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ABSTRACT 

 
 
 

THE FORMS AND FATE OF PHOSPHORUS UNDER VARIOUS 

FERTILIZATION AND TILLAGE PRACTICES 

 
 

Margaret Anne Caldecott       Advisor: 
University of Guelph, 2009      Ivan O’Halloran 
 
 
 The use of phosphorus (P) in agricultural systems is necessary for proper 

plant growth and development.  Proper management of P is critical to avoid 

surface and sub-surface water contamination.  Studies have indicated that 

application rates of P and tillage can influence soil P forms and losses from 

agricultural land.  Study 1 of this thesis considered how tillage could influence P 

concentrations in water after spring and fall applications of liquid swine manure.  

It was determined that incorporation of manure is the least resource intensive 

and most environmentally suitable tillage system in terms of reducing P losses. 

Study 2 examined how the application of various P amendments applied at rates 

near or below plant removal for 4 years could influence soil P forms. Conclusions 

were that only inorganic fertilizers influenced soil test P (STP). In addition, labile 

soil P forms were affected by treatment, while organic and resistant fractions 

were not.  
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1.1 Introduction  
 

 Phosphorus is an essential plant macronutrient required for adequate 

growth and development of roots and shoots as well as many biochemical 

processes.   The function of P within plants includes energy storage, energy 

transfer as well as acting as a building block for deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA).  Phosphorus is often limiting to both aquatic and 

terrestrial plants because of its low solubility in water and its low mobility in the 

soil.  Phosphorus solubility is restricted by reactions with aluminium (Al) and iron 

(Fe) oxides/hydroxides and calcium (Ca) and magnesium (Mg) compounds at low 

and high pH, respectively.  Therefore at neutral pH the solubility of P is the 

greatest and the two ionic forms available to plants are HPO4
2- and H2PO4

-.  Soil 

solution P concentrations can range from 0.001mg P L-1 in very infertile soils to 1 

mg P L-1 in very fertile soils, but are 0.05 mg P L-1 on average (Paul and Clark 

1996).   Due to the low levels of P in soil solution these two inorganic forms move 

to plant roots primarily by diffusion, which is a slow process (approximately 0.3 to 

3.3x10-9 cm2 s-1 for a sandy clay loam with 20 to 40% water by volume) (Rowell 

et al. 1967 in Tinker and Nye 2000).   As plants deplete the soil solution near the 

roots, P is released from the surface of soil particles into solution which may 

sustain plant requirements.    In agriculture animal manures and inorganic 

fertilizers can be applied to supply the soil with plant available P.  However, the 

application of manures often involves the addition of more P than removed by 

harvested plant materials and thus results in a build up of soil P levels. 
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 Aquatic systems are often P limited; therefore, losses of soluble or soil 

bound P into surface water systems can lead to eutrophication.  Agriculture has 

been deemed the primary non-point source of surface water P pollution.  The risk 

of P loss is influenced by the concentration of P in the soil and the pathways of 

potential loss from a field to a watercourse.  Hao et al. (2008) found that the 

addition of manure over several years lead to an increase in the amount of labile 

P in the soil which is easily lost.  Since manures often have a lower N:P ratio than 

that required by plants, this problem is exacerbated in management systems that 

apply  manure based on the plant N requirements.   Any labile P in manure that is 

in excess of plant requirements is stored in the soil and if not taken up by plants 

can potentially be transported off fields (Daniel et al. 1994; Daniel et al. 1998). 

While commercial fertilizers can be used by farmers for more specific nutrient 

applications, these, P fertilizers are quickly solublized once applied which 

increases the risk of P being transported from a field into waterways.  There are 

several different management decisions that can influence the pathways of loss.  

Tillage is one of the practices commonly used by producers to incorporate 

manure in order to reduce transport and maximize nutrient availability to plants.  

Tillage can disconnect the direct pore pathway, typically found in non-tilled fields, 

from the soil surface to drainage tiles or groundwater.  Impeding nutrient 

movement through preferential channels can help to lessen farming’s 

environmental impact.   

There are some omissions that are evident within methods that are 

currently being used in Ontario to identify risks of P loss.  The current soil P test, 
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as used in the Ontario P-index, is meant to identify soil P levels that are 

acceptable as environmentally safe.  However, these tests only consider the 

inorganic soil P not the organic P in the soil profile.  Organic P, if mineralized, can 

be as influential as inorganic P once in a surface water system.  Another 

omission within the Ontario P-index is the lack of consideration of P movement 

into tile drains.  A common misconception is that P is only lost through surface 

pathways like erosion and/or runoff.  However, studies by Kinley et al. (2007), 

Schelde et al. (2006), Lapen et al. (2008), and Ball Coelho et al. (2007) have 

determined that P can be lost through subsurface pathways as well.   

The goal of this thesis was to determine how P applications can influence 

soil P pools and identify best management practices (BMPs), mainly tillage 

systems, which would minimize P losses to surface and subsurface waters. 

1.2 Research Objectives 
 

The objectives of the following studies were to: 

1. Determine how tillage (no-till, pre-tillage, incorporation) affects pathways 

and the amount of P lost to the environment. 

2. Address the cumulative effects of rate and type of P applications on soil P 

forms which can be lost by measuring the influence on soil test P and 

forms of P in the soil. 
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 The thesis is organized into 4 chapters.  Chapter 1 is a brief introduction to 

the study problem and a literature review of the existing information pertaining to 

the studies.  Chapter 2 is a stand-alone paper which presents a study on how 

different tillage BMPs influenced grain yields, tissue P concentrations, mean 

weighted  dissolved reactive P (DRP), total P (TP) concentrations, and P total 

mass loading (TML) in groundwater, lysimeters, tiles, and runoff  (objective 1).  

Chapter 3, a second paper, focuses on the effects of 4 years of P amendments 

(beef, dairy, swine manure and inorganic fertilizer) on grain yields, tissue P 

concentration, and changes in soil P pool (objectives 2). Chapter 4 contains 

general conclusions from all chapters and future research suggestions. 

1.3 Literature Review  
 

The purpose of this literature review is to identify soil P forms and how 

manure or fertilizers can influence these forms.   In addition, the forms of P found 

in water and the common pathways of P losses will be reviewed.  Lastly, the 

influence of manure, fertilizers, and tillage on these soil P forms and on pathways 

of loss will be presented.  

1.3.1 Forms of Phosphorus in Soils 
 

The P in agricultural soils originates from primarily two sources, the parent 

material from which the soil developed or P-containing amendments applied by 

producers (Walker and Syers 1976; Frossard et al. 1995).   The weathering of P 

from minerals such as sedimentary phosphorite and apatite can take several 
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years and rarely releases enough P into the soil for plant requirements (Walker 

and Syers 1976).  Slow P release from minerals requires farmers to add P 

containing amendments, manures or commercial fertilizers, to improve soil P 

fertility for crop production. 

There are several forms of P in soils that can be categorized into two 

groups, organic P (Po) and inorganic P (Pi).  Organic P can account for 5-95% of 

the TP in the soil.  Soil Po is derived mainly from manures, plant material, and 

products of microbial decomposition.    The Pi fraction of TP originates from the 

addition of inorganic fertilizers, manures and weathering of primary minerals such 

as apatite and secondary minerals such as Ca and/or Mg phosphates and Fe and 

Al phosphates (Syliva et al. 2005; Morgan 1997).  

 Laboratory methods focused on identifying specific P forms in the soil can 

lead to misidentification and misleading results.  Certain identification procedures 

can modify unidentified compounds from their original forms (Anderson 1980).  

Other difficulties experienced when identifying specific Pi and Po forms include: 

the difficulty of extracting phospholipids in the presence of clays, undetectable 

monophosphates (a Po) in soil and the presence of complicated esters that 

cannot be identified (Anderson 1980).  Because of these uncertainties, 

researchers have used numerous methods to identify/characterize P forms in the 

soil.  However, methods that focus on identifying total P and total Pi cannot infer 

degrees of bioavailability or the role of the P form in the P cycle.   
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Hedley et al. (1982) developed a sequential fractionation that differentiates 

between bio-available and refractory (not available) forms of soil P and 

conceptualizes the forms within the P cycle. The Hedley Fractionation extracts 

labile soil P from the soil solution via anion exchange then uses increasingly 

stronger reagents to extract the other forms of soil P that are held more strongly 

to soil surfaces or are less biologically available (O’Halloran et al. 1987; Cross 

and Schlesinger 1995).  This fractionation is frequently used to identify 

management influences on soil P forms (Hao et al. 2008; Levy and Schlesinger 

1999; Zvomuya et al. 2006).   

 There are five P fractions extracted by this procedure: resin P, bicarbonate 

P (Bic-P), hydroxide P (NaOH-P), acid P (HCl-P), and H2SO4 - H2O2 digest P 

(residual P).  The resin P pool and the Bic-Pi are the soil P fractions that are 

easily exchanged from soil particles into the soil solution (isotopically 

exchangeable) and these forms of P are readily available to terrestrial and 

aquatic plants.  

The Bic-Po is the soil P that originates from microbial sources, 

decomposition of plant residues, or additions of manures (Harrison 1987; 

Anderson and Magdoff 2005; Berg and Joern 2006).  The Bic-Po is associated 

with the fulvic acid portion of organic matter.  Bic-Po can account for 20 to 80% of 

the phosphate in the soil surface layers, but also contributes to P at depth 

(Anderson and Magdoff 2005; Chardon 1997).   The Bic-Po can be mineralized 

by microbes making it immediately available to plants for uptake.  
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The NaOH-Pi and Po are the soil P forms that are less available to plants 

because the P is bound or precipitated onto hydrous oxides or clay edges.  

However, it has been proposed that NaOH-Pi can serve as a source of P for 

plants if the resin and Bic-Pi fractions are extremely low (Zhang et al. 2004).  

Under acidic conditions P can form outer-sphere complexes with Al and Fe 

oxides and the P is held firmly; however, the binding is reversible (Berg and 

Joern 2006; Gibson 1997; Frossard et al.1995).  The NaOH-Po is more stable 

than the above Bic-Po because it is associated with the humic acid compounds in 

organic matter which are more resistant to breakdown (Schoenau et al. 1989 in 

Cross and Schlesinger 1995).    

An HCl extractant is required to remove the P from the internal surfaces on 

the soil aggregates.  The HCl extractant also dissolves and releases P from the 

primary minerals in the soil, such as the fluorapatite mineral (Ca10(PO4)6F2).  

Typically the HCl extract is a measure of Pi because the dilute acid is not strong 

enough to extract organic carbon (C) or Po from soils.  The hot HCl method may 

be better suited to determine Po but there is still some uncertainty about the 

origin of the Po that is found (Tiessen and Moir 2008). 

The residual P that is extracted is mainly Pi that is completely occluded 

and the Po that is in the most stable form.  The residual P is highly resistant and 

requires very strong reagent such as peroxide and an acid digest to remove the P 

from the soil.  Hedley et al. (1982) and Zhang et al. (2004) believe this fraction to 

include precipitated Pi plus humified Po. Table 1.1 is a list of extracts used and 

which form of P is released by the specific extract. 
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Table 1.1: Extracts and forms of phosphorus extracted 

Extract Form of P Availability of P Reference 
Resin Pi P that is adsorbed on 

surface of crystalline 
compounds 

(sesquioxides or 
carbonates) and 

isotopically 
exchangeable P 

P that is soluble  
and readily 

available for plant 
uptake 

Hedley et al., 1982; 
Tiessen et al., 1984; 

Smeck ,1985 as 
referenced by Cross 

and Schlesinger,1995 

Bic- Pi P that is adsorbed on 
surface of soil 

compounds and 
isotopically extractable 

P 

Additional Pi that 
is available to 

plants and is in 
equilibrium with 
the soil solution 

Hedley et al., 1982;  
Tiessen et al., 1984; 

as referenced by 
Cross and 

Schlesinger,1995; 
Zhang et al. (2004) 

Bic- Po Labile Po that is easily 
mineralized, extracts Po 
off the internal surfaces 

of soil aggregates; 
isotopically extractable 

P 

Available for plant 
uptake once 

mineralized and is 
in equilibrium with 
the soil solution 

Hedley et al., 1982; 
Tiessen et al., 1984 as 
referenced by Cross 

and Schlesinger, 1995

NaOH- Pi Chemiadsorbed Pi from 
surfaces of Al and Fe 

phosphates; desorbs Pi 
from surfaces of 

sesquioxides; 
secondary mineral Pi 

Low plant 
availability  

Hedley et al., 1982; 
Smeck, 1985 as 

referenced by Cross 
and Schlesinger,1995; 

Zhang et al. (2004) 

NaOH- Po Extracts Po that is 
strongly held by 

chemisorption to Al and 
Fe components in the 

soil 

Stable P involved 
with the long term 
transformation of 

soil P 

Hedley et al., 1982; 
Tiessen et al., 1984 as 
referenced by Cross 

and Schlesinger, 1995

HCl- P Extracts Pi from Ca-
associated phosphates; 

Pi occluded within 
sesquioxides; primary 
minerals that are acid 

extractable 

Stable Ca-bound 
P; stable Pi 

associated with 
minerals of low 

solubility (apatite) 

Hedley et al., 1982; 
Tiessen et al., 1984; 

Smeck, 1985 as 
referenced by Cross 

and Schlesinger, 1995

Residual P 
(H202 & 
H2SO4) 

Extracts the occluded 
phosphates and the 
most recalcitrant P 

The most stable 
P; highly resistant 

with low 
bioavailability 

Hedley et al., 1982; 
Tiessen et al., 1984 as 
references by Cross 

and Schlesinger, 
1995; Zhang et al. 

(2004) 
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Several researchers have used the Hedley, as opposed to other methods, 

to characterize soil P forms and the impact of soil management or natural factors 

on P cycling .  A review by Levy and Schlesinger (1999) determined that the 

Hedley Fractionation was better suited than the Ruttenberg Fractionation for 

measuring P forms.  Although the two fractionation methods correlated for Ca-

bound P, total organic P and TP, the Hedley P fractionation was deemed the 

more useful technique as it can suggest plant availability of the soil P pools and 

measured TP accurately. Cross and Schlesinger (1995) wrote that there is a 

positive correlation between values for labile P extracted using the Hedley 

fractionation and values of Pi measured with other methods and that the Hedley 

fractionation can be used to generate an index of the importance of Po as a 

source of plant available P.   Hedley et al. (1982) determined that the method can 

identify up to 99% of the TP in a soil sample.  To read the specific reviews on the 

Hedley Fractionation see the publications by Levy and Schlesinger (1999) and 

Cross and Schlesinger (1995). 

 
 

Understanding the measurement and meaning of different soil P forms is 

important for proper soil fertility management.  The next section will discuss how 

management decisions, such as the application of manures and fertilizers, can 

influence the forms of P found in the soil.   
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1.3.2 Manure and Fertilizer Impacts on Soil Phosphorus Forms 
 

 Phosphorus accumulates in the soil with long term applications of manures 

and fertilizers.  This build up is partly due to the low P use efficiency of most 

crops.  On average the crop use efficiency (CUE) is less than 25% during the 

year of amendment application (Zhang et al. 2004).  Making long- term 

environmentally sound agricultural decisions requires knowledge of the 

availability of soil P forms.  In order to get an inventory of the P in the soil most 

farmers will do a soil P test.  However, the results are solely based on agronomic 

requirements for labile Pi and less on environmental impacts of the other soil P 

forms.  The Hedley Sequential Phosphorus Fractionation has been frequently 

used by researchers interested in the influence of management decisions on 

pools of P in the soil, including their availability to plants and vulnerability to loss 

over time.    The next section will review the short and long term influences of 

manures and fertilizers on soil P forms. 

 

1.3.2.1 Manures 
 

 Adding manure to a soil may increase the soil test P if P is applied in 

excess of plant requirements (Hao et al. 2008; Zhang et al. 2004).  The rate of 

change depends on the availability of the P in the manure and the rate of 

application.  Zhang et al. (2004) measured a linear increase in the Mehlich-3 P 

(M3-P) with the application of manure over time.  After 10 years of a normal rate 

of application the M3-P levels were 39 mg P kg-1 while at the high rate of 
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application the M3-P levels were 157 mg P kg-1.  Evidently rate influences the 

labile Pi fractions but the M3-P infers nothing about the other soil P forms. 

The extent to which each of the other P fractions change is dependent on 

several different factors including site specific differences.   Like many 

procedures in soil science research, the outcome of the Hedley fractionation can 

vary among soil types.  Typically sandy soils are more vulnerable to changes in 

the pools while clay soils are more resistant (O’Halloran 1993; Zhang et al. 2004).  

When reading the following information keep in mind that different soils will have 

various degrees of changes in soil P in response to soil management practices. 

With the application of manure at crop requirements, Bic-Pi and NaOH-Pi 

increase with manure application (Meek et al. 1982; O’Halloran 1993).  This can 

be attributed to a high percentage of Pi that are present in most manures.  The 

Bic-Po and NaOH-Po will increase as well but not as much as the Pi fractions 

(Hao et al. 2008; O’Halloran and Sigrist 1993). Typically, the pools that are less 

available (HCl and residual) are weakly responsive to manure additions 

(McKenzie et al. 1992 in Leinweber et al. 1999).  O’Halloran and Sigrist (1993) 

noticed that incubated hog manure added to a silty clay loam and clay loam did 

not affect the HCl-Pi, residual P or TP when compared to the control.  

Measurements of the HCl-Pi were 219 and 319 and residual P were 320 and 323 

mg P kg-1 for the control and manured treatments, respectively. The above 

explanation is a generalization of what typically occurs with manure addition.  

Some researchers have found conflicting results which could be attributed to soil 

type and manure P content.   
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It is equally as important to know how different manures, at the same 

application rate, alter pools of soil P.  A study by Sharpley et al. (2004) compared 

dairy and poultry manures at similar rates on the same soil type.  Table 1.2 

summarizes their results. 

Table 1.2: Comparison of soil P fractions after dairy and poultry manure 
applications at 120 kg P ha-1 yr-1  

 
Manure

P Pool 
Dairy 

(mg P kg-1)
Poultry  

(mg P kg-1) 
Water 
extractable P 

53* 39 

Resin Pi 394 382 

Bic-Pi 925 293 

Bic-Po 125 139 

NaOH-Pi 678 295 

NaOH-Po 313 288 

HCl- Pi 1780 802 

Residual P 571 262 

*Values are averages of various sites (Sharpley et al. 2004) 

   

  The dairy manure typically had more P extracted from each fraction.  This 

could be attributed to the fact that the solid poultry manure had a higher dry 

matter and C content than the liquid dairy manure which could result in P being 

used for microbial functions.  Presently there are very few studies that measure 

the changes in P pools when different types of manures are applied at equal 

rates.  As such, the author is conducting a study on dairy, beef, and swine 



14 
 

manures, in addition to a fertilizer treatment, at similar rates to determine the 

effects on soil P fractions. 

