<0.05), n.s. – non significant  
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Table D.14. Effects of turkey litter compost (TLC) on the Forest post-harvest soil samples in 
an oat crop: least squared means of soil nitrate (NO3-N), ammonium (NH4-N) and residual 
soil nitrogen (RSN) and contrasts of depths. 

 

Source Rate NO3-N NH4-N RSN 

 

(kg N ha-1) (mg kg-1) (mg kg-1) (mg kg-1) 

0-15 

0 8.6 2.35 10.89 

81 10.26 2.56 12.72 

163 7.45 1.27 8.76 

250 8.11 2.39 10.6 

378 8.89 3.65 12.54 

496 11.64 3.87 15.52 

15-30 

0 4.41 0.96 5.4 

81 3.35 0.98 4.35 

163 3.15 2.65 5.53 

250 3.63 2.36 5.99 

378 3.78 1.78 5.56 

496 5.01 2.98 7.99 

se   1.02 0.86 1.26 

 

0-15 9.16 2.68 11.8 

 

15-30 3.88 1.94 5.8 

  

0.38 0.95 0.04 

    ** n.s. ** 
*** ( P<0.0001) , ** (P<0.010) , * *P<0.05), n.s. – non significant  
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APPENDIX E  CHAPTER 6 
 
Table E.1. Spelt site spring soil response to fall turkey litter compost (TLC) applied plots, 
least squared means (LSM) of soil nitrate (NO3-N), ammonium (NH4-N) and residual soil 
nitrogen (RSN). 

 

  Rate NO3
--N NH4

+-N RSN 

Depth (kg N ha -1 ) log(mg kg-1)      (mg kg-1) (mg kg-1) 

 
0 0.89 5.36 15.47 

 
39 0.74 5.19 11.66 

0-15 98 0.95 5.15 15.42 

 
138 0.84 4.54 11.28 

 
187 0.88 5.74 14.63 

 
236 0.84 4.64 11.04 

 
0 0.91 5.46 11.60 

 
39 0.64 5.29 10.42 

15-30 98 0.85 5.25 14.68 

 
138 0.74 4.44 12.80 

 
187 0.89 5.84 12.56 

 
236 0.86 4.66 13.27 

 
se2 0.07 0.64 1.85 

Contrast Fall 0.86 5.10 13.24 

 
Spring 0.89 5.08 12.55 

 
se2 0.03 0.25 0.77 

    n.s.1 n.s. n.s. 
1*** ( P<0.0001) , ** (P<0.010) , * *P<0.05), n.s. – non significant , 2 se – standard error  
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Table E.2. Rye site spring soil response to fall turkey litter compost (TLC) applied plots, 
least squared means of nitrate (NO3-N), ammonium (NH4

+-N) and residual soil nitrogen 
(RSN). 

 
 

 1*** ( P<0.0001) , ** (P<0.010) , * *P<0.05), n.s. – non significant, ,  3 se – standard error 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Rate NO3
--N NH4

+-N RSN 

Depth (kg N ha -1 ) log(mg kg-1)  (mg kg-1) log(mg kg-1) 

0-15 0 0.77a 3.05a 0.93a 

12.75 0.84a 4.08a 1.03a 

25.5 0.72a 3.6a 0.94a 

63.75 0.81a 3.58a 1.01a 

301.35 1.02a 5.47a 1.19b 

527.4 0.94b 6.91b 1.22b 

   

 

 15-30 0 0.74a 2.67a 0.89a 

12.75 0.72a 2.23a 0.88a 

25.5 0.69a 1.33a 0.88a 

63.75 0.6a 2.62a 0.76a 

301.35 0.93a 3.92a 0.8a 

527.4 0.78a 4.11a 1.06a 

 
Se3 0.08 1.03 1 

Contrast 0-15 0.85 4.45 1.05 

 
15-30 0.75 2.81 0.9 

 
se2 0.03 0.41 0.028 

    1* * ** 
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Table E.3. Spelt site post-harvest samples least squared means of nitrate (NO3-N), 
ammonium (NH4

+-N) and residual soil nitrogen (RSN) with fall and spring applied turkey 
litter compost (TLC). 

 

    Rate NO3
--N NH4

+-N RSN 

Timing Depth kg N ha -1  (mg kg-1) log (mg kg-1) (mg kg-1) 

Fall 

0-15 cm 

0 10.69 0.19 11.41 

39 11.27 0.36 13.70 

98 8.74 0.11 10.46 

138 13.35 0.19 12.58 

187 9.81 0.21 11.62 

236 6.94 -0.10 8.96 

15-30 cm 

0 10.79 0.03 11.50 

39 14.22 0.39 15.34 

98 11.46 -0.02 12.56 

138 10.03 0.23 13.82 

187 9.11 0.34 12.05 

236 12.08 0.52 13.55 

Spring  

0-15 cm 

0 9.98 -0.05 10.52 

39 9.40 0.14 13.37 

98 10.03 0.36 14.66 

138 8.97 -0.03 11.32 

187 16.14 0.39 21.08 

236 13.80 0.48 18.28 

15-30 cm 

0 9.11 0.36 8.51 

39 10.08 0.04 11.76 

98 12.66 -0.13 13.79 

138 9.02 0.67 17.51 

187 12.42 -0.25 13.56 

236 11.95 0.55 16.03 

    se3 1.80 0.02 2.2 

 
Contrast  Fall  10.7 0.2 12.56 

  
Spring  11.13 0.211 15.13 

  
se2 0.52 0.07 0.71 

      n.s.1 n.s. * 
1*** ( P<0.0001) , ** (P<0.010) , * *P<0.05), n.s. – non significant,  2 se – standard error 
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Table E.4. Rye site post-harvest samples least squared means of nitrate (NO3-N), 
ammonium (NH4

+-N) and residual soil nitrogen (RSN) with fall and spring applied turkey 
litter compost (TLC). 

 

   Rate NO3
--N NH4

+-N RSN 

Timing Depth kg N ha -1  (mg kg-1) log (mg kg-1) log(mg kg-1) 

Fall 

0-15 cm 

0 7.02 0.84 1.15 

12.75 4.87 0.80 1.05 

25.5 5.35 0.97 1.17 

63.75 6.91 0.79 1.12 

301.35 7.26 0.88 1.17 

527.4 5.34 0.84 1.09 

15-30 cm 

0 4.26 0.77 1.00 

12.75 4.43 0.80 1.03 

25.5 3.37 0.75 0.95 

63.75 1.97 0.76 0.89 

301.35 2.16 0.63 0.81 

527.4 3.20 0.76 0.95 

Spring 

0-15 cm 

0 4.57 0.77 1.02 

60 6.04 0.96 1.18 

120 4.37 1.04 1.18 

165 4.28 0.82 1.04 

255 5.18 0.76 1.04 

390 4.85 0.98 1.16 

15-30 cm 

0 3.18 0.89 1.04 

60 3.61 0.65 0.91 

120 2.40 0.74 0.90 

165 3.17 0.88 1.03 

255 3.69 0.92 1.08 

390 2.52 0.79 0.94 

  se1 0.78 0.05 0.07 

1 se – standard error 
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Figure E.1. Relationship between soil ammonium (NH4

+-N) and rate of fall applied turkey 
litter compost (TLC) at crop harvest at the rye crop site. 
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Figure E.2. Relationship between soil nitrate NO3
--N and rate of fall and spring applied 

turkey litter compost (TLC) at harvest at the spelt site. 
 