 

1.3.2.2 Fertilizers  
 

 Understanding how fertilizers influence soil P pools is an important tool to 

farmers when they have to make decisions about soil fertility.  Similarly to 

manures, soil type can alter the degree of change in the soil P pools.  O’Halloran 

(1993) determined that the fertilizer treatment affected the resin Pi, NaOH-Pi, 

residual P and TP on the sandy loam soil, but only the resin Pi on the clay soil.     

The following text will discuss, in more detail, the influence of fertilizers on soil P 

forms.   

 Once fertilizers are applied they are readily available to crops due to their 

high solubility.  As a result the application of fertilizers leads to an increase in the 

readily available pools of soil P and soil test P (Griffin et al. 2003).  Most manures 

are less soluble, therefore they are a long term source of P (O’Halloran and 

Sigrist 1993).  The second difference between manures and fertilizers is that 

fertilizers are completely Pi and lack organic matter addition.  As a result, 

fertilizers have no direct impact on the organic pools of the Hedley fractionation 

(Oniani et al. 1973 in O’Halloran 1993).  O’Halloran (1993) noticed that in all 

three tillage treatments, conventional, reduced till, and no-till, the fertilizer 

treatments had less soil Po than the manure treatments.  The Po levels were 

275, 260, and 314 mg kg-1 while the Pi levels were 319, 362, 324 mg kg-1 for the 

conventional, ridge till and no- till treatments, respectively.   In a non-quantitative 
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study of the impact of fertilizers on soil P forms, Zhang et al. (2004) found the soil 

labile Pi fractions increased, and the Bic-Po had steady concentrations with crop 

removal over 6 years, then decreased when no fertilizer was applied for 4 years.  

All the organic fractions lessened with fertilizer application.  The labile Pi 

increased due to the addition of fertilizers and the Po fractions decreased 

because no Po was added when fertilizers were applied.  The reductions in Bic-

Po may have been attributed to increased mineralization of crop residues left 

behind (Zhang et al. 2004).   

 

1.3.2.3 Rates of Manures and Fertilizers 
 

In general the resin, Bic-P, and Pi extracts increase with higher rates of 

manure over time (Leinweber et al. 1999).  Hao et al. (2008) did a full inventory of 

the Hedley fractions after 30 years of cattle manure application.  Rates of manure 

were 30, 60, and 90 Mg ha-1 yr-1 which equalled 3.60, 7.00 and 10.20 Mg TP ha-1 

over the 30 years.  Table 1.3 presents their results.   

Table 1.3: Hedley fractions in soil after 30 years of cattle manure 

Rate 
P Pool 

0  
(Mg ha-1yr-1 ) 

30 
(Mg ha-1yr-1 ) 

60 
(Mg ha-1yr-1 ) 

90 
(Mg ha-1yr-1 ) 

Water 
extractable P 

72 260* 385* 560* 

Bic-Pi 214 633* 1067* 1156 
Bic- Po 10 8 30* 49 
NaOH- Pi 88 157 222 295 
NaOH- Po 55 78* 108* 110 
HCl- P 465 821* 1202* 1276 
Residual P 478 554* 551 491 
*Indicate treatments which are significantly different from the immediately lesser 
rate         (Hao et al. 2008) 
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 In general, the water extractable P, Bic-Pi, and HCl- P pools increased 

drastically as rate increased, while the other fractions increased less.  These 

increases suggest that as the rate of manure increases so does the amount of 

labile P.    Even though there were increased in the Po pools, they were not as 

large as the Pi pools.  This could be due to manures having much less Po than Pi 

and because added Po may eventually be mineralized,  

 With repeated additions, the rate of fertilizer can influence the pools of soil 

P similarly to manures.  Zhang et al. (2004) found that rate influenced the Bic-Pi 

and Po, NaOH-Pi and Po, and residual P.   The Bic and NaOH- Pi increased at a 

rate of 7.2 to 8.5 mg P kg-1 yr-1 and 2.0 to 3.6 mg P kg-1 yr-1, respectively, in the 

normal fertilization treatments.  At the high rate of fertilization the Bic-Pi increased 

15.7 to 18.1 mg P kg-1 yr-1while the NaOH-Pi increased 6.9 to 34.3 mg P kg-1 yr-1.    

At high rates of fertilizer application, the sorption sites on the soil become 

saturated and as such the labile P pools increase at a faster rate.  The Po pools 

may actually decrease with time and fertilization rate (Zhang et al.  2004). 

Researchers contribute the reduction in Po to higher rates of fertilizers leading to 

more residues (C) which stimulated mineralization of the Po into Pi, as well as, 

the lack of Po in fertilizers.  Lastly, the residual P pool may increase with 

increasing rate of fertilizer (Zhang et al. 2004).  A potential explanation is an 

increase in Po compounds released from abundant crop residues as a result of 

higher yields or the formation of recalcitrant forms of P due to increased microbial 

activity. 
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 The above sections discussed how management decision regarding 

source an application rate can influence the forms of P in the soil.   As one may 

expect soil P can be lost from a field into waterways.  However, the P lost from a 

field into water is defined differently from the soil P forms.  The following sections 

will discuss the forms of P in water as well as the pathways by which the forms 

are lost.   

1.3.3 Forms of Phosphorus in Water 
 

Total P, total dissolved P (TDP), DRP, and particulate P (PP) are typically 

measured when researchers are investigating P transport into water and the 

subsequent water pollution.  Each of these forms differs in the degree to which 

their measurement can infer potential and actual consequences in waterways.  

Most farmers do agronomic soil test to determine the state of their soil nutrient 

levels.  Sometimes these soil tests are used for environmental interpretations 

potentially leading to faulty conclusions.  Agronomic test do not consider the Po 

in the soil which can be as damaging as Pi once in a surface water system.  

Total P is a measurement of all the P within a water sample including the 

soluble inorganic and organic forms and the particulate forms (Hao et al. 2008).  

Total P is not used as an indicator of bioavailability of P in water but is measured 

more as an inventory of P.  The general equation for TP is: 

TP = PP + TDP 
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The TDP includes soluble Pi and Po compounds, while PP is particulate or 

sediment bound P The Pi portion of the TDP, is reflective of the amount of P that 

can potentially be taken up rapidly by aquatic plants and is referred to as dissolve 

reactive P (DRP).  Dissolved reactive P is a measure of the Pi that is in a filtered 

water sample.  This form of P can be used to make assumptions about potential 

effects of P in surface water (Daniel et al. 1998).  Dissolved reactive P includes 

the Pi that is quickly available for plant uptake once introduced into a water 

system consequently leading to eutrophication.  

Particulate P is sorped to soil particles and it typically transported via 

particle movement (Daniel et al. 1998).  Particulate P is held onto the soil edges; 

therefore, it is not readily bio- available but is a contributor to eutrophication in the 

long term.  Particulate P is rarely measured directly; therefore, the equation 

introduced above for TP can be manipulated to calculate PP:  

PP= TP- TDP. 

 

 The forms mentioned above can be transported from a field into a 

waterway via several different pathways.  The next section will discuss these 

pathways and which forms are commonly lost through each path. 

1.3.4 Phosphorus Transport Mechanisms 
 

  Identifying the transport mechanisms of P is important when evaluating 

management solutions for preventing losses.  Those who are concerned with P 
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losses typically only consider the losses through surface pathways. However, 

Sharpley et al. (2001) identified four site characteristics that can influence P 

movement off a field into a water course: erosion, surface runoff, subsurface flow, 

and distance to a waterway.  For this review only the first three will be addressed. 

1.3.4.1 Erosion  
 

 Erosion is the movement of soil particles by water or wind and is highly 

related to PP movement and high TP concentrations in water.  Clay particles are 

responsible for containing high levels of P compared to coarser soil constituents 

(Sparks 2003).  As a result, the movement of clay leads to enrichment of water 

with PP.   Sharpley et al. (2001) determined that as erosion increases, the 

percentage of TP that is PP increases exponentially. 

1.3.4.2 Surface Runoff 
 

 Surface runoff is similar to water erosion in that water is the main transport 

medium. They are different in that surface runoff is referring to a layer of water 

that moves over a field with relatively little loss of soil (Daniel et al. 1998).  The 

runoff water can desorb P from soil colloids and PP into receiving waterways.  

Soils that have high levels of P, either naturally or from anthropogenic activities 

are directly related to high concentrations of P in runoff.  Davis et al. (2005) 

studied the loss of P in runoff from agricultural soils in a controlled indoor 

environment and determined DRP (r2=0.95) and TP (r2=0.71 to 0.92) were highly 

correlated to the M-3P levels.  Surface transport of applied amendments will be 

discussed in following sections. 
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1.3.4.3 Subsurface Transport 
 

 Subsurface flow transports mainly dissolved P forms but can allow for 

movement of particulate P as well (Gentry et al. 2007; Kinely et al. 2007; Schelde 

et al. 2006).  The current Ontario P-index does not consider P movement through 

subsurface pathways.  Phosphorus can preferentially move through cracks, 

earthworm channels or macropore systems down into drainage tiles or 

groundwater.   Goehring et al. (2001) determined that P can move through 

macropore systems with little sorption to the channel walls.  Soil texture can 

affect the below surface movement of P as well.   Clay soils are known to crack 

during wetting-drying events which can lead to fissures through the soil profile.  

Sandy and peat soils transport P through the soil profile into subsurface drainage 

systems because of the high hydraulic conductivity and low P sorption capacity, 

respectively (Sims et al. 1998 in Sharpley et al. 2001; Sharpley and Rekolainen 

1997).   Similarly to surface losses, soil test P levels can influence subsurface 

losses.   Sharpley et al. (2001) studied losses of dissolved P (DP) in subsurface 

drainage and determined that M3-P levels above 200 mg P kg-1 lead to rapid 

increases of DP in subsurface drainage.   

 

 Management practices such as the application of manures and fertilizers 

and tillage operations can influence the pathways of loss and the amounts of soil 

P forms that are lost from a field into receiving waterways.  The next sections will 

discuss how management can influence P forms and pathways of P losses. 
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1.3.5 Manure and Fertilizer Impacts on Phosphorus Losses 
 

The application of manure onto agricultural fields has many benefits to soil 

and crop health.  However, the application of manure can potentially lead to 

increases of PP, DRP, and TP lost from fields into waterways (Schelde et al. 

2006; Kleinman and Sharpley 2003; Davis et al. 2005).  These losses are via 

surface and subsurface pathways can be minimized if appropriate rates and 

guidelines are followed.  In Ontario there are regulations to follow for the 

allowable amount of manure that can be applied to a field.  These guidelines are 

meant to reduce manure losses into the environment while achieving the 

requirements of the crop.  Some producers will apply inorganic fertilizers to their 

crops in place of manures.  Currently there is some controversy as to the 

environmental effects of manures versus fertilizers.   

1.3.5.1 Surface Pathways  
 

 Application method, manure type, and rate of application all influence the 

amount and forms of P which are typically lost via surface pathways into water 

systems.  When manure is broadcast it can be left on the surface or incorporated.  

Leaving manure on the soil surface can lead to substantial losses of nutrients in 

runoff.  Dissolved reactive P constitutes a large proportion of the TP in runoff 

when manure is left on the surface (Mueller et al. 1984; Kleinman et al. 2002a; 

Kleinman et al. 2002b; Kleinman et al. 2005; Kleinman and Sharpley 2003; Davis 

et al. 2005).  More specifically, DRP in runoff can account for 51 to 73% of the TP 

(Kleinman et al. 2002b).  Elevated losses of DRP are a result of surface applied 
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manure being in direct contact with moving water which can solubilize and then 

transport the manure P.    Sharpley et al. (1995) also noted that manure left on a 

surface with residue keeps the moisture level at the surface higher.  The moist 

environment that is created is ideal for microorganisms which may mineralize the 

Po into plant available Pi form which can then be lost via runoff if not taken up by 

the crop.  When manure is incorporated the dominant form of P in runoff shifts 

from DRP to PP, reflecting the impact of tillage on the erodability of the soil and 

thus P containing particles being easily dislodged and transported in runoff once 

tillage is conducted(Kleinman et al. 2002a).   

The method of manure application works in conjunction with the timing of 

application.  The time elapsed between manure application and the next rainfall 

event can greatly influence the amount of P that is lost.  Rainfall immediately after 

the application of manure may lead to more losses of DRP especially if the 

manure is left on the surface (Kleinman and Sharpley 2003).  However, these 

high concentrations in runoff peak for a few days or weeks then return to 

acceptable levels.     

The rate of amendment and type of manure that is applied to a field also 

influences the amount of P lost in runoff. In general, high rates lead to more 

potential for losses.  Davis et al. (2005) found that increased rates of fertilizer P 

addition increased DRP, PP, and TP losses in runoff from three soil types, silt 

loam, loam, and clay loam.  The clay loam had DRP levels of 0.11, 0.72, 1.44, 

3.80 mg L-1 for P rates of 0, 235, 635, 1135 mg P kg-1, respectively.  The 

proportion of DRP and PP as TP lost can depend on the liquid to dry matter ratio 
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of the manure.  Liquid manures, such as swine and dairy, contain more water 

extractable P (WEP) which is linked to DRP in runoff (Kleinman et al. 2005; 

Kleinman et al. 2002a; Kleinman et al. 2002b).  On the other hand, manures with 

high dry matter content, such as beef and poultry, contribute more PP to runoff 

(Kleinman et al. 2003).    Currently researchers are stating that measuring the 

WEP in manures is an excellent indicator of the DRP that could be lost in surface 

runoff, especially at high rates of manure application (Kleinman et al. 2005; 

Kleinman et al. 2002a; Kleinman et al. 2002b; Davis et al. 2005).   The type of 

manure also influences erosion of the manure itself.  Manures that are liquid or 

contain small particles could move off the field suspended in water, while larger 

masses would be less likely to move.  Kleinman and Sharpley (2003) suggested 

that the erosion of manure be added to the P-index because currently only soil 

the movement of soil particles is taken into account; there is no consideration of 

manure physically moving into water systems.   

1.3.5.2 Subsurface Pathways 
 

Manure application to soils can have varying effects on the amount of P 

that is lost via subsurface pathways.   A non-specific investigation by Kinley et al. 

(2007) determined that 39 Nova Scotia soils under numerous cropping systems 

had tile discharge mean concentration of TP higher than the allowable level of 0.1 

mg P L-1 each month in 2002 and 2003.  More specifically, the method of 

application and influence of manure rate on soil pH can alter the amount of P lost 

in subsurface pathways.  The research concerning P transport to tile drains and 

groundwater is not as extensive as that of runoff.  As mentioned before 
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subsurface movement of nutrients is not even considered in the Ontario P-index.  

The following studies illustrate that movement to tile and groundwater is indeed 

an environmental issue. 

  Some producers will apply liquid manures via injection with the intent of N 

conservation.  Manure could be lost into tile drains or groundwater if there was a 

continuous macropore system and manure was being injected into these 

channels.   A study by Ball Coelho et al. (2007) investigated tile water quality 

after the application of liquid swine manure via injection and top dressed.   Top 

dressed manure application was a surface banding of manure.  The researchers 

found that after application the tile drainage water was more contaminated from 

injection verses surface banding, however sampling intervals were sporadic and 

may not have been representative.   Rain fell immediately after the application of 

manure in this experiment which spiked losses under both application methods, 

but within 1 to 7 days the concentrations of DRP in the tiles returned to pre-

application levels.    

The influence that fertilizers and manures have on soil pH can indirectly 

influence the amount of P that is lost via subsurface pathways as rates increase.  

When fertilizers are applied to the soil, pH decreased around the granule which 

may result in dissolution of Ca bound P. Manure has a high pH and an 

abundance of Ca and Mg compounds.  Once manure is applied there is a shift in 

the soil chemistry from Al and Fe to Ca and Mg reaction products which can bind 

P (Sharpley et al. 2004).   Bergström and Kirchmann (2006) conducted an 

experiment using different application rates of swine slurry and fertilizer on a 
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sandy soil.  The P rates of manure that were applied then incorporated were 40, 

80, 120, and 160 kg P ha-1 and 50 kg P ha-1 of fertilizer.  As the rate of P applied 

increased, the amount of TP leached decreased.  In fact, at rates higher than 50 

kg P ha-1yr-1, the amount of P leached was less than the control.  The 

researchers attribute the reduction in TP leaching to P binding by the Ca and Mg 

compounds in the soil profile.  Ball Coelho et al. (2007) had mixed results when 

studying the rate of swine manure on DRP concentrations in the tile water.  In 

2001 the injection treatment had losses of 1.9, 2.6, 54.0, 20.0, and 17.0 g DRP 

ha-1wk-1 as manure rate increased from 0 to 93.5 m3 ha-1.  However, in 2002 the 

DRP levels in tile drainage were 0.2, 1.7, 3.6, 2.8, 13.7 g DRP ha-1wk-1 as rate 

increased.  These inconclusive results illustrate how numerous different factors, 

in the above case sampling frequency and consequently nutrient collection 

effectiveness, need to be considered when investigating issues concerning 

nutrient management.   

1.3.5.3 Manure versus Fertilizer 
 

 There is some controversy, mainly due to lack of research, about the 

degree of susceptibility of manures and fertilizers to be lost into the environment.  

The answer depends on the availability of the amendment to the plant along with 

other factors.  Inorganic fertilizers are created in order to be readily soluble and 

immediately available for plant uptake.  This would suggest that they may be 

more likely than manures to be lost because manures require transformations of 

Po into available forms.  However, up to 80% of manure P can be in available 

forms making manure almost equally as susceptible to losses as fertilizers (Dou 
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et al. 2000 in Hao et al. 2008).  Research by Smith et al. (2007) and Bergström 

and Kirchmann (2006) came to different conclusions about which of the two 

amendments are more environmentally sound.  It should be mentioned that 

different climatic conditions and soil types are influential when trying to come to a 

conclusion about this issue. 

Bergström and Kirchmann (2006) investigated swine slurry on a sandy soil 

and determined that inorganic fertilizers were agronomically and environmentally 

a better choice than swine manure.  The crop use efficiency of the P in the 

manure, regardless of rate, was only 6 to 9% verses 38% for the inorganic 

fertilizer.  Although leaching of P actually decreased with increasing manure 

rates, N leaching was substantial.  Considering poor crop use efficiency and N 

leaching, the researchers concluded that inorganic P is a better choice than 

manures for overall fertility management.   

Smith et al. (2007) concluded that manure may be more environmentally 

sound option when rain does not occur shortly after application.  The researchers 

noted that if one week passes before precipitation, then the levels of nutrients in 

runoff are less when swine or poultry manure is applied verses when fertilizer is 

applied.  The researchers attributed their finding to manures having lower levels 

of soluble P and immobilization of soluble P in manures by microbes. The values 

for DRP in runoff 30 days after application were approximately 3.0, 1.0, 0.5, and 

0.5 mg L-1 for inorganic fertilizer, poultry manure, swine manure, and control, 

respectively.  In addition, the runoff P concentration from the manure plots 
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lessened at exponential rates with time but the fertilizer actually increased runoff 

P concentrations from 1.0 to 3.0 mg L-1 after 5 to 10 days.   

 

Along with management decisions about manure and fertilizer applications 

are decisions about tillage operations.  The next sections will discuss the 

influence that tillage has on levels and pathways of P losses. 

 

1.3.6 Tillage Impacts on Pathways and Phosphorus Losses 
 

 No-till, pre-tillage (PT), and incorporation (IN) are commonly practiced by 

farmers when applying/incorporating amendments.  According to other 

researchers and in the following discussion, PT is referred to as tillage conducted 

before manure application with either a harrow, chisel or mouldboard plow and is 

used to eliminate direct pathways from the soil surface to depth, and/or to 

improve the moisture holding capacity of the soil.  Incorporation refers to mixing 

amendments into the soil once it has been applied with discs, cultivators, harrow, 

moldboard or chisel plow.  No- till implies that the application is directly onto the 

soil surface without any further manipulations.    Losses of P can occur from two 

main pathways: surface and subsurface.  Surface losses occur with runoff and 

erosion, while subsurface losses include transport to artificial drainage tiles and 

groundwater.  Tillage practices can undoubtedly impact the amount, form and 

pathway of P loss.   
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1.3.6.1 Surface pathways 
 

Surface application of fertilizers or manures can lead to substantial losses 

of P into surrounding water bodies if the added material is not mixed or 

incorporated into the soil.  In order for farmers to reduce their environmental 

impact, tillage should be used to reduce levels of DRP and TP in runoff.   Daniel 

et al. (1998) stated that an efficient P management technique for reducing 

surface losses is subsurface application; liquid amendments should be injected 

and solids should be incorporated or banded.  Injection of liquid manures or 

fertilizers is typically used for N conservation and reducing odours.  This 

technique keeps the nutrients from being lost via surface pathways but can 

potentially lead to subsurface movement.  Incorporation of manures and fertilizers 

reduces surface losses while moving the nutrients into a zone that is closer to 

plant roots. The zone around the roots has 2.0 to 4.5 times higher sorption and 

binding energy than the surface therefore potentially reducing P availability to 

plants as well as reducing the potential for loss (Daniel et al. 1998; Kleinman et 

al. 2002a; Sharpley 2003).  Banding fertilizers is a commonly used practice in 

Ontario but rarely used in the United States.  Banding places the fertilizer below 

the soil surface and close to the plant roots which improves plant uptake. In 

addition, this technique reduces P sorption by the soil as it saturates the soil 

around the band leaving additional P available for plants.  In terms of fertilizer use 

efficiency, the banding technique is better than broadcast with incorporation 
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because it reduces P sorption at depth.  However, reduced sorption may lead to 

subsurface losses. 

Reducing the amount of DRP as a percentage of TP in runoff is critical to 

protecting surface water systems from eutrophication.  Farmers can use tillage to 

increase the contact between the soil and manure which may increase solution P 

sorption onto soil particles.  Kleinman et al. (2002a) did a study on three acidic 

soils with four different P sources and found that mixing the soil and manure 

reduced the amount of DRP in runoff.  All amendments were broadcast applied at 

a rate of 100 kg TP ha-1.   No-till, surface applied manure plots had DRP 

concentrations accounting for 64% of the TP while the plots that were mixed had 

DRP concentrations accounting for 9% of the TP (Kleinman et al. 2002a).  In fact, 

the DRP was similar between the mixed plots and the un- amended plots.  Low 

DRP as a percentage of the TP is desirable; however, lower DRP percentage 

means that more of the TP is PP; potentially increasing long term available P if 

the sediment is transported to the aquatic system. 

Kleinman et al. (2002a) showed that mixing can reduce the amount of 

DRP in runoff.  Equally as important is the understanding of how specific tillage 

equipment can reduce P losses. No-till leaves manure on the soil surface which 

makes it more susceptible to wind and water removal.  Aggressive tillage 

techniques can lead to a better mixture of soil and manure and results in less P 

lost from the surface.   Little et al. (2005) investigated the influence of a cultivator, 

a double disk plow, and a moldboard plow on DRP and TP losses in surface 

runoff.  The researchers simulated rainfall events and determined that the 
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incorporation of manure after application reduced DRP and TP in runoff.  The 

amounts of DRP and TP in runoff from the plots that were manured then plowed 

with an aggressive implement were significantly lower than the other less 

aggressive tillage methods (Little et al. 2005; Mueller et al. 1984). Little et al. 

(2005) measured the DRP and TP concentrations in runoff as 0.13 and 0.91 mg 

P L-1 respectively from the mouldboard plowed plots.  The cultivator treatment 

had DRP and TP mean losses of 0.79 and 1.51 mg P L-1 and the double discs 

had DRP and TP losses of 0.90 and 1.64 mg P L-1, respectively.    In fact, the 

DRP in runoff was similar between the mouldboard plow plot and the unamended 

plot (Little et al. 2005).  However, when the flow-weighted mean concentrations of 

P were calculated only the mouldboard plow treatments had significantly lower 

DRP and TP. 

The studies above have shown that tillage can reduce the amount of DRP 

as a percentage of TP, as well as indicating that different tillage equipment can 

vary the amount of DRP in runoff.  However, continual or deep tillage can result 

in poor soil structure and the consequential erosion of P-bound soil particles. Soil 

particles containing P can be transported into water systems via runoff and wind 

and become a long term source of P.  Kleinman et al. (2002a) measured levels of 

suspended solids (SS) in runoff from the surface application of swine manure as 

1471 mg L-1 while the level of SS from the mixed plot was 11 920 mg L-1. Soil 

mixing greatly increased the amount of dislodged particles.  Even though SS is 

not a direct measurement of P, researchers have stated that P is bound to soil 
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particles which allows SS to be an indicator of P loss (Little et al. 2005; Schelde 

et al. 2006).   

Sharpley (2003) applied poultry manure at 150 kg P ha-1 to a high P soil 

and investigated how soil mixing can influence soil P losses over time. The tillage 

treatments were no-till and chisel plow.   The amount of PP lost from the plowed 

plots was significantly higher than the losses from the no-till plots up to 38 weeks 

after plowing.   At 10 weeks there was a direct comparison between the chisel 

plow and no-till plots and the PP values were 478 and 70 g PP ha-1, respectively.  

This study is relevant to Ontario in light of PPI/PPC/FAR technical bulletin 2005-1 

which suggest that of the Ontario soils sampled, many have mean Olsen P levels 

around 38 ppm, which is in excess of common crop requirements (PPI/PPIC/FAR 

2005).  

 The type of tillage equipment used can also influence the amount of PP 

lost from a field, similarly to TP and DRP.  More aggressive plowing can 

significantly increase SS and PP losses in runoff when compared to less intrusive 

methods (Mueller et al. 1984). Little et al. (2005) determined that double disc 

plowing resulted in 0.89 mg L-1 of total suspended solids (TSS) in runoff which 

was significantly lower than the 1.26 mg L-1 of TSS from the mouldboard plowed 

plots.  On the other hand, Kimmell et al. (2001) measured sediment losses in 

runoff from plots planted with soybeans and found that tillage type did not have a 

significant effect on the amount of sediment loss.  The losses from no- till, chisel 

till and ridge till were 17, 97, 64 kg ha-1, respectively.  The difference between the 

no-till and the other two methods was statistically significantly but the difference 
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between chisel and ridge till were not significant.  In these studies the 

mouldboard plow and the chisel plow used are termed ‘deep’ tillage equipment.  

These implements are destructive to soil structure which results in increased 

sediment and particle bound P losses and environmental damages. 

Many of the above studies report the P levels lost as a concentration.  

However, measuring mass losses or loading are equally as informative as 

concentrations can be diluted if water volumes are high or vice versa.  Different 

tillage equipment can influence the amount and rate of runoff.  Little et al. (2005) 

recorded some runoff rates and loading values after manure application from a 

cultivator, double disks, mouldboard plow and no incorporation treatments.  The 

rates of runoff were highest for the no till then reduced by 20%, 34%, and 56% for 

the double disk, cultivator and mouldboard plow, respectively.  Total loading 

values for the tillage treatments are given in Table 1.4.   

Table 1.4: DRP and TP loading from different tillage operations  

Loading
Tillage 

DRP* 
(g ha-1) 

TP* 
(g ha-1) 

Cultivator 127.0 244.5 

Double Disks 214.2 369.6 

Moldboard plow 13.2 92.4 

No Incorporation 264.3 429.9 

*Tillage and manure were significant sources of variation 
       (Little et al. 2005) 

  

 The values in Table 1.4 illustrate that aggressive tillage after manure 

application results in lower P loading.  Aggressive tillage leaves a more uneven 
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surface which could allow for pooling of precipitation and consequently less runoff 

volume and more nutrient sorption by the soil.   

Reviewing the above information it can be deduced that incorporation of 

manure is necessary to reduce the immediate effects of P, more specifically 

DRP, in surface waters.  However, caution must be exercised as to what tillage 

method is used because aggressive tillage equipment can lead to higher PP 

losses which can increase the long term potential of eutrophication and harm soil 

structure which can lead to even more P losses. 

 

1.3.6.2 Subsurface Pathways 
 

Movement of water through a soil profile is another potential route for 

nutrients into water.  It is a popular belief that water running through the soil 

profile will have most of the P removed through sorption to soil particles (Djodjic 

et al. 2002).  However, recent studies have determined that water drained into 

tiles can have P concentrations higher than allowable levels.   In addition to 

soluble nutrients, particles can move through a soil profile into tiles and 

groundwater (Schelde et al. 2006).  Over time channels are created in 

undisturbed soils which allows for a virtually unobstructed path for nutrients to 

move from the surface to depth.  The movement of nutrient laden water through 

these pathways is defined as preferential flow. Soluble P can move through 1mm 

macropores with negligible sorption to pore walls (Geohring et al. 2001).  Tillage 

is one means of disrupting the channels and reducing subsurface movement of 

soluble and particulate nutrients into lysimeters, tiles, and groundwater (Geohring 
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et al. 2001).  Intuitively, one may think that tillage prior to manure application will 

disconnect the pathways, then tillage after application will further reduce losses 

by increasing soil-manure contact.  However, numerous researchers have found 

contrary results.   

Djodjic et al. (2002) and Little et al. (2005) determined that tillage before or 

after manure application does not reduce the amount of P in preferential flow 

channels.  Djodjic et al. (2002) found TP loading to be 1.86, 1.59, 1.25 kg TP ha-1 

in leachate from no-till, PT, and IN, respectively. The non-incorporated treatment 

did have the most loss, but no significant differences were present between each 

of the treatments.  The researchers concluded that the macropores were 

eventually re-established which resulted in P being transported through the soil 

profile.  Little et al. (2005) found similar results when measuring DRP and TP in 

leachate after manure application.  The levels of DRP in lysimeters at 60 cm in 

depth were 1.70, 1.63, 1.25 and 1.93 mg L-1 for cultivated, double disked, 

mouldboard plowed and no-till, respectively.  The concentrations of TP were 

5.63, 5.91, 5.95 and 8.02 mg L-1 for cultivated, double disked, mouldboard 

plowed and no-till, respectively.  None of the aforementioned values were 

significantly different from each other indicating that tillage timing or equipment 

type does not influence DRP or TP in subsurface waters which may be attributed 

to variability within the studies.  Lapen et al. (2008) did a similar study to the ones 

above and found similar results.  Even with pre-tillage it only took 9 to 11 minutes 

for the biosolids to reach the tile drains when applied at rates that exceeded the 

soils capacity to retain the liquid.  Pre-tillage does break up the macropore 
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systems within the depth of the implement.  However, the macropore system 

underneath the tillage layer is still actively transporting nutrients (Djodjic et al. 

2002; Lapen et al. 2008). 

 Particles can be transported down soil profiles into tiles and groundwater 

through cracks in the soil with water after a rainfall or without a transport medium.  

Tillage may break up the macropore system at the soil surface but it also 

increases the amount of particles vulnerable to loss via subsurface paths.  

Schelde et al. (2006) conducted an experiment on the effects of management on 

soil particles in tile drains.  They determined that higher amounts of particles 

were associated with higher flow rates and were linearly related to PP.  The 

researchers attributed the high particle levels to a reduction in ionic strength and 

as such particles were removed from the edges of aggregates and flushed 

through the soil profile.  Schelde et al. (2006) mentioned that less than 0.1% of 

the TP that was added to the plots was lost in the tiles, but there were peak 

effluent events that had more than the allowable level of P which is an 

environmental concern.  In general, plowing resulted in four times as much TP in 

the tile effluent per volume compared to the no-till treatment.   

 Similar to surface runoff, subsurface drainage rates and volumes can be 

influenced by tillage practices.  Geohring et al. (2001) measured the cumulative 

tile discharge rate from plots that were mouldboard plowed and disked.  The 

average discharge rate for the plowed plots and disked plots were 10.3 mm 

20hrs-1 and 12.6 mm 20hrs-1, respectively.  The researchers did not note if there 

was a significant difference between the rates but it appears that more 
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aggressive tillage is related to less tile discharge.   Very few studies compare 

tillage treatments record tile discharge volume.  Djodjic et al. (2002) measured 

leachate volumes in lysimeters under different tillage practices.  Average total 

volumes for three years were 978 mm for no- till, 897 mm for PT and 835 mm for 

IN.  Again more aggressive tillage lead to less volume of water in the lysimeters; 

however, this was a lab study and may not be applicable to a field situation.  

1.3.7 Conclusion  
 

 The studies mentioned in the above literature review provided background 

information which pertains to the studies which were conducted by the author.  

However, there were some gaps in the research.  There is little information about 

how manure management influences soil P forms over time.  More specifically, 

there are very few studies that compare different manures at similar rates over 

time and how these manures influence soil P forms and soil P availability.  In 

addition, the controversy about the availability of fertilizers and manures needs to 

be further investigated.   Of the studies discussed above that considered tillage 

practices and how they influenced P losses from surface and subsurface 

pathways, very few were conducted in Ontario.  The current Ontario P-index is 

lacking scientific validation as well as consideration of subsurface P movement.  

The following studies aim to fill some of the mentioned gaps. 
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Chapter 2: Effects of Tillage and Manuring Practices on 

Phosphorus Losses from two Agricultural Soils in Ontario 
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2.0 Abstract 
 

 Eutrophication of surface water in Ontario has been an issue for several 

years, dating back to the 1970s.  More recently the problem has been related to 

high dissolved reactive P (DRP) concentrations in water systems and agriculture 

has been named a large non-point source.  The purpose of this study was to 

determine how best management practices (BMPs) can reduce P losses from 

agricultural fields.  The study was conducted at the University of Guelph’s Elora 

research station and Ridgetown Campus. The 5 common treatments at both sites 

were: control (no manure or tillage), surface applied manure with no tillage 

(surface), pre-tillage then manure application(PT), manure application then 

incorporation (IN), and pre-tillage, manure application, then incorporation (PT 

&IN). At the Ridgetown site 50 kg K20 ha-1(0-0-60) and 150 kg N ha-1 (27-0-0) 

were added as an inorganic fertilizer treatment (Fertilizer).  Measurements of 

mean weighted DRP, total P (TP), and total mass loading (TML) were taken from 

lysimeters, runoff, groundwater, and tile flow.  The TP concentrations measured 

in groundwater and runoff were in excess of the Ontario standard of 0.03 mg TP 

L-1 for surface waters.  The PT & IN treatment reduced groundwater DRP 

concentrations at both sites as well as DRP, TML DRP and TP concentrations in 

the tiles at Elora.  Concentrations of DRP in runoff, matrix flow, and tiles 

(Ridgetown) were not influenced by treatment.  Considering there is a financial 

benefit to one pass of tillage, this study suggests that IN could be as beneficial to 

the environment as PT & IN and more economical to the farmer.   
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2.1 Introduction 
 

 Although nutrient losses from soils to surface water bodies is a natural 

process, farming practices can significantly impact the magnitude of these losses 

through their impact on erosion (by wind and water), leaching, and runoff.  As a 

result, agriculture has been deemed the largest non-point source of nutrient 

losses into surface water systems (Kleinman et al. 2004).   Specifically, P is a 

problem in surface waters as it is often a limiting nutrient which when added can 

result in eutrophication and poor water quality.   Avoiding nutrient losses from 

manures and fertilizers into aquatic environments is important and has lead to the 

development of programs and strategies for reducing nutrient loading.  The P-

index was developed to rate the vulnerability of fields and management practices 

to P loss (Sharpley et al. 2001; Weld et al. 2001; Daniel et al. 1994).  

Distinguishing between manures and fertilizers, tillage practices, application 

timing and rates, soil type, slope, and initial soil test levels allows producers to 

identify the potential for P losses into groundwater, surface runoff and tile drains.    

Many of the parameters in the P-index, like soil type and slope, cannot be 

routinely controlled by a producer.  However, the addition of manure and tillage 

practices can be controlled and therefore information as to how these 

management choices affect P losses in runoff and preferential flow channels is 

important. 

 The addition of manure or fertilizers can influence the amount of P that is 

transported by runoff and through tile drains (Sharpley et al. 2004; Sharpley et al. 

2001; Berg and Joern 2006).  The forms that are typically measured by 
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researchers are TP, DRP, total dissolved P (TDP) and particulate P (PP).  

Kleinman et al. (2002) found the application of swine manure to result in a 

statistically significant increase in P lost in runoff.  Runoff P levels were 12 mg L-1 

DRP and 20 mg L-1 of TP from a manured plot compared to 1 mg L-1 DRP and 3 

mg L-1 TP from the control.  Davis et al. (2005) investigated the influence of 

diammonium phosphate (DAP) fertilizer on P in runoff from an agricultural soil in 

Oklahoma.  They determined that TP, PP, and TDP contents increased in the 

runoff water significantly when compared to the control plots.  Control plots had 

runoff P levels of 1.1 to 1.3, 0.9 to 2.12, and 1.02 to 2.25 mg L-1 for DRP, PP, TP, 

respectively.  While the treated plots had runoff P levels of 0.73 to 1.44, 3.33 to 

8.51, and 4.06 to 9.93 mg L-1 for DRP, PP, TP, respectively.   Kinley et al. (2007) 

conducted a study on P losses through agricultural tile drains from manured sites 

in Nova Scotia.  The researchers determined that 55% of the TP samples and 

25% of the DRP samples from tile drains were higher than surface water 

standards in Ontario of 0.03 mg TP L-1 (Kinley et al. 2007).  

 Incorporation is a commonly used management technique proposed by 

BMPs and considered in the P-index to reduce P transport via overland flow.  

Kleinman et al. (2002) conducted a study comparing surface applied manure and 

incorporated manure.  The researchers were most concerned with bio-available 

DRP.  Concentrations of DRP in the surface applied manured plots ranged from 

9.3 to 78.8 mg mL-1 which was 64% of the TP in surface runoff; the DRP for the 

incorporated plots ranged from 0.7 to 4.2 mg mL-1 which was only 9% of the TP.  

Tillage may help to reduce the most biologically available form of P; however, 
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tillage substantially increases the amount of PP that is lost in runoff from a field 

and consequently increases the amount of TP in runoff.  Sharpley (2003) found 

no-till to have 0.0005 g L-1 PP in runoff, while the plowed plot had 6.58 g L-1 PP.   

 Tillage can also influence the amount of P that is lost via leaching into 

preferential flow channels and eventually into groundwater and tiles.  However, 

the current Ontario P-index does not consider the movement of P through 

subsurface pathways.  Little et al. (2005) investigated the effects of different 

tillage techniques on the amount of P leached into lysimeters at 60 cm depth.  

The concentration of DRP in the instruments were 1.70, 1.63, 1.25, and 1.93 mg 

L-1 for cultivated, double disked, mouldboard plowed and no-till, respectively.  

Concentrations of TP were 5.63, 5.91, 5.95 and 8.02 mg L-1 for cultivated, double 

disked, mouldboard plowed, and no-till, respectively.   The researchers 

concluded that tillage had no significant effect on the amount of DRP or TP in 

leachate to a depth of 60cm.   Djodjic et al. (2002) investigated into the influence 

of PT on the amount of P in preferential flow channels which drained into 

lysimeters.  The researchers measured P loading of 1.86, 1.59, 1.25 kg P ha-1 in 

leachate from no-till, PT, and IN, respectively.  The tillage method had no 

significant effect on the TP load in leachate when compared to the no-till 

situation.  The aforementioned studies did not consider P losses to tile drains but 

only P losses into lysimeters.  There is a lack of research investigating the 

influence of tillage on preferential flow of P into tile drains.  Gentry et al. (2007) 

and Kinley et al. (2007) determined that pore spaces and cracks in the soil can 

transport elevated levels of DRP into tile drains but specific tillage was not 
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recorded as the study was at a watershed scale.  Gentry et al. (2007) measured 

DRP concentrations of 0.05 to 0.6 mg DRP L-1 in tile drains during three 

successive rain events from an agriculturally dominated watershed in east-

Central Illinois.  In addition, PP concentrations of 0.025 to 0.25 mg PP L-1 were 

measured in the effluent from the same tiles.  Kinley et al. (2007) measured P 

concentrations in tiles from 39 agricultural fields in Nova Scotia.  Soluble P 

concentrations ranged from 0.05 to 0.25 mg P L-1 and TP concentrations ranged 

from 0.1 to 1.1 mg L-1.   Zhang et al. (2009) measured mean weighted 

concentrations of 0.662 and 3.168 mg L-1 for PP and TP, respectively, in tile 

drains after the application and incorporation of 75 Mg dry matter ha-1 of 

composed swine manure.  These concentrations were 662% increase in the TP 

lost to tiles when compared to the control.  Regardless of tillage influence, these 

studies illustrate that a substantial amount of P can move preferentially through 

the soil, to tile drains, and eventually into water sources. 

Considering the above studies it is important that P is managed properly in 

order to assure environmental sustainability.  The P-index has recently been 

removed from the Nutrient Management Regulation in Ontario because there was 

a lack of scientific evidence supporting the effectiveness of the index.  The 

Ontario index is only used under the conditions of high STP levels and does not 

consider subsurface movement of P via tile drains.  There are very few studies 

that have examined the influence of tile drains on P losses from agricultural 

fields.  There is a need to provide scientific evidence, at a field level, as to the 

levels of P lost after manure application and how tillage can influence the amount 
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of P transported via tiles.  Considering these requirements the goal of this study 

is to assess the impacts of tillage practices before and after manure application 

on the concentration of P in water moving through surface (runoff) and 

subsurface pathways (lysimeters, tile flow and movement to groundwater). 

2.2 Material and Methods 
 

2.2.1 Site Description 
 

 The two sites used in this experiment were located near Elora (UTM 17T 

547648.8m easting and 4831753.1m northing) and Ridgetown, (UTM 17T 

426853.1m easting and 4700361.2m northing).  The Elora soil type was 

Conestoga loam (grey brown Luvisol) (Hoffman et al. 1963) which is hydrological 

group ‘B’.  Ridgetown soils are Brookston clay loam soils (orthic humic gleysol) 

(Richards et al. 1949) classified as hydrologic group D.   In 2006, barley 

(Hordeum vulgare) was grown at the Elora site and the field was not tilled after 

harvest.   Previous use of the Ridgetown site was spring wheat (Triticum spp.) 

then winter wheat as a cover crop.  The Elora site had a 2.6% north-facing slope 

and the Ridgetown site had <0.5% slope with no dominant orientation.  The 2007 

and 2008 monthly average temperatures were 6.6 and 6.0oC, respectively for the 

Elora site based on an on-site weather monitoring station.  These values were 

similar to the 30-year average for the area.  Data retrieved from an on site 

weather station indicated that the cumulative precipitation during the growing 

season (mid May to late October) at the Elora site for 2007 and 2008 was 359.0 

and 608.4mm, respectively.   Further precipitation and temperature data were 
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found in Figure 2.1.  In comparison to the 30-year precipitation value for the area 

collected at the Guelph Arboretum weather station, the 2007 values were slightly 

lower while the 2008 values slightly higher.   The 2007 and 2008 monthly 

average temperatures were 8.6 and 7.9oC, respectively for Ridgetown site based 

on a weather monitoring station located within 1 km of the experimental site.  

These values were similar to the 30-year monthly average for the area.  The 

cumulative precipitation during the growing season (early May to mid October) at 

the Ridgetown site for 2007 and 2008 were 313.9 and 520.0 mm, respectively.  

Further precipitation data were shown in Figure 2.2.  In comparison to the 30-

year average precipitation for the area, the 2007 values were lower while the 

2008 values were higher.   The average corn heat units (CHU) during the course 

of this experiment were approximately 2700 and 3300 at Elora and Ridgetown 

sites, respectively.   
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Figure 2.1:  Rainfall records for Elora, 2007 and 2008   
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Figure 2.2: Rainfall records for Ridgetown 2007 and 2008 
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2.2.2 Experimental Design 
 

 The experiment was organized in a randomized complete block with 5 

treatments in Elora and 6 treatments in Ridgetown.  Both sites had 4 replicates.   

Plots were 15m by 15m in Elora and 9m by 11.6m in Ridgetown.   The 5 common 

treatments at both sites were: control (no manure or tillage), surface applied 

manure with no tillage (surface), pre-tillage then manure application (PT), manure 

application then incorporation (IN), and pre-tillage, manure application, then 

incorporation (PT &IN). At the Ridgetown site 50 kg K20 ha-1(0-0-60) and 150 kg 

N ha-1 (27-0-0) were added as an inorganic fertilizer treatment (Fertilizer).  At the 

Elora site PT was conducted with a S-tine cultivator just before application to a 

depth of 6 to 8-cm. At the Ridgetown site PT was conducted with a tandom disc 

one day before manure application to a depth of 10 to 15-cm.  Liquid swine 

manure was applied based on the N requirements for the corn crop.  Metal 

sheets were installed before manure application in Elora to prevent surface 

movement of water and manure from plot to plot.  Manure was applied on May 7, 

2007 and May 5, 2008 at the Elora site.  Manure was applied October 10, 2007 at 

the Ridgetown site.  The target rate of manure application was 51500 L ha-1 and 

60 000 L ha-1 in Elora and Ridgetown, respectively. These rates were selected to 

represent an agronomic rate of N application from manure alone.  Specific 

manure properties are provided in  
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Table 2.1.  Incorporation was conducted with a C-tine cultivator immediately after 

application in 2008 to a depth of 10 to 12-cm at Elora.  At Ridgetown, IN was 

conducted with the same implement as PT 4 hours after application to a depth of 

10 to 15-cm.   

 

Table 2.1: Liquid swine manure properties of manure applied at Elora and 
Ridgetown sites 

 
Site 

Dry Matter Total  
N 

NH4-N Total 
P 

Total 
K 

 (%) ----------------------(g kg-1)--------------------- 
Elora      

2007 3.9 4.0 0.2 1.1 1.6 
2008 1.8 2.7 0.2 0.6 1.3 

Ridgetown      
 4.8 5.5 0.3 1.5 1.7 

 

In Elora 7 and 11 days elapsed after manure application and before 

seedbed preparations in 2007 and 2008, respectively.  Both S-tine and C-tine 

cultivators were used to prepare the seedbed in Elora in 2007.  In 2008 a tandem 

disc, S-Tine cultivator, and cultipacker were used for seedbed preparation.  In 

Ridgetown, there were 201 days between manure application and seedbed 

preparation.  Seedbed preparations were conducted with 2 passes of a tandem 

disc and an S-Tine cultivator.  At both sites plots were tilled across each rep with 

efforts to reduce soil transport from plot to plot. Potassium fertilizer (0-0-60) was 

applied at the Elora and Ridgetown sites before planting at rates of 100 and 50 

kg K20 ha-1, respectively.   Pioneer 38M60 corn (Zea mays L.) was planted in 

Elora May14th, 2007 and May 6th, 2008. DKC50-20 corn was planted April 30th, 
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2008 at the Ridgetown site.  Row spacing was 75-cm at both sites and target 

plant densities were 74 000 and 79 000 plants ha-1 at the Elora and Ridgetown 

site, respectively.  After planting herbicides were applied for weed control at each 

site.    

 

2.2.3 Water sampling and analyses 
 

Water samples were taken from several collection instruments.  In Elora 

water samples were collected from pan lysimeters (0.6-m depth), tile outlets (0.6 

to 0.9-m depth), overland flow buckets, and ground water wells (up to 3-m depth).  

Automatic water samplers (ISCO Inc.) were used to collect tile water samples.  

All other water samples were collected manually with a vacuum pump.  In 

Ridgetown water samples were collected from funnel lysimeters (0.5-m depth), 

tile outlets, and groundwater wells (up to 3-m depth).  All Ridgetown water 

samples were collected with a vacuum pump.    Water samples were collected 

after significant precipitation or thaw events when possible.  Any water still in 

instruments (excluding groundwater wells) after sampling was pumped out and 

volumes were recorded.    

After water samples were collected the sample volume was recorded and 

samples were stored at 4oC until sub-sampling.   Water samples were sub-

sampled within 48 hours to minimize the potential for changes in P 

concentrations.  Once sub-samples were taken, unfiltered samples were stored in 

plastic snap- cap vials and filtered samples (0.45-µm membrane filter) were 

stored in Nalgene screw-cap vials.   The TP was measured using the acid 
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persulfate digestion (Pote 2000).   Sulphuric acid and ammonium per sulphate 

were added to an aliquot of unfiltered sample.  Samples were loosely capped and 

autoclaved for 2 hours.  After cooling, a p-nitrophenol indicator was used in 

combination with either H2SO4 or NaOH to neutralize the solution.  Then a 

molybdate colourimetric test was used to determine orthophosphate content in 

the digested solution using a QuickChem® FIA+ 8000 series LaChat flow 

injection system (QuickChem Method 10-115-05-1-F or 10-115-01-1E depending 

on sample P concentration).  An aliquot of filtered sample was analysed for DRP 

using the LaChat system (QuickChem Method 10-115-01-1 M-Orthophospate in 

waters or QuickChem Methos 10-115-01-1-A) (Murphy and Riley 1962).  Each 

measured P concentration (mg L-1) was multiplied by the volume (in L) in the 

respective instrument then divided by the surface area of the instrument and 

multiplied by 10 000 to get mg ha-1 to determine P loading (mg ha-1).   

2.2.4 Soil and Plant Sampling and Analyses 
 

Four random soil samples from each plot were taken to a depth of 15-cm 

prior to manure application and before soil freezing in the fall in both 2007 and 

2008 at the Elora site.  Samples were mixed and sieved to 2-mm for analyses.  

Textural analyses (pipette method) (Kroetsch and Wang 2008), pH, and carbon 

(combustion method) (Skjemstad and Baldock 2008) analyses were conducted to 

get initial soil properties.  The soil texture was 336.6 ± 23.2 g sand kg-1 soil, 497.3 

± 22.5 g silt kg-1 soil, 166.3 ± 7.6 g clay kg-1 soil. The pH was 7.7 ± 0.06 and the 

total carbon (TC) was 21.4 ± 1.3 g kg-1 soil. The mean Olsen (P) level for all four 

reps was 27.2 ± 9.99 mg P kg-1 the large standard error was due to reps 1and 2 
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being 14 to 20 mg P kg-1 lower than reps 3 and 4. In Ridgetown, 3 random soil 

samples were taken from each plot up to a depth of 15-cm prior to manure 

application in the fall of 2007 to characterize initial soil properties.  Samples were 

sub-sampled and sieved to 2-mm for analyses.  The soil texture was 354.3 ± 91.3 

g sand kg-1, 321.0 ± 36.3 g silt kg-1, 325.0 ± 56.3 g clay kg-1. The soil pH was 6.4 

± 0.32 and the TC was 23.9 ± 7.1 g kg-1. The initial P (Olsen P), K and Mg 

(ammonium acetate extractable) were 25 ± 10.2, 128 ± 36.0, and 162 ± 40.0 mg 

kg-1, respectively.  High standard deviation values for the textural analyses were 

due to some sandy areas within the plots; however, most of these areas were not 

included in the study. 

Plant harvest at the Elora site involved harvesting all plants from 2 rows 

that were 5-m long on September 10th, 2007 and October 30th, 2008.  Cobs were 

collected from each plant in the collection area and then weighed.  Grain sub-

samples were taken, dried and ground to pass through a 1-mm sieve for P 

analysis.   The remainder of the plants from the collection area were cut 3 to 5 cm 

above the soil surface, weighed and sub-samples were taken.  The sub-samples 

were chopped, dried and ground to pass through a 1-mm sieve for P analysis.  At 

the Ridgetown site grain yields were measured using a 4 row combine, from 16 

rows of corn 5-m in length on October 15th, 2008.  Silage yield was determined by 

hand sampling 2 rows of corn, 5-m in length.  The silage samples were weighted, 

chopped, and a 0.5 kg subsample was then dried to allow for the determination of 

moisture content.  Sub-samples from each harvest were analysed for P using dry 

ash digestion (Miller 1998). 
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2.2.5 Statistical Analyses 
 

All statistical tests were computed using SAS 9.1 (SAS Institute 2003). 

The first step was to test all the data for normality and determine and remove any 

outliers using Lund’s test of studentized residuals.  In some cases a normal 

distribution did not occur, even with transformation, due to the range of P values 

that can be measured in water samples and the few data points that were 

collected.  In these cases the remainder of the assumptions within the variance 

analysis were met.  An analysis of variance was conducted on the corn yields, 

grain and stover P concentrations, DRP, and TP data using proc mixed with 

replicate as a random effect.  Model effects for yield were treatment and planned 

contrast statements were used.  Model effects for the DRP and TP data were 

treatment, season and the interaction.  Total mass loading was tested for 

treatment effects with only treatment in the model statement. For the model 

effects that were significant, differences of the least squared means were 

requested.   

Groundwater data were analysed as monthly concentrations because 

volume measurements were not attainable.  In 2007 the Ridgetown tile volume 

data were unreliable and as such that data were treated as monthly 

concentrations.  For the remaining instruments seasonal mean weighted 

concentrations were calculated by multiplying the concentration by the volume in 

each instrument at each sampling event and then dividing that by the sum of the 
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volume for that instrument for a given period.  These values were summed in 

order to calculate TML over a period.  Elora data were split into seasons: post 

manure application (May to June), summer (July to September), and fall (October 

to December) in 2007 and pre-manure (January to April), post manure application 

(May to June), summer (July to September), and fall (October to December) for 

2008. Where possible Ridgetown data were split into seasons, otherwise it was 

analysed on a monthly basis due to low number of sampling events.   Elora had 

two periods during the study: May 2007 to May 2008 and May 2008 to October 

2008. Ridgetown had one period from October 2007 to September 2008.  For all 

statistical analyses, a probability value of ≤0.05 was used to determine 

significance. 

2.3 Results and Discussion 

2.3.1 Yields and Plant P Concentrations 
 

2.3.1.1 Elora 
 

 In 2007 the yields differed among treatments and in 2008 the control 

treatment was significantly less than the other treatments (Table 2.2).  In both 

years the control had the lowest yields, indicating nutrient deficiencies.  

Considering the high STP levels at this site, it is likely that available N was 

limiting yield production not P. The lack of treatment differences would suggest 

that tillage treatment had minimal influence on corn yields which may be because 

all treatments were tilled for seed bed preparation within 7 to 11 days after 
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incorporation and therefore impacts of specific tillage treatments were less 

obvious for the remainder of the growing season. 

Table 2.2: Mean grain yields for corn at Elora in 2007 and 2008 

 Mean Grain Yield 
       2007      2008 
Treatment      (kg ha-1 @ 15.5% moisture) 
Control 6154 a† 3977 a 
Surface 8732 bc 7901 b 
IN 9770 c 8224 b 
PT 8544 b 8356 b 
PT & IN 9385 bc 8436 b 

†Numbers followed by the same letters within the same column 
are not significantly different at p≤0.05 

 
 Treatment did influence the P concentrations measured in the stover in 

either year (Table 2.3).   The values for the control were higher than the values 

for the manured treatments. This may be due to nutrient stress (mainly N) and 

consequently lower biomass production.  Since the control had less biomass, 

there was a higher concentration of P in the stover. Treatment did not influence 

grain P concentrations in 2007 but did influence concentrations in 2008 (Table 

2.4) and in both years the control had the lowest grain P concentration.  While the 

higher values in grain P for treatments receiving manure reflect an increase of P 

availability, given that the grain P are similar to what other researchers have 

measured it is unlikely that P was limiting yields.   
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Table 2.3: Mean corn stover P concentrations in 2007 and 2008, Elora 

 
2007 Mean Stover P 

Concentration 
2008 Mean Stover P  

Concentration 
Treatment (g kg-1) (log value) (g kg-1) (log value) 
Control 1.24 -0.925 a† 2.35 -0.634 a 
Surface 0.73 -1.16 b 1.11 -0.965 b 
IN 0.68 -1.22 b 1.02 -0.999 b 
PT 0.61 -1.22 b 1.18 -0.945 b 
PT & IN 0.56 -1.26 b 1.12         -0.953 b 
     
Source of Variation p value*  p value 
Treatment  0.0037  <0.001 
†Numbers followed by the same letters within the same column are not 
significantly different at p≤0.05 
 *Source of variation is significant at p≤0.05 
 
 

Table 2.4: Mean corn grain P concentrations in 2007 and 2008, Elora 

 
2007 Mean Grain 
 P Concentration 

2008 Mean Grain 
P  Concentration 

Treatment (g kg-1) (log value) (g kg-1) 
Control 2.44 -0.618 a† 2.58 a 
Surface 2.82 -0.552 a 3.09 b 
IN 2.83 -0.551 a 2.97 b 
PT 2.83 -0.549 a 3.01 b 
PT & IN 2.61 -0.587 a 3.08 b 
     
Source of Variation p value* p value 
Treatment  0.3023 0.0026 

†Numbers followed by the same letters within the same column are not 
significantly different at p≤0.05 
*Source of variation is significant at p≤0.05 
 

2.3.1.2 Ridgetown 

 The STP levels of the Ridgetown site were approximately 24 ppm, 

therefore it is unlikely that any yield response was due to manure P. Any yield 

response was likely due to manure N. The control had significantly lower yields 
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than the other treatments (Table 2.5). Yield for the surface applied manure and 

PT treatments were not significantly different from each other.  The IN, PT & IN, 

and fertilizer treatments had the highest yields and were not significantly different 

from each other.  Since the manure was fall applied, the treatments that did not 

incorporate the manure may have lost substantial amounts of manure N to 

volatilization.  The plots that mixed manure with the soil may have had less 

nutrient losses over the winter and spring thaws and therefore had higher yields.   

Table 2.5: Mean grain yields for corn at Ridgetown, 2008 

 Mean Grain Yield 
Treatment (kg ha-1 @ 15.5% moisture) 
Control 7259 a† 
Surface  10566 c 
PT 11343 cd 
IN 11838 de 
PT & IN 11642 de 
Fertilizer 12295 de 

†Numbers followed by the same letters are not significantly different at 
p≤0.05 

 

 The grain P was influenced by treatment while the stover P was not (Table 

2.6).  Similar to the Elora grain P outcomes, the manured and fertilizer treatments 

had more available P which resulted in more P in the grain. The grain P 

concentrations measured in the manure plots were similar to the typical grain P 

concentrations of 3.1 g kg-1 (Ketterings and Czymmek 2007). Low control 

concentrations may have caused the treatment effect. In the case of the stover P 

concentrations, higher values seen in the control may have been due to less 

biomass and therefore concentrated P in the stover. However, these findings 

were not significant.   
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Table 2.6: Mean corn grain and stover P concentrations in Ridgetown, 2008 

 
2008 Mean Grain 
P Concentration 

2008 Mean Stover  
P Concentration 

Treatment (g kg-1) (g kg-1) (log value) 
Control 2.05 a 1.47 -0.841 a 
Surface 2.98 b 0.94 -1.06 a 
PT 3.11 b 0.98 -1.02 a 
IN 3.12 b 0.97 -1.04 a 
PT & IN 3.26 b 1.04 -0.988 a 
Fertilizer 3.39 b 0.75 -1.13 a 
    
Source of Variation p value*  p value 
Treatment 0.0012  0.0870 
†Numbers followed by the same letters within the same column are not 
significantly different at p≤0.05 

*Source of variation is significant at p≤0.05 

 
 

2.3.2 Phosphorus in Groundwater 
 

  Groundwater table levels were recorded at the Elora site in 2007 

and 2008 (Figure 2.3 and Figure 2.4). In 2007, low amounts of precipitation and 

subsequent plant uptake of water resulted in low water table levels.  In 2008, 

there were more frequent storms with higher levels of precipitation which resulted 

in higher groundwater table levels. 
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Figure 2.3: Groundwater table levels at Elora, 2007  

 

Figure 2.4:  Groundwater table levels at Elora, 2008 
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2.3.2.1 Dissolved Reactive Phosphorus Concentrations, Elora Site 
 

 In Elora the DRP concentrations were measured after each rain event with 

each month and tillage treatment being compared.  Pre-tillage was not 

significantly lower than the surface applied treatment and all treatments, other 

than surface applied, were not significantly different than the control (Table 2.7).   

There was a narrow time window between the application of the PT and seedbed 

preparation (which likely diminished tillage treatment effects) which may explain 

why PT was not different from the other tillage treatments. The IN treatment had 

the least DRP concentration which was not significantly different than the control 

and PT & IN treatments.  Daniel et al. (1998) noted that incorporation of manure 

is an efficient P management technique for reducing subsurface losses of liquid 

amendments.  Incorporation increases the contact between the soil particles and 

manure which increase sorption of the nutrients to soil particles.   
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Table 2.7: The influence of treatments and sampling time on DRP 
concentrations in groundwater at Elora 2007 

 
Mean DRP 

Concentration 
Treatment (mg DRP L-1) 
Control 0.085 bc† 
Surface 0.094 a 
IN 0.078 c 
PT   0.089 ab 
PT & IN 0.080 bc 
  
Month  
May 0.053 d 
June 0.062 d 
July 0.107 b 
August 0.124 a 
September 0.080 c 
  
Source of Variation p value* 
Treatment 0.0045 
Month <.0001 
Treatment*Month 0.7212 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 
*Source of variation is significant at p≤0.05 
 

 The temporal measurements of DRP followed a pattern of increasing 

concentrations from spring to fall with DRP concentrations starting to decrease in 

the fall. Figure 2.5 illustrates the DRP concentration measured at each sampling 

event.  May and June had similar DRP levels and starting in June each 

consecutive month had significantly higher concentrations than the previous 

month until September (Table 2.7).  This is likely due to the amount of 

precipitation that was received during these months.  Rainfall activity was low in 

June, increased in July and August, then reduced to lower levels in September 
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(Figure 2.1).  The drop in DRP concentrations seen on June 9th, 2007 was due to 

only one sample per treatment being taken, which was then averaged over the 4 

plots.  The break in the control and surface treatment in mid-June was because 

no samples were retrieved during that sampling event.   

Figure 2.5: Seasonal variations in DRP concentrations in groundwater at Elora, 
2007 

 

 Concentrations of DRP measured in 2008 were lower to those in 2007. 

Both tillage treatment and sampling month affected the DRP concentrations in 

groundwater samples (Table 2.8).  The PT & IN treatment significantly reduced 

DRP concentrations in groundwater when compared to all other tillage 

treatments.  The other tillage treatments resulted in the same DRP 
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concentrations as the control.  Tillage treatments did not reduce DRP 

concentrations below that of the surface treatment. 

Table 2.8: The influence of treatments and sampling time on DRP concentrations 
in groundwater at Elora, 2008 

 
Mean DRP 

Concentration  
Treatment (mg DRP L-1) (log value) 
Control 0.024 -1.62 a† 
Surface  0.028  -1.55 a 
IN 0.025  -1.60 a 
PT    0.022 -1.65 a 
PT & IN 0.015 -1.82 b 
   
Season   
January 0.035 -1.45 a 
April 0.016 -1.81 c 
May 0.017 -1.77 c 
June 0.018 -1.74 c 
July 0.019 -1.72 c 
August 0.035 -1.46 a 
September 0.029 -1.54 ab 
October 0.020 -1.70 bc 
   
Source of Variation p value* 
Treatment  0.0028 
Month  <.0001 
Treatment*Month 0.9885 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 

       *Source of variation is significant at p ≤0.05 
 

 Temporal DRP concentrations did not follow the same seasonal pattern 

seen in 2007.  The concentrations were lowest from May to July and higher from 

August to October (Figure 2.6). With time manure becomes incorporated into the 

soil, therefore less residual P losses are expected in the fall after a spring 
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application, but rainfall events and high groundwater table levels (Figure 2.4), 

may have submerged P containing macropores and consequently solubilizing P 

into the groundwater.  

Figure 2.6: Seasonal variations in DRP concentrations in groundwater at Elora, 
2008 

 

 

2.3.2.2 Total Phosphorus Concentrations, Elora Site 
 

 The 2007 TP values were up to 4 times higher than the DRP 

concentrations measured in 2007.  The TP in the 2007 groundwater samples 

taken at Elora were not influenced significantly by manure treatment, but monthly 
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concentrations were significantly different (Table 2.9).  May samples had 

concentrations above 1 mg TP L-1, which is significantly higher than the rest of 

the months.  The high monthly average may be due to high values measured on 

May 8th, the day after manure application (Figure 2.7).  Although spikes were 

recorded in samples taken immediately after manure application, there were no 

treatment*sampling time interactions between the pre- and post-manure 

concentrations (i.e spikes were recorded in the control plots as well).  Further 

there was no spike in the DRP concentrations at that time or in any other 

instruments.  Groundwater table levels were not recorded at that time, so it is 

uncertain if groundwater table levels had an influence. 
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Table 2.9: The influence of treatments and sampling time on TP concentrations in 
groundwater at Elora, 2007 

 
Mean TP 

Concentration  
Treatment (mg TP L-1) (log value) 
Control 0.378 -0.422 a† 
Surface  0.169 -0.772 a 
IN 0.457 -0.340 a 
PT 0.273 -0.564 a 
PT & IN 0.218 -0.661 a 
   
Month   
May   1.524 0.183 a 
June 0.186  -0.731 b 
July 0.161  -0.794b 
August 0.158 -0.801 b 
September 0.242 -0.616 b 
   
Source of Variation p value* 
Treatment  0.0743 
Month  <.0001 
Treatment*Month  0.9616 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 

       *Source of variation is significant at p ≤0.05 
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Figure 2.7: Seasonal variations in TP concentrations in groundwater at Elora, 
2007 

 

 

 In 2008, 8 groundwater sampling events were analysed for TP.  The data 

did not appear to follow any pattern during the season.  Some treatments spiked 

before manure application and others dropped and spiked sporadically.  The 

patterns were not associated with rainfall events.  One trend was that PT and PT 

& IN reduced TP concentrations after manure application.  However, there were 

not sufficient samples analysed to run statistical analyses.  It is suspected that 

sample storage temperature failure and subsequent heating of the samples 

resulted in P transformations within the sub-samples which makes the values 
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measured questionable.  Before storage heating some samples were measured 

for TP.  Once the storage area heated up, samples were re-analysed for TP and 

the values were less than the DRP concentrations of the same sample.  The DRP 

analyses were conducted immediately after sampling, meaning that the DRP 

values are not suspect.  It is possible that P within the sample was sorbed onto 

the plastic vial during storage or possibly immobilized by any organisms growing 

in the containers (although no obvious growth was observed in any of the 

solutions). 

 

2.3.2.3 Dissolved Reactive Phosphorus Concentrations, Ridgetown Site 
 

  In Ridgetown the groundwater samples were sectioned into months.    

Similar to the Elora site, the groundwater DRP concentrations were influenced by 

both tillage treatment and month (Table 2.10).  Pre-tillage, IN and PT & IN 

treatments DRP concentrations were not significantly different from the surface 

applied plots.  It was not surprising that there were no tillage effects since soil 

water movement did not occur until well over a month after manure and tillage 

treatments were applied.  The fertilizer treatment was not statistically different 

than the control but had significantly lower DRP concentrations than the surface 

applied treatment. It should be noted that the fertilizer was not applied until spring 

and there was no P added.  High levels of P loss from the manured plots from 

October to April, before crop growth, may be due movement of manure into 

macropores and once soil water started to move the manure P moved into 

groundwater.  Since inorganic fertilizers were not applied until spring and there 
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was no P applied, there were no P losses from October to April above that lost 

from the control. 

Table 2.10: The influence of treatments and sampling time on DRP 
concentrations in groundwater at Ridgetown, 2007-2008 

 
Mean DRP 

Concentration  
Treatment (mg DRP L-1) (log value) 
Control 0.021 -1.67 c† 
Surface 0.033 -1.48 a 
PT 0.028 -1.56 ab 
IN 0.031 -1.52 ab 
PT & IN 0.030 -1.53 ab 
Fertilizer 0.024 -1.62 bc 
   
Month   
October 0.088 -1.05 a 
November 0.081 -1.09 a 
December 0.021 -1.68 b 
January 0.078 -1.11 a 
April 0.016 -1.79 bc 
June 0.009 -2.05 d 
July 0.013 -1.88 c 
September 0.014 -1.84 c 
   
Source of Variation  p value* 
Treatment  0.030 
Month  <0.001 
Treatment*Month  0.151 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 

      *Source of variation is significant at p ≤0.05 
 

 The DRP concentrations in October, November, and January were 

significantly higher than the rest of the months, which may be due to application 

timing relative to water movement in the soil, as a large amount of rainfall and 

snowmelt in December and January (Figure 2.2), and a thaw event occurred in 
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January (Figure 2.8).    April, July and September DRP concentrations were not 

significantly different.    Since manure was fall applied one would expect to see 

less chance of seasonal differences the following spring since the time period for 

the soil to sorb the P was substantial.  When soil and manure are mixed, manure 

P can bind to soil particles and this lowers the potential for P losses (Daniel et al. 

1998; Sharpley 2003).   

Figure 2.8: Seasonal variations in DRP concentrations in groundwater at 
Ridgetown, 2007-2008 

 
 

2.3.2.4 Total Phosphorus Concentrations, Ridgetown Site 
 

The pre-manure concentrations seemed higher than the concentrations for 

the remainder of the year, which could suggest the higher potential for P 
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transport during the pre-manure period.  Considering the DRP concentrations 

followed the expected pattern of concentration reduction over time, one might 

expect a similar trend in TP. The control had lower TP concentrations than the 

rest of the treatments but only until November.  At this point the surface treatment 

had less TP than the control.  Although the finding were not tested for 

significance, the IN and PT & IN had the highest TP concentrations; however PT 

alone had lower concentrations than the control at times.  Lastly, there was a 

large spike in TP for the surface treatment at the end of December, but there was 

no associated spike in the DRP concentrations.  This would indicate that only PP 

was lost to the groundwater at this time, which is an unlikely occurrence. 

 

2.3.2.5 Groundwater Summary 
 

 The levels of TP in groundwater measured at Elora and Ridgetown were in 

excess of the Ontario standard for surface waters. These levels could be a 

concern as groundwater could flow into surface water.   At Elora the control had a 

high level of TP which indicated that treatment may not be the only factor 

influencing TP movement or that perhaps the standard is difficult to meet under 

regular management conditions.   In terms of the treatments at Elora both 2007 

and 2008 DRP concentrations from the PT treatment were similar to the surface 

treatment. As such it would be suggested that PT did not significantly reduce the 

DRP concentrations in groundwater at the Elora which may be due to the short 

period of time between manure application and seedbed preparations.  The PT & 

IN treatment resulted in additive benefits by reducing DRP concentrations in 
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groundwater to levels not different from the control.  The same conclusions were 

determined for Ridgetown.     

 Understanding how manure application timing influences DRP losses is 

very important. In the case of groundwater DRP concentrations, fall application of 

manure leads to much higher P losses during snow melt than the spring 

application of manure.  On the other hand, spring application of manure leads to 

more summer losses of DRP.  Overall, the Elora DRP concentrations values 

were higher than the groundwater concentrations measured in Ridgetown. This 

may be because the hydraulic conductivity is much greater at Elora than at the 

Ridgetown site, or that the Ridgetown soil due to its higher clay content may have 

sorbed more P. 

2.3.3 Phosphorus in Overland Flow 

2.3.3.1 Mean Weighted Dissolved Reactive Phosphorus Concentrations, Elora 
Site 

 No pre-manure water samples were taken in 2007 at the Elora site.  It 

should be noted that all plots were tilled prior to planting and as such any 

treatment differences had to be noted between manure application and seed bed 

preparation.  With that in mind, there were 2 sampling events between May 7th, 

2007 and May 14th, 2007.  Only a few plots had runoff and the DRP 

concentrations were not influenced by tillage treatment (p=0.620).   A lack of 

tillage influence does not agree with studies done by Kleinman et al. (2002a), 

Little et al. (2005) Mueller et al. (1984).  These researchers noted that more 

aggressive tillage techniques and incorporation of manure resulted in less DRP 

concentrations in runoff.  However, since there were only 7 days between 
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manure application and seed bed preparation and only a few small rainfall events 

during this time, it is not surprising that there were no differences detected.  For 

the remainder of the year tillage treatment did not influence the mean weighted 

DRP values but there were seasonal differences (Table 2.11).  It should be noted 

that all the values measured were well above the 0.03 mg TP L-1 standards for 

surface waters in Ontario. 

Table 2.11: The influence of treatments and sampling time on mean weighted 
DRP concentrations in overland flow at Elora, 2007 

 Mean Weighted DRP 
Concentration 

Treatment (mg DRP L-1) 
Control 0.326 a† 
Surface 0.350 a 
IN 0.262 a 
PT 0.387 a 
PT & IN 0.273 a 
  
Season  
Post -manure 0.388 a 
Summer 0.321 a 
Fall 0.250 b 
  
Source of Variation p value* 
Treatment 0.2851 
Season 0.0413 
Treatment*Season 0.9769 
  

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 

      *Source of variation is significant at p ≤0.05 

  Post manure and summer DRP concentrations are not statistically 

different but the fall season had significantly lower DRP concentrations.  This 

follows the expected pattern of DRP concentrations over time.  Figure 2.9 
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illustrates this pattern of high concentrations right after manure application, lower 

concentrations in the summer and then lowest concentrations into the fall.  

However, given the control followed the same pattern, it is likely the losses of P in 

runoff reflects changes in soil P availability with season and not the application of 

manure per se. 

Figure 2.9: Seasonal variations in mean weighted DRP concentrations in 
overland flow at Elora, 2007 

 

 The 2008 values were influenced by tillage treatment and season (Table 

2.12).  Pre-tillage DRP concentrations were not significantly different from the 

control. Similar results were found by Kleinman et al. (2002a).  These 

researchers studied four different P sources at 100 kg TP ha-1 on 3 acidic soils 
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and found that DRP, as a percentage of the TP, in the mixed plots and the non-

amended plots were not significantly different.   Pre-tillage and IN conducted 

separately had significantly lower DRP concentrations than the surface treatment; 

however, the PT & IN treatment was not different.  These results fit more closely 

with findings of other researchers (Kleinman et al. 2002b; Davis et al. 2005; 

Kleinman and Sharpley (2003).  Little et al. (2005) also measured DRP levels in 

runoff of 0.79 and 0.90 mg P L-1 from plots that were cultivated and double 

disced, respectively.  These values are quite similar to those measured in this 

study.  

Table 2.12: The influence of treatments and sampling time on mean weighted 
DRP concentrations in overland flow at Elora, 2008 

 
Mean Weighted 
DRP Concentration  

Treatment (mg DRP L-1) (log value) 
Control 0.052 -1.290 c† 
Surface 0.140 -0.853 a 
IN 0.075 -1.120 b 
PT 0.081 -1.090 bc 
PT & IN 0.103 -0.990 ab 
   
Season   
Pre-manure 0.051 -1.290 c 
Post -manure 0.135 -0.898 a 
Summer 0.129 -0.890 ab 
Fall 0.060 -1.220 bc 
   
Source of Variation p value 
Treatment  0.0012 
Season  <.0001 
Treatment*Season 0.2396 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 
*Source of variation is significant at p ≤0.05 
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 In 2008, the pre-manure and fall DRP concentrations were not significantly 

different from each other (Table 2.12).  The post-manure concentrations and the 

summer concentrations are not significantly different.  Again, this follows the 

expected seasonal pattern of DRP concentrations after spring manure application 

(Figure 2:10).  The spike seen in the surface treatment is a result of numerous 

high concentration values measured in surface applied plots from May to early 

June.  Again most of the values in the 2008 overland flow samples exceeded the 

Ontario standard for surface water.  

Figure 2.10: Seasonal variations in mean weighted DRP concentrations in 
overland flow at Elora, 2008 
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2.3.3.2 Mean Weighted Total Phosphorus Concentrations, Elora Site 
 

 The 2007 TP concentrations measured in the overland flow were 

approximately 10 times higher than the DRP concentrations. Considering runoff 

contains a large amount of PP (Sharpley et al. 2001), this large difference in 

magnitude is not surprising.  Both treatment and season influenced TP 

concentrations (Table 2.13).  Pre-tillage was not significantly different from the 

surface applied treatment likely due to the aforementioned lack of time between 

treatment application and seedbed preparation.  The IN and PT & IN treatment 

had the lowest TP concentrations.  Considering the control and surface treatment 

were similar, these findings are questionable. However, the control TP 

concentrations were high for groundwater and runoff as well.   Also, when the 

water samples were taken from the surface applied treatment, they may not have 

been fully mixed inside the runoff barrel.  As a result soil particles may have 

settled out of solution and the associated P on these particles would not have 

been accounted for in the samples.  Regardless, no treatment was significantly 

different from the control. 
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Table 2.13: The influence of treatments and sampling time on mean weighted TP 
concentrations in overland flow in Elora, 2007 

 
Mean Weighted 

TP Concentration  
Treatment (mg TP L-1) (log value) 
Control 3.56 0.551 ab† 
Surface  2.18 0.339 ab 
IN 1.83 0.262 b 
PT 4.82 0.683 a 
PT & IN 1.80 0.254 b 
   
Season   
Post- manure 3.83 0.583 a 
Summer 2.60 0.415 a 
Fall 1.80 0.256 b 
   
Source of Variation  p value* 
Treatment 0.0348 
Season  0.0498 
Treatment*Season 0.0752 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 
*Source of variation is significant at p ≤0.05 
 

 Fall mean weighted TP concentrations values were significantly lower than 

the post manure and summer values which may be due to most of the available 

manure P being dissolved into solution and transported off the field, taken up by 

the crop, or fully incorporated into the soil by October.  Most of the treatments 

follow the trend of lessening concentrations.  The high post manure PT 

concentrations are attributed to values of 15.00, 9.60, 9.63, and 6.47 mg TP L-1 

measured in the post manure season.  Although there are no pre-manure 

measurements, these results are expected as this was the only treatment to have 

tillage conducted before manure application and as such had loose soil particles 

available for loss.  The spiked concentration in the IN treatment mimics the spike 
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seen in the DRP concentrations for the summer season (Figure 2.11).  This spike 

is attributed to high concentrations measured on September 26th, 2007.  The 

volumes of water measured from the IN treatment at that sample time were not 

different than the other treatments and as a result the high concentrations 

resulted in high calculated mean weighted concentrations.  These high values 

may have been a result of different sampling practices. 

Figure 2.11: Seasonal variations in mean weighted TP concentrations in overland 
flow at Elora, 2007 
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  The 2008 mean weighted TP concentrations in overland flow were not 

influenced by treatment but were influenced by season (Table 2.14).  The pre-

manure season had lower concentrations than the rest of the year, which is 

expected as losses tend to decrease with time after application and with each 

successive rainfall events. Considering that the 2008 DRP concentrations were 

influenced by treatment it is surprising that TP was not influenced.  In addition, 

the large spike seen in the IN treatment in the post-manure season was not 

reflected in the DRP (Figure 2.12).  Further, in the summer and fall seasons the 

control had higher TP concentrations in runoff than did the surface and IN 

treatments.  These finding are not consistent in that the control had no manure 

applied and was not tilled.  Both these procedures are known to increase TP in 

runoff (Kimmell et al. 2001; Mueller et al. 1984; Sharpley 2003). 
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Table 2.14: The influence of treatments and sampling time on mean weighted TP 
concentrations in overland flow in Elora, 2008 

 
Mean Weighted 

TP Concentration  
Treatment (mg TP L-1) (log value) 
Control 1.08 0.035 a† 
Surface  0.86 -0.067 a 
IN 0.45 -0.347 a 
PT 1.16 0.066 a 
PT & IN 0.82 -0.087 a 
   
Season   
Pre-manure 0.04 -1.40  b 
Post- manure 0.58 -0.233 a 
Summer 3.61 0.558 a 
Fall 1.92 0.284 a 
   
Source of Variation  p value* 
Treatment  0.4374 
Season  <0.001 
Treatment*Season  0.7643 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 
 *Source of variation is significant at p ≤0.05 
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Figure 2.12: Seasonal variations in mean weighted TP concentrations in overland 
flow at Elora, 2008 

 

2.3.3.3 Total Mass Loading, Elora Site 
 

 The TML is meant to put the overall TP loading loss into an annual 

context.  In both 2007 and 2008 treatment did not significantly influence the total 

amount of DRP loading in overland flow (Table 2.15).  Thus, any of the treatment 

effects recorded above did not reduce TML of DRP over the entire year.  
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Table 2.15: Influence of treatment on total mass loading of DRP in overland flow 
from May 2007 to May 2008 (period 1) and from May 2008 to 
December 2008 (period 2) at Elora 

 
Period 1 DRP  

Total Mass Loading 
Period 2 DRP  

Total Mass Loading 
Treatment (g DRP ha-1) (log value) (g DRP ha-1) 
Control 5.577 -2.25† a 4.62 a 
Surface  6.012 -2.22 a 10.42 a 
IN 4.651 -2.33 a 7.64 a 
PT   7.044 -2.15 a 6.06 a 
PT & IN 8.209 -2.09 a 6.26 a 
    
Source of Variation  p value* p value 
Treatment  0.2966 0.2012 
†Numbers followed by the same letters within the same column are not 
significantly different at p≤0.05 
*Source of variation is significant at p ≤0.05 

 
 During period 1 (May 2007 to May 2008) and period 2 (May 2008-

December 2008) there were no significant treatment effects on DRP loading.  

This may have been due to the relatively short period of time manure was left on 

the surface and the amount of manure P applied.  Once manure was 

incorporated there may not have been sufficient P added to cause a significant 

increase in P loss. 

 The TML of TP was not significantly influenced by treatment in 2007 or 

2008 (Table 2.16) but the numeric values did follow an expected trend.  The 

tillage treatments had similar loading rates while surface had the most loading 

and control had the least.  Considering researchers have noted runoff TP loading 

from non- incorporated plots to be at least 2 times more than TP loading from 

incorporated plots, period 2 values make sense (Little et al. 2005).  The 

magnitude of the differences seen between the period 1 and period 2 data has to 



83 
 

do with defences in the magnitude of loading occurring in the fall.  In period 1 

there was the inclusion of two sampling in September which contributed 

substantial amount of TP to runoff during rainfall events.  Period 2 did not have 

samplings with TP mass loadings of the same magnitude.   

Table 2.16: Influence of treatment on total mass loading of TP in overland flow 
from May 2007 to May 2008 (period 1) and from May 2008 to 
December 2008 (period 2) at Elora 

 Period 1 TP  
Total Mass Loading 

Period 2 TP 
Total Mass Loading 

Treatment (g TP ha-1) (log value) (g TP ha-1) (log value) 
Control 38.90 -1.41 a† 4.47 -2.35 a 
Surface 23.44 -1.63 a 9.33 -2.03 a 
IN 41.69 -1.38 a 6.61 -2.18 a 
PT   77.62 -1.11 a 5.62 -2.25 a 
PT & IN 24.55 -1.61 a 5.62 -2.25 a 
     
Source of Variation  p value*  p value 
Treatment  0.3599  0.4323 

†Numbers followed by the same letters within the same column are not 
significantly different at p≤0.05 
*Source of variation is significant at p ≤0.05 

 

 

2.3.3.4 Overland Flow Summary  
 

 Overall, in 2007 there were no tillage effects on weighted DRP 

concentrations.  In 2008 tillage, PT & IN did reduce DRP concentrations to lower 

levels than the surface treatment, but because there was no interaction in either 

2007 or 2008 it is hard to infer a best management strategy.  The PT treatment 

significantly increased the TP in overland flow in 2007 while it did not have an 

effect in 2008.  Overall, tillage treatments did not influence the concentration of 

TP in overland flow samples.  The DRP and TP TML during each period at Elora 
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were not influenced by treatment.  Lastly, it should be noted that all the DRP and 

TP values measured in the overland flow samples were in excess of the 0.03 mg 

TP L-1 allowable in surface waters as set by Ontario regulations. 

 

2.3.4 Phosphorus in Lysimeters 

2.3.4.1 Mean Weighted Dissolved Reactive Phosphorus Concentrations, Elora 
Site 

 

 Lysimeters are meant to capture matrix and macropore flow of water 

through the soil.  The 2007 and 2008 mean weighted DRP concentrations were 

partitioned into seasons similar to overland flow.  In 2007 and 2008 DRP 

concentrations were not influenced by treatment but were influenced by season 

(Table 2.17).  In most cases the concentrations measured in 2008 were 2 to 3 

times lower than those measured in 2007.  This may be due to the higher levels 

of precipitation that occurred in 2008 during most of the seasons, which resulted 

in greater number of water flow events and greater water flow diluting P 

concentrations. 
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Table 2.17: Influence of treatment and sampling time on mean weighted DRP    
concentrations in lysimeters in Elora, 2007 and 2008 

 2007 Mean Weighted  
DRP Concentration 

2008 Mean Weighted  
DRP Concentration 

Treatment (mg DRP L-1) (log value) (mg DRP L-1) (log value) 
Control 0.060 -1.23 a† 0.020 -1.70 a 
Surface  0.077 -1.11 a 0.045 -1.35 a 
IN 0.049 -1.31 a 0.033 -1.48 a 
PT 0.088 -1.05 a 0.022 -1.65 a 
PT & IN 0.050 -1.30 a 0.023 -1.63 a 
     
Season     
Pre-manure 0.038 -1.42 b 0.011 -1.96 b 
Post -manure 0.039 -1.41 b 0.015 -1.83 b 
Summer 0.136 -0.868 a 0.039 -1.41 a 
Fall 0.080 -1.10 a 0.091 -1.04 a 
     
Source of Variation  p value*  p value 
Treatment  0.1441  0.3483 
Season  <.0001  <.0001 
Treatment*Season  0.9559  0.4104 

†Numbers followed by the same letters under the same headings within the same 
column are not significantly different at p≤0.05 
  *Source of variation is significant at p ≤0.05 

 The seasonal pattern of mean weighted DRP concentrations in 2007 and 

2008 increased during the summer period and remained high for the remainder of 

the season in most cases (Figure 2.13 and Figure 2.14).  In 2007, low recorded 

volumes in the summer and fall seasons due to low precipitation may have lead 

to the high concentration values.   The high control concentrations in 2007 were a 

result of one plot having very high non-weighted concentration values during both 

the summer and fall seasons.  The high values for the surface treatments in 

summer and fall 2007 may be due to one plot having very high non-weighted 

concentrations during all seasons.  The 2008 high DRP concentrations in the fall 
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season were likely due to extremely low volumes in a few plots when compared 

to the rest of the treatments. 

Figure 2.13: Seasonal variations in mean weighted DRP concentrations in 
lysimeters at Elora, 2007 
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Figure 2.14: Seasonal variations in mean weighted DRP concentrations in 
lysimeters at Elora, 2008 

 

2.3.4.2 Mean Weighted Total Phosphorus Concentrations, Elora Site 

 The 2007 TP concentrations were categorised into seasons.  Due to time 

restrictions the 2008 lysimeter samples were not analysed for TP.  In 2007 only 6 

samples were extracted in the summer season.  As a result, the summer season 

was removed from the model.  At the p=0.05 probability level, there was no 

treatment significance.  Interestingly, at the p=0.1 probability level, treatment was 

significant (Table 2.18).  Pre-tillage TP concentrations in lysimeters were not 

different than the control.  The results noted at the p=0.05 level were similar to 

many other researchers who have disagreed with the theory that PT reduced 

subsurface flow of nutrients (Little et al. 2005; Djodjic et al. 2002; Geohring et al. 



88 
 

2001; Schelde et al. 2006).  At both probability levels, the PT & IN treatment did 

not have lower concentrations than the other tillage treatments.  

Table 2.18: Influence of treatment and sampling time on mean weighted TP 
concentrations in lysimeters in Elora, 2007 

 
Mean Weighted 

TP Concentration  
Treatment (mg TP L-1) (log value) 
Control 0.039 -1.40 a†/b€ 
Surface  0.124 -0.908 a/a 
IN 0.063 -1.20 a/a 
PT 0.045 -1.35 a/b 
PT & IN 0.095 -1.02 a/a 
   
Season   
Pre-manure 0.040 -1.40 b 
Post-manure 0.062 -1.20 a 
Fall 0.118 -0.929 a 
   
Source of Variation  p value* 
Treatment  0.0574 
Season  0.0130 
Treatment*Season  0.0942 

†Numbers followed by the same letters under the same heading are not 
significantly different at p≤0.05 

 € The letters indicate significance at p= 0.05/0.1 
     *Source of variation is significant at p ≤0.05/0.1 
 
 Season did influence the mean weighted TP concentrations in 2007.  The 

post manure and fall seasons had statistically higher TP concentrations than the 

pre-manure, but they were not statistically different from each other.  Similar to 

the DRP concentration, high fall mean weighted TP concentrations in 2007 may 

be due to low flow volumes (Figure 2.15).   
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Figure 2.15: Seasonal variations in mean weighted TP concentrations in 
lysimeters at Elora in 2007 

 

2.3.4.3 Total Mass Loading, Elora Site 
 

 In both period 1 and period 2, treatment did not significantly influence the 

DRP TML (Table 2.19).  Since there were no TP analyses from the 2008 

samples, only the 2007 samples were used for TP TML in period 1.  Similarly to 

the DRP loading, TP loading was not influenced by treatment (Table 2.20).  

Therefore, any treatment effects noted above for DRP and TP were not sufficient 

to influence DRP or TP loading over the year.  As mentioned earlier, possible 

treatments effects were similar once seed-bed preparation occurred.  Even 

though it is possible that manure P entered macropores once applied, which 
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could have potential for loss with subsequent soil water movement, this study did 

not detect treatment differences over the year. 

Table 2.19: Influence of treatment on total mass loading of DRP in lysimeters 
from May 2007 to May 2008 (period 1) and from May 2008 to 
December 2008 (period 1) at Elora 

 
2007 DRP Total  
Mass Loading 

2008 DRP Total 
 Mass Loading 

Treatment (g P ha-1) (log value) (g P ha-1) 
Control 7.6 -2.12 a† 21.9 a 
Surface  11.5 -1.94 a 36.2 a 
IN 7.3 -2.14 a 18.3 a 
PT   15.9 -1.80 a 25.5 a 
PT & IN 10.4 -1.98 a 15.0 a 
    
Source of Variation  p value* p value 
Treatment  0.6666 0.4103 
†Numbers followed by the same letters within a column are not significantly 
different at p≤0.05 
*Source of variation is significant at p ≤0.05 

 

 In the period from May 2007 to May 2008 and May 2008 to December 

2008 PT and surface had the greatest DRP lost.  However, these findings were 

not significant.  The short time period between tillage treatment application and 

seedbed preparation may have eliminated the ability to detect tillage influence on 

TML. 
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 Table 2.20: Influence of treatment on total mass loading of TP in lysimeters from 
May 2007 to November 2007 at Elora        

Treatment 
TP Total  

Mass loading  
  (g P ha-1) (log value) 
Control 1.68 -3.24 a† 
Surface  2.19 -2.87 a 
IN 1.63 -2.95 a 
PT 4.02 -2.79 a 
PT & IN 1.28 -3.11 a 
    
Source of Variation  p value* 
Treatment  0.8611 

†Numbers followed by the same letters are not significantly different at 
p≤0.05 
 *Source of variation is significant at p ≤0.05 
 

2.3.4.4 Mean Weighted Dissolved Reactive Phosphorus Concentrations, 
Ridgetown Site 

 

 The lysimeter water samples at Ridgetown were grouped into months.  

There were no samples taken prior to manure application in October 2007.  The 

mean weighted DRP concentrations at Ridgetown had sporadic sampling number 

similar to the Elora lysimeters.  In September, there were no samples for the 

fertilizer treatment.  As such, the data were analysed in two ways: without the 

fertilizer treatment and without September in the model.  When analysed without 

the fertilizer treatment, treatment and season were both significant (Table 2.21).  

Pre-tillage had significantly reduced DRP concentrations from the surface and PT 

& IN.   The PT and IN treatments were not statistically different from the control. 

Without September, the same treatment effects were found.   However, the 
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fertilizer treatment was not significantly different from any of the other treatments 

and season was not significant (Table 2.22). 

Table 2.21: Influence of treatment (not including fertilizer) and sampling time on 
mean weighted DRP concentrations in lysimeters in Ridgetown, 2007-
2008 

 Mean Weighted 
DRP Concentration 

 

Treatment (mg DRP L-1) (log value) 
Control 0.022 -1.66 ab† 
Surface  0.032 -1.49 a 
PT 0.015 -1.84 b 
IN 0.016 -1.80 b 
PT & IN 0.027 -1.58 a 
   
Month   
November 0.038 -1.42 a 
December 0.015 -1.83 b 
January 0.017 -1.77 b 
April 0.016 -1.81 b 
May 0.017 -1.76 b 
June 0.020 -1.69 ab 
July 0.022 -1.66 ab 
September 0.035 -1.45 a 
   
Source of Variation  p value* 
Treatment  0.0051 
Season  0.0168 
Treatment*Season  0.8316 
†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 
*Source of variation is significant at p ≤0.05 
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Table 2.22: Influence of treatment and sampling time (not including September) 

on mean weighted DRP concentrations in lysimeters in Ridgetown, 
2007-2008 

 Mean Weighted 
DRP Concentration 

 

Treatment (mg DRP L-1) (log value) 
Control 0.022 -1.66 ab† 
Surface  0.028 -1.55 a 
PT 0.013 -1.88 b 
IN 0.014 -1.86 b 
PT & IN 0.026 -1.59 a 
Fertilizer 0.021 -1.68 ab 
   
Month   
November 0.036 -1.45 a 
December 0.014 -1.85 a 
January 0.017 -1.76 a 
April 0.016 -1.80 a 
May 0.018 -1.74 a 
June 0.020 -1.71 a 
July 0.023 -1.64 a 
   
Source of Variation  p value* 
Treatment  0.0101 
Season  0.0533 
Treatment*Season  0.8990 
†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 
*Source of variation is significant at p ≤0.05 
 

 Seasonal variations seen in Figure 2.16 have a large amount of variability, 

yet followed a similar pattern to that seen in Elora lysimeters.  DRP 

concentrations were high after manure application and then again in the June, 

July, and September and may have been due to low sample volumes in June to 

September.  The spike seen for the PT & IN treatment may be due to high 

concentrations measured on April 17th, 2008 and April 29th, 2008. 
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Figure 2.16: Seasonal variations in mean weighted DRP concentrations in 
lysimeters at Ridgetown in 2007-2008 

 

 

2.3.4.5 Mean Weighted Total Phosphorus Concentrations, Ridgetown Site 

 Due to time restrictions the Ridgetown lysimeters were not analysed for 
TP. 

 

2.3.4.6 Total Mass Loading, Ridgetown Site 

 The TML of DRP in lysimeters at Ridgetown was not significantly 

influenced by treatment (Table 2.23). Any benefits of PT on mean weighted 

concentration were not great enough to significantly reduce total mass loading of 
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DRP lower than that of the other treatments.  Although, PT has the lowest values 

of TML, it is not statistically significant. 

Table 2.23: Influence of treatment on total mass loading of DRP in lysimeters at 
Ridgetown, 2007-2008 

 
DRP Total 

Mass Loading   
Treatment (g DRP ha-1) (log value) 
Control 58.9 -1.23 a† 
Surface 60.3 -1.22 a 
PT   33.1 -1.48 a 
IN 46.8 -1.33 a 
PT & IN 66.1 -1.18 a 
Fertilizer 72.4 -1.14 a 
   
Source of Variation  p value* 
Treatment  0.7942 

†Numbers followed by the same letters are not significantly different at 
p≤0.05 
 *Source of variation is significant at p ≤0.05 
 

 

2.3.4.7 Lysimeter Summary 
 

 Since there were no treatment differences in either 2007 or 2008 at Elora, 

it can be noted that tillage did not influence DRP concentrations in lysimeters.  

Seasonal differences may be explained by collection volume differences from 

season to season which may have diluted concentrations.  At the p=0.05 

significance level there were no treatment differences in mean weighted TP 

concentrations at Elora.  At the p=0.1 level, PT decreased the mean weighted TP 

concentration.  Caution should be used when interpreting these findings.  Tillage 

treatment (PT or IN) at the Ridgetown site had reduced DRP concentrations in 

lysimeters to those not significantly different from the control.  These findings 
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would agree with the suggested BMPs for reducing P movement to depth.  

Variation in volumes collected from the lysimeters from month to month 

accounted for the range of concentrations recorded from November 2007 to 

September 2008. 

 Significant PT influence noted in Ridgetown may be due to soil clay 

content differences between the two sites.  The clay loam soil at Ridgetown has 

more surface cracks which would have lead to P movement to depth.  The loam 

soil at the Elora site would have had fewer cracks and therefore fewer pathways.  

Since PT disturbed soil cracks and reduced preferential flow P movement, a 

difference due to tillage was noticed at Ridgetown but not Elora.  Both PT and IN 

at Ridgetown were different from the surface treatment, while at Elora tillage 

treatment was not different.  The concentrations of P lost at each site were 

highest in the summer and fall regardless of when the manure was applied. High 

rainfall events or high groundwater table levels may have resulted in P movement 

into lysimeters. Mean weighted DRP concentrations ranged from 0.015 to 0.038 

mg DRP L-1 at Ridgetown and 0.011 to 0.136 mg DRP L-1 at Elora.  Lower values 

at Ridgetown may have been due to much higher volumes collected from the 

lysimeters.   
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2.3.5 Phosphorus in Drainage Tiles 

2.3.5.1 Mean weighted Dissolved Reactive Phosphorus Concentrations, 
Elora Site 

 
 There were few samples taken from the tiles in 2007.  Problems with 

malfunctioning instruments and not enough rainfall to trigger tile flow are the two 

main reasons for the lack of samples.  Complicated volume data resulted in the 

volumes for both 2007 and 2008 being summed into months for ease of 

manipulation.  In May 2007 a full set of tile samples were obtained.  The rest of 

the months did not have enough samples to use in statistical analyses.  Since the 

volumes were recorded in monthly intervals only the May concentrations (not 

weighted) were analysed as individual sampling dates.  There were no treatment, 

date, or treatment*date interaction effects which indicated that there was no 

difference in the mean weighted DRP concentrations before or after manure 

application.  Individual values ranged from 0.0077 to 0.15 mg DRP L-1.  

Treatment means in May were 0.055, 0.055, 0.056, 0.056, and 0.057 mg DRP L-1 

for the control, surface, IN, PT, and PT & IN respectively.  Pre-manure and post-

manure were similar in range, which indicates that little to no manure P was 

being lost in the tiles during that time.   

 Similar to the overland flow and lysimeters, the 2008 tile P concentrations 

were divided into seasons.  Pre-tillage treatment and season did significantly 

influence DRP concentrations in 2008 (Table 2.24). Tillage treatment reduced the 

DRP concentrations to levels similar to that of the control.  
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Table 2.24: Influence of treatment and sampling time on mean weighted DRP 
concentrations in tiles at Elora, 2008 

 
Mean Weighted DRP 

Concentration 
Treatment (mg DRP L-1) (log value) 
Control 0.064 -1.19 ab† 
Surface  0.083 -1.08 a 
IN 0.087 -1.06 a 
PT 0.039 -1.41 b 
PT & IN 0.058 -1.23 ab 
   
Season   
Pre-manure 0.036 -1.45 c 
Post-manure 0.097 -1.02 b 
Summer 0.161 -0.79 a 
Fall 0.030 -1.53 c 
   
Source of Variation p value* 
Treatment  0.0323 
Season  <0.001 
Treatment*Season 0.4541 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 

      *Source of variation is significant at p ≤0.05 
 

 Seasonal differences were found in the 2008 tile samples.  The pre-

manure and fall samples were not different from each other, indicating that high 

concentrations of P were lost to the tiles in the spring and summer (Figure 2.17). 

The high concentrations in spring and summer may have been due to high 

rainfall events and high groundwater tables which could have dissolved P off soil 

particles and into water moving down the soil profile.  The large increase in DRP 

concentrations from pre-manure to post-manure may be a result of low flow 

volumes for the post manure samples.  The high values recorded in the summer 

season were triggered by high concentrations in late July to early August.  Similar 

spikes in DRP concentration were seen in the 2008 groundwater and lysimeters 
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measurements.  The data may indicate the time that it takes, in this specific soil, 

for the DRP to reach the tiles.   

 

Figure 2.17:  Seasonal variations in mean weighted DRP concentrations in tiles 
at Elora, 2008 

 

2.3.5.2 Mean Weighted Total Phosphorus Concentrations, Elora Site 
  

 As mentioned earlier there were few samples taken in 2007 and as such 

only May TP concentrations (not weighted) were analysed. Similar to the DRP 

data treatment, date, or treatment*date were not significant; again, meaning that 

there were no differences in the TP concentrations before or after manure 

application.  The individual value’s in May ranged from 0.008 to 1.68 mg TP L-1.  
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Treatment means were 0.07, 0.069, 0.067, 0.067, and 0.067 mg TP L-1 for the 

control, surface, IN, PT, and PT & IN treatments, respectively.  The individual 

values range was much greater for the TP than the DRP, but the mean 

concentrations were similar.  This would indicate very little PP getting into the tile 

drains.  Schelde et al. (2006) determined that high rates of PP found in tiles were 

mainly due to high flow rates of water through the soil.  Since the 2007 season 

was quite dry, it is not surprising that there is little PP in the tiles.   

 The 2008 tile mean weighted TP concentrations were not influenced by 

treatment, season, or their interaction (Table 2.25).  The control had lower 

concentrations than the other treatments and the surface treatment had the 

highest concentrations, but these differences were not statistically significant.  

Figure 2.18 shows the surface applied treatment spiking after manure application, 

which was also seen in the 2008 DRP concentrations.  The other treatments 

seemed to have sporadic values which may be due to volume differences 

between treatments.  The 2008 TP concentrations in the tiles were sometimes 

lower than the 2008 DRP concentrations, indicating that most P loss was 

occurring as DRP.   
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Table 2.25: Influence of treatment and sampling time on mean weighted TP      
concentrations in tiles at Elora, 2008 

 
Mean Weighted 

TP Concentration  
Treatment (mg TP L-1) (log value) 
Control 0.024 -1.62 a† 
Surface  0.068 -1.17 a 
IN 0.037 -1.43 a 
PT 0.026 -1.58 a 
PT & IN 0.059 -1.23 a 
   
Season   
Pre-manure 0.046 -1.34 a 
Post-manure 0.058 -1.24 a 
Summer 0.039 -1.41 a 
Fall 0.023 -1.64 a 
   
Source of Variation p value* 
Treatment 0.1383 
Season  0.2633 
Treatment*Season 0.0967 

†Numbers followed by the same letters under the same heading are 
not significantly different at p≤0.05 

      *Source of variation is significant at p ≤0.05 
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Figure 2.18: Seasonal variations in mean weighted TP concentrations in tiles at 
Elora, 2008 

 

2.3.5.3 Total Mass Loading, Elora Site 

 The DRP TML in the tiles at the Elora site was significantly influenced by 

treatment in 2007 but was not influenced by treatment in 2008 (Table 2.26).  In 

2007 there was a large loading on December 10 and large loading events 

continued into January 2008.  In terms of treatment differences in 2007, the 

surface treatment had the most lost, but it was not statistically different from the 

PT or IN.  The combination of PT &IN had losses that were not different from the 

control indicating a partial added benefit of using both tillage operations.  

Sampling was terminated at the end of October in 2008, which eliminated any 

analyses of winter thaw loading into the tiles.  In 2008, the control had 2 times 
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more DRP loading than the surface treatment.  The high values are attributed to 

elevated mass losses in June and July from the control plots.  The 2008 control 

TML was higher than the other treatments, but it was not statistically different.  

Considering the statistical outcome, there was minimal impact of tillage on the 

TML of DRP into tiles during the course of this study.  However, the lower values 

obtained from the tillage treatments are encouraging even if not significantly 

different.  These findings would agree with the BMPs suggested for reducing 

DRP losses into tiles.  Due to low sample numbers, the TML for TP was not 

calculated. 

Table 2.26: Influence of treatment on total mass loading of DRP in tiles from May 
2007 to May 2008 (period 1) and from May 2008 to December 2008 
(period 2) at Elora 

 2007 Total Mass Loading 2008 Total Mass Loading
Treatment (g DRP ha-1) (log value) (g DRP ha-1) (log value) 
Control 6.76 -2.17 b† 20.89 -1.68 a 
Surface  114.82 -0.94 a 10.47 -1.98 a 
IN 18.20 -1.74 ab 3.02 -2.52 a 
PT   15.49 -1.81 ab 6.46 -2.19 a 
PT & IN 3.89 -2.41 b 2.45 -2.61 a 
     
Source of Variation  p value*  p value 
Treatment  0.0490  0.4623 
†Numbers followed by the same letters within the same column are not 
significantly different at p≤0.05 
 * Source of variation is significant at p ≤0.05 
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2.3.5.4 Mean Weighted Dissolved Reactive Phosphorus Concentrations, 
Ridgetown Site  

 In 2007 and January 2008 Ridgetown tile volumes were difficult to 

determine due to instrumentation and data logging issues. In addition there was 

very little tile flow and thus few samples were collected.  Consequently, statistics 

were not run on the 2007 and January 2008 samples, instead trends were 

observed.  In 2008 there was volume data and the mean weighted concentration 

values were separated into months and analysed statistically.   

  In November 2007 the control and IN had the highest DRP concentrations 

(0.088 and 0.086 mg DRP L-1 respectively).  The surface, fertilizer, PT, and PT & 

IN treatments had mean concentrations of 0.058, 0.030, 0.030, and 0.013 mg 

DRP L-1, respectively. The high DRP values for the control, IN and surface 

treatments were also seen in the 2007 samples taken from the lysimeters and 

groundwater in Ridgetown.  December 2007 and January 2008 were combined 

and the trend observed was surface and fertilizer having the highest DRP 

concentrations (0.22 and 0.176 mg DRP L-1 respectively).  The PT & IN, IN, PT, 

and control had mean concentration values of 0.093, 0.091, 0.071, 0.048 mg 

DRP L-1 respectively. The trend in the December/January samples was less 

surprising considering the manure was left on the surface which would make it 

more vulnerable to losses through undisturbed soil channels and snow melt.  Pre-

tillage seems to have reduced DRP concentrations in tiles to values close to that 

of the control.  This follows the suggested BMP’s, but these values were not 

tested for statistical differences and are only a trend. 
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 The tile volumes were recorded from April 17th until mid September 2008.  

As such, mean weighted DRP concentrations were calculated and categorized 

into months.  Treatment and month did significantly influence the mean weighted 

DRP concentrations in tiles (Table 2.27).  The control had the lowest DRP 

concentrations and the surface treatment had the highest concentrations.  The 

PT & IN treatment reduced DRP in tiles to similar levels as the control which 

supports the idea that mixing the manure with soil is a desirable way of reducing 

P loss.  However, the remainder of the treatments had similar mean 

concentrations; indicating that PT did not reduce DRP in tiles more than the other 

treatments.   
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Table 2.27: Influence of treatment and sampling time on mean weighted DRP 
concentrations in tiles at Ridgetown, 2008 

 
Mean Weighted  
DRP Concentration 

Treatment (mg DRP L-1) 
Control 0.039 a† 
Surface  0.092 c 
PT 0.084 bc 
IN 0.069 bc 
PT & IN 0.041 a 
Fertilizer 0.066 b 
  
Month  
April 0.078 bc 
May 0.087 c 
June 0.063 b 
July 0.067 b 
September 0.030 a 
  
Source of Variation p value* 
Treatment <0.001 
Month <0.001 
Treatment*Month 0.3635 

†Numbers followed by the same letters under the same heading are not 
significantly different at p≤0.05 

     *Source of variation is significant at p ≤0.05 
 

 May and April had high DRP concentrations.  Concentrations diminished 

from June to September with June and July having similar mean weighted 

concentrations and September having the lowest concentrations (Figure 2.19).   
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Figure 2.19: Seasonal variations in mean weighted DRP concentrations in tiles at 
Ridgetown, 2008 

   

2.3.5.5 Mean Weighted Total Phosphorus Concentrations, Ridgetown Site 
 

 In 2007 only 4 sampling events were analyzed for TP concentrations.  

Since there were no volume measurements for 2007 in Ridgetown and since 

there were only 4 samples, the trend in TP concentration was noted.  Again, 

unexpected concentrations were found.   The fertilizer sample had a TP 

concentration of 0.25 mg TP L-1 in November, which was much higher than the 

other treatments.  These results are curious as there was no P applied.  During 

the December sampling events, all the treatments had similar TP concentrations 
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(0.040 mg TP L-1), but the PT & IN treatment had TP concentrations of over 0.1 

mg TP L-1.   

 In 2008 six TP samples were analysed.  As a result of low sample 

numbers only the trend was recorded.  The overall pattern was high 

concentrations from the January sampling event (0.25 to 1.0 mg TP L-1 for all 

treatments), and the other 4 sampling events had TP values ranging from 0.05 to 

0.18 mg TP L-1 for all treatments.  In the January sampling the control and 

fertilizer treatment had higher TP concentrations than the other treatments that 

had manure applied.  This is unexpected considering that there was no P applied 

to either of these treatments. The remainder of the sampling events had sporadic 

TP concentrations for each treatment and no obvious trend was noticed.   Again, 

sampling storage and lack of mixing in the tile outlet barrels may have skewed 

the TP concentrations in the sub-samples.  

  

2.3.5.6 Total Mass Loading, Ridgetown Site 

 Since the volumes were not recorded for the 2007 samples, the DRP TML 

was only calculated for the 5 months in 2008.  The TML of DRP in tiles at 

Ridgetown did not indicate any long-term benefits of a particular tillage system 

(Table 2.28).  The control and PT & IN treatment had the lowest TML while the 

surface, IN, and fertilizer treatment had higher losses.  Even though the PT & IN 

treatment had significantly lower DRP concentrations than the other tillage 

treatments, this effect did not reduce TML of DRP into tiles over the year.   
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Table 2.28: Influence of treatment on total mass loading of DRP in tiles at 
Ridgetown, 2008 

 
DRP Total  

Mass Loading 
Treatment (g DRP ha-1) 
Control 8.51 a† 
Surface 18.78 a 
PT   15.36 a 
IN 19.76 a 
PT & IN 8.37 a 
Fertilizer 18.99 a 
  
Source of Variation p value* 
Treatment 0.1214 

†Numbers followed by the same letters are not significantly different at p≤0.05 
    *Source of variation is significant at p ≤0.05 

 
 
 The TP TML was not calculated for the Ridgetown site since less than half 

of the TP samples taken were analysed for TP concentrations due to time and 

resource restraints.   

2.3.5.7 Drainage Tile Summary 
 

 The tile DRP and TP concentrations in May 2007 were not influenced by 

treatment either before or immediately after manure application at Elora.  At the 

Ridgetown site in 2007 the DRP concentration tended to be lower for the PT 

treatment but it was not statistically different from the other treatments.  The TP in 

Ridgetown showed no effects possibly due to storage issues and therefore no 

management strategies can be suggested.  In 2008, PT reduced the DRP 

concentrations but there were no treatment effects on TP concentration in Elora.  

In 2008 at the Ridgetown site the combination of PT& IN reduced DRP 

concentrations while the PT treatment had similar losses as the other tillage 



110 
 

treatments.  Elora DRP TML in 2007 was reduced by the PT & IN treatment 

implying an additive benefit of both tillage treatments in reducing mass loss over 

a year.  In 2008, treatment did not influence the DRP TML in Elora or Ridgetown.     

 The DRP concentrations were similar at both the Elora and Ridgetown 

sites.  Spring manure application had higher summer losses than the other 

seasons, while the fall application resulted in more spring losses (although 

seasonal losses for the fall were uncertain).   

2.4 General Discussion and Conclusions 
  

 Tillage treatments affected corn grain yields at the Ridgetown site.  

Incorporating and PT & IN increased corn yields compared to other treatments, 

which could be a result of N conservation through reduced ammonia 

volatilization.  Due to the short period of time that the specific tillage treatments 

were present at Elora and the fact that there were few rain events immediately 

after manure application to trigger P movement, the limited data set obtained in 

this study could not be used to revise the suggested BMPs for the reduction of P 

in surface and sub-surface waters.  The suggested BMP for protecting 

groundwater from P is PT.  Under the conditions of this study, the additive effects 

of PT & IN were superior to PT at both sites.  The BMPs suggested for reducing 

P in runoff are PT and IN.  In 2008, PT and IN had significantly lower DRP 

concentrations than the surface treatment.  Total P was not influenced by tillage 

treatment. This may be due to differing sampling techniques.  The use of PT and 

IN reduced DRP concentrations in the lysimeters at Ridgetown but had no effect 
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at Elora.  The Ridgetown results do fit with the suggested BMPs for reducing P 

losses to depth.  Lastly, both PT and PT & IN seemed to play a role in reducing 

DRP lost in tile drains at both sites.  Again, these findings agree with the 

suggested BMPs.  It should be noted that there was a lack of treatment by 

season interaction so it cannot be said with any certainly the benefits of these 

results throughout a year.   

 Overall, this study was not able to support the suggested BMPs for P 

reduction into surface and sub-surface waters.  The most useful tillage system for 

reducing P losses and maintaining high yields is PT & IN. Considering that there 

is a financial benefit to only tilling a soil once and the fact that the P-index 

considers IN to be a better nutrient management strategy than PT, this study 

suggest that IN individually could be as beneficial to the environment and to corn 

yields as PT & IN.   In addition, considering the large DRP and TP concentrations 

that were measured from a January thaw at the Ridgetown site, it is suggested 

that manure should be applied in the spring rather than the fall.  Lastly, the P 

concentrations measured in the tiles were in excess of the Ontario standard, 

which confirms the notion that P losses in tiles should be considered in the P-

index. 
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Chapter 3: Soil phosphorus levels following four annual 

applications of different types and rates of livestock manure and 

fertilizer 
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3.0 Abstract 

 The build up of phosphorus (P) in the soil can be attributed to continuous 

application of manures and fertilizers in excess of plant requirements. The 

purpose of this study was to measure changes in soil P fractions in a clay loam 

soil after 4 years of repeated P applications at rates similar to or below crop 

removal by corn (Zea Mays L).  The experiment was conducted on a Brookston 

clay loam soil in Ridgetown, Ontario from 2003 to 2007.  Olsen P was measured 

and soil P fractions were extracted using a modified version of the Hedley P 

Fractionation. In addition crop P uptake and grain yields were measured.  Grain 

corn yields and P uptake were not influenced by 4 years of inorganic fertilizer, or 

beef, dairy, and liquid swine manure applications at 0, 11, 22, and 33 kg P ha-1    

y-1.  Soil test P (STP) was greater at higher application rates for the inorganic 

treatment (i.e.16.6 and 24.6 mg kg-1 at 0 and 33 kg P ha-1 y-1   The labile soil 

inorganic P (Pi) fractions (resin and Bicarbonate Pi (Bic-Pi)) were influenced by 

application rate and Bic-Pi was influenced by rate* manure.  The moderately 

labile Pi, organic P (Po), resistant fractions, and TP were not influenced by 

treatment.  The findings of this study indicate the long time required for P 

applications to alter soil P pools on this soil.  In addition, for a clay soil that is 

reaching the agronomic limit for P applications in Ontario, corn producers need 

not be concerned about lower yields due to restrictions on manure P applications 

in the short term (i.e. 4 years).   
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3.1 Introduction 
 

 Phosphorus (P) accumulates in soils with long- term manure and fertilizer 

applications when applied at P rates greater than crop removal. Since manures 

often have a lower nitrogen (N):P ratio than that required by plants, this problem 

is exacerbated in management systems that apply manure based on the plant N 

requirements.   Applied manure P that is in excess of plant requirements will 

remain in the soil and contribute to the overall soil P levels.  Build-up of soil P is 

also partially due to low P-use efficiency of most crops when manure P is applied.  

On average the crop use efficiency (CUE) of P is less than 25% during the year 

of amendment application (Zhang et al. 2004).  The P that accumulates in the soil 

has the potential to be transported into surface and groundwater resources 

(Daniel et al. 1994; Kinley et al. 2007; Lapen et al. 2008).  Eutrophication of 

surface waters has become a paramount concern and agriculture has been 

identified as a major contributor of P (Sharpley and Rekolainen 1997; Kleinman 

and Sharpley 2003; Smith et al. 2006).    

 Tools, such as the P-index, have been created to rank the risk of surface 

water contamination resulting from P applied to agricultural land.  A P-index 

considers P sources (e.g. manure, biosolids, fertilizer, and soil) and pathways of 

P loss (e.g. surface and subsurface) and suggests mitigating practices to reduce 

P losses into surrounding environments (Hilborn and Stone 2005).    However, 

the P-index lacks field calibration and validation.  Knowledge of how 

management practices can increase or decrease P accumulation and hence 
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reduce P losses is critical.  Monitoring STP and understanding how manures and 

fertilizers influence soil P fractions will lead to agricultural practices that are more 

environmentally sustainable.   

  Additions of manure or fertilizers to soil will increase the STP if the 

additions are more than crop removal (Hao et al. 2008; Zhang et al. 2004).  The 

rate of change in extractable P depends on the availability of the P in the manure 

and the rate of application.  Zhang et al. (2004) measured a linear increase in the 

Mehlich 3 P (M3-P) with time following repetitive manure applications.  After 10 

years of P application at rates of 44 to 132 kg P ha-1 the M3-P levels were 39 mg 

P kg-1 at the low rate of fertilization and at the high rate the M3-P levels were 157 

mg P kg-1.  Hao et al. (2008) reported that a Dark Brown Chernozemic clay loam 

soil receiving manure for 30 years increased the labile P (WEP + bicarbonate-Pt) 

from >300 mg kg-1 to 902 mg kg-1 at 30 Mg manure ha-1 yr-1 and reached 2940 

mg kg-1 at 180 Mg manure ha-1 yr-1.  The 30-year average addition of TP (3.60 

Mg ha-1) reflected 3 to 12 fold increases over the control plots. Although the 

application of P influences the labile Pi fractions as measured by the M3-P, 

Olsen-P, and other agronomic soil tests for P, these tests infer little about the 

other forms of soil P that may be more indicative of longer-term soil P fertility 

status and/or potential for losses of soil P (Simes et al. 2002).   Although the STP 

(Olsen-P), used in the Ontario P-index, is a useful agronomic test, it may not 

adequately identify soil P levels that are of greater environmental risk as it does 

not consider potential differences in availability of Pi and does not measure Po 

fraction. 
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To further asses the other forms of P in the soil, the Hedley Sequential 

Fractionation has been used by numerous researchers (Zheng et al. 2004; 

Taddesse et al. 2008; Leinweber et al. 1999). This procedure uses a sequence of 

increasingly stronger reagents to extract P fractions from the soil and categorise 

each P fraction based on their bioavailability (Zvomuya et al. 2006).  Researchers 

have been using similar fractionation techniques on forest soils, agricultural soils, 

and slightly weathered to highly weathered soils over a number of years (Walker 

and Syers 1976; Cross and Schlesinger, 1995).  Hao et al. (2008) applied 

increasing rates of cattle manure for 30 years and determined that the water-

extractable Pi (H2O-Pi) and Bic-Pi increased significantly with rate.  The H2O-Pi 

and Bic-Pi fractions of P are isotopically exchangeable and therefore are the 

most plant available (Zheng and MacLeod 2005).  Zhang et al. (2004) determined 

that the rate of fertilizer influences the Bic-Pi and Po, NaOH-Pi and Po, and 

residual P.  The researchers applied monoammonium phosphate (MAP) and 

triple super phosphate at rates of 0 to 132 kg P ha-1 yr-1.   The Bic-Pi and NaOH-

Pi increased at a rate of 7.2 to 8.5 mg P kg-1 yr-1 and 2.0 to 3.6 mg P kg-1 yr-1, 

respectively, in the normal (44 kg P ha-1 yr-1) fertilization plots.  At the high rate 

(132 kg P ha-1 yr-1) of fertilization the Bic- Pi increased 15.7 to 18.1 mg P kg-1 yr-1, 

while the NaOH-Pi increased 6.9 to 34.3 mg P kg-1 yr-1.    The NaOH-Pi fraction is 

associated with the aluminium (Al) and iron (Fe) components of the soil or 

secondary mineral Pi (Hedley et al. 1982).  At high rates of fertilizer application, 

the sorption sites on the soil become saturated and the soil Pi pools increase at a 

faster rate (Zhang et al. 2004).  There were no significant changes in the Bic-Po 

and NaOH-Po fractions in the first 6 years of application (Zhang et al. 2004).  The 
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Bic-Po and the NaOH-Po are considered the labile Po sorbed to the soil surface 

and Po that is strongly help by Al and Fe components in the soil, respectively 

(Hedley et al. 1982). These two fractions would contain portions of the microbial 

P in the soil as well.  After 6 years there was a reduction in Bic-Po which was 

more pronounced in the high P rate plots.  The researchers attribute this decline 

to higher amounts of organic C from crop residues which may have stimulated 

the mineralization of Po pools due to greater microbial activity (Zhang et al. 

2004).   Zheng et al. (2003), O’Halloran et al. (1985) and O’Halloran (1993) noted 

that fertilization rate did not influence the Po fractions.  Following a single 

application in a pot experiment on a silty clay loam and clay loam soil, O’Halloran 

and Sigrist (1993) determined that 32 t ha-1 of incubated hog manure did not 

influence the more resistant soil P fractions.   Less labile P fractions include 

hydrochloric acid P (HCl-P) and sulphuric acid/peroxide digest soil P (residual-P).  

HCl-P is associated with Ca phosphates and the primary mineral apatite in the 

soil.   Residual-P is the most recalcitrant and includes the occluded forms of Pi 

and Po (Berg and Joern 2006; Tiessen and Mior 2008).   The researchers 

measured 219 and 319 mg P kg-1 HCl-Pi from the control and manured plots, 

respectively (O’Halloran and Sigrist 1993).  The residual P was 320 and 323 mg 

P kg-1 for the control and manured treatments, respectively (O’Halloran and 

Sigrist 1993).   Zhang et al. (2004) determined that the residual P increased with 

increasing rate of fertilizer on a Ste. Rosalie clay soil, while Zheng et al. (2003) 

found that the resistant pools in a Humic Gleysolic clay soil were not influenced 

by fertilizer P application. The disagreement between these two findings can be 

attributed to differences in soil properties, experimental conditions, and 
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management practices from site to site as well as continuously changing soil P 

pools.  

Soil P is believed to actively cycle through all P fractions, reflecting 

immobilization and mineralization as impacted by plant and microbial growth.  As 

plants grow and remove P from the soil they diminish the plant available pools of 

Pi.  These changes occur faster in course-textured soils than in fine- textured 

soils (Zheng et al. 2003).  The rate of P applied typically influences the changes 

in the various soil P fractions.  At high rates of manure application the more 

recalcitrant fractions of soil P can accumulate (Kuo et al. 2005; Zheng et al. 

2004).  At rates below crop uptake the labile soil P fractions can be depleted and 

transfers from less available pools are necessary to sustain plant development 

(Blake et al. 2003; He et al. 2004; Zheng et al. 2003).  Kuo et al. (2005) illustrated 

the buffering role of NaOH-Pi while conducting a study on different fertilization 

rates on corn. During excess fertilization, added P was converted and stored as 

NaOH-Pi.  When the rate of fertilizer was below crop requirements the pre-

existing soil NaOH-Pi acted as a source of plant available P. Soil Po does not 

appear to play a direct role in plant available P when manure was applied (Kuo et 

al. 2005).   Zheng et al. (2004) determined that NaHCO3-Po plays an indirect role 

in plant available P in fertilized plots.  The researchers noticed that the 

application of inorganic fertilizers increased the transfer of Pi to Po in the 

NaHCO3 fraction.  This transfer may be due to microbial requirements and the 

lack of Po in fertilizers (Zheng et al. 2004).  
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Recognizing and understanding the influence of fertility management 

practices on soil P forms is critical for developing environmentally sustainable 

and economical farming procedures.  Two concerns that may occur if a P-index is 

calculated, regarding the potential restrictions on the amount of P inputs, can be 

easily identified.  The first concern for the producer is that these restrictions to P 

application could lower crop productivity.  The second concern is that if soil P 

levels require a substantial period of time before they decrease, mitigating 

practices other than reduced P input maybe required to reduce the risk of P loss. 

The objectives of this study are 1) to determine how the addition of fertilizers and 

manures influence soil test P levels and crop yields after 4 years of P application 

and 2) to determine how different rates and types of P amendments influence soil 

P fractions. 

3.2 Materials and Methods  

3.2.1 Site Description 
 

 The experiment was conducted near Ridgetown (UTM 17T 426853.1 m 

easting and 4700361.2 m northing) in Kent County, Ontario. The soil type was a 

Brookston clay soil (orthic humic gleysol) (Richards et al. 1949) which had 

previously been planted to corn (Zea mays L.) and soybeans (Glycine max) 

rotation for at least 10 years prior to 2003.  In 2003, corn was grown with no 

fertilizer applications in an attempt to assess the spatial variability in soil available 

P.  Table 3.1 provides the precipitation and CHU’s for each year of the study.  

The 2005 growing season (May to mid October) had the least precipitation while 
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the 2006 growing season had the most precipitation based on data obtained from 

a weather monitoring station located within 1 km of the experimental site.  

Table 3.1: Precipitation and CHU for all years of experiment 

Year Total 
Precipitation*  

(mm) 

Growing Season 
Precipitation  

(mm) 

Growing Season  
CHU's 

2004 925.7 415.8 3293 
2005 674.2 257.2 3581 
2006 939.2 474.5 3200 
2007 765.6 324.7 3378 
30 yr 
average 

968.8 491.9 3340 

*Values from Ridgetown weather station 

 

3.2.2 Experimental Design 
 

The experiment was set out in a split plot design with P source as the main 

plots and P rates as the subplots.  The sources of P included solid beef manure, 

liquid dairy manure, liquid swine manure and triple super phosphate either 

banded (2 cm beside and below the seed) at planting or broadcast on the 

surface. Manures were collected from the Ridgetown campus farm, applied by 

hand in the spring and incorporated by disking (~10 cm depth) followed by one 

pass with a field cultivator prior to planting (which usually occurred within 1 week 

following manure application).  Broadcast P fertilizer was also applied by hand 

and incorporated by disking.  Four P application rates were used: 0, 11, 22 and 

33 kg P ha-1 with the highest application rate equalling the predicted crop removal 

by grain corn for the experimental area.  An upper limit of crop removal was 

selected since the soil test (Olsen P) levels were approaching the 30 ppm limit 
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suggested by the P-index in Ontario (Hilborn 2005), and the soil P levels were 

within the range where the probability of crop response to applied P would be low 

(OMAFRA 2009).  Nitrogen (150 kg N ha-1) and KCl were added to the site to 

avoid N and K from being limiting.  Thus, the interest of the study was to 

investigate the influence of added P, at and below crop removal, on crop yields 

and changes in soil P levels.   The main and subplot treatments were applied 

randomly and with 4 replicates.  Table 3.2 provides the manure analyses during 

the course of the study.  The actual application rates of P for beef manure were 

0, 9, 19, 28 kg P ha-1 yr-1, for swine manure were  0, 9, 19, 28 kg P ha-1 yr-1, and 

for dairy manure were 0, 8, 16, 23 kg P ha-1 yr-1.  For the purpose of this study the 

banded fertilizer treatment was not considered.  

Table 3.2: Chemical and physical properties of applied manures, 2004-2007 

Manure Year 
Dry 

Matter 
Total 

N  
Total 

P 
Total 

K NH4-N 
  %      -----------------(g kg-1)----------------
Beef 2004 22.5 3.3 0.9 5.8 0.3 
 2005 25.8 5.9 1.4 7.4 1.2 
 2006 18.6 4.4 1.4 7.1 0.2 
 2007 22.9 4.8 1.3 5.4 0.4 
Dairy 2004 2.0 1.0 0.3 1.0 0.6 
 2005 2.8 1.0 0.2 2.2 1.3 
 2006 6.0 2.7 0.4 1.2 1.1 
 2007 4.1 3.0 0.3 1.1 0.9 
Swine 2004 1.7 1.4 1.1 0.8 1.3 
 2005 1.2 1.4 0.4 0.9 0.9 
 2006 2.4 3.6 1.0 1.9 2.8 
 2007 2.4 5.4 0.9 1.5 2.6 

 

 Corn was planted early to mid-May each spring at a target density of 80 

000 plants ha-1.  Plots were 10 m by 12 m in size with 75-cm row spacing.   Each 
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main plot had 12 rows of corn and each subplot had 4 rows. Soils were chisel 

plowed in the fall and in spring disked (to incorporate manure) with one pass of a 

field cultivator prior to planting.  All tillage operations were conducted along the 

length of the plots to minimize soil transfer from one sub-plot to another. 

3.3.3 Soil and Plant Sampling and Analysis 
 

 Soils samples were taken in the spring of 2004 to estimate pre-manure 

soil conditions and samples were taken each year thereafter in the fall.  

Approximately 10-15 small cores were taken from the top 15 cm of each plot, 

thoroughly mixed, air dried, and stored at room temperature.  Each sample was 

ground to pass through a 2 mm sieve for STP and then a sub-sample was ground 

to pass through a 60 mesh (250 µm) sieve for the Hedley Fractionation (Tiessen 

and Moir 2008).  General soil properties (soil carbon, pH, texture, CEC, and soil 

test P (Olsen P), K and Mg (ammonium acetate extractable)) were measured.  

Soil carbon was determined using the combustion method (Skjemstad and 

Baldock 2008), CEC was measured with the barium chloride method (Hendershot 

et al. 2008), and texture was measured via the pipette method (Kroetsch and 

Wang 2008).  Soil pH was 6.6 ± 0.15, soil texture was 369 ± 29.7 g sand kg-1, 

311 ± 25.1 g silt kg-1, 319 ± 11.5 g clay kg-1 and the CEC was 22.6 cmol kg-1 ± 

0.59.  Total carbon (C) was 26. 4 ± 1.2 g kg-1 and Olsen P, exchangeable K, and 

Mg were 25 ± 1.6, 128 ±36.0, and 162 ± 40.0 mg kg-1, respectively.   

Grain samples were obtained by either hand harvesting (2004 and 2005) 

or by using a small-plot New Holland combine (2006 and 2007).  Hand harvesting 
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consisted of hand picking cobs from a 5 m length in each of the center two rows, 

recording the total cob weight, and drying a sub-sample for moisture 

determination and chemical analysis.  Grain yield was calculated and expressed 

at 15.5% moisture content. For the combine harvests, plants were harvested from 

a 10 m section of the two center rows of each subplot, the shelled grain weight 

recorded and a subsample collected for moisture and tissue nutrient analysis.   

Sub-samples from each harvest were analysed for P using a dry ash digestion 

(Miller 1998).  

3.3.4 Hedley Soil Phosphorus Fractionation 
 

To assess changes in soil P forms, soil P was characterized using the 

Hedley P fractionation method as modified by O’Halloran et al. (1987).  Briefly, 

0.5 g of air-dried soil (ground to 250 µm) was extracted sequentially using a 

series of stronger reagents and Pi and Po were measured in each fraction.  

Initially, P was extracted with resin strips followed by 0.5M NaHCO3 (pH=8.5), 

0.1M NaOH, and finally 1.0M HCl were used to extract the remaining fractions.  

Samples were shaken for 16 hours, centrifuged at 25 000 x g, and filtered 

through a 0.45µm filter paper.  A portion of the NaHCO3 and NaOH fractions 

were acidified to precipitate the organic matter and the supernatant analyzed for 

Pi.  Residual P was determined following digestion with concentrated H2SO4 and 

H2O2.   The HCl-Pi and residual P fractions were summed to give an overall 

estimate of resistant P.  In some samples, soil particles were not fully dispersed 

into solution during HCl-Pi shaking and it is suspected that not all the HCl-Pi was 
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extracted.  The summation of the two sections should more properly reflect 

resistant P.   

   The solutions were stored in plastic snap-cap vials at 4oC until analysis.  

The Pi fractions were measured directly by a Spectronic® 20 Genesys 

spectrophotometer using the colourmetric determination method (Murphy and 

Riley 1962).  The Pt was measured colourmetrically once the NaHCO3, NaOH, 

and HCl extracts were digested in an autoclave with (NH4)2S2O8 and 0.9M 

H2SO4.  The Po was determined as the difference between the Pi and Pt and TP 

was calculated as the sum of resin, NaHCO3 Pi and Po, NaOH Pi and Po, HCl Pi, 

and residual P.  He et al. (2006) measured Po in the HCl fraction of the Hedley 

method, however, there were no significant differences between the amounts of 

HCl TP and HCl Pi measured in this experiment.  As such, HCl Po was 

considered to be a negligible fraction in these soils.  

3.3.5 Statistical Methods 
 

 All statistical tests were computed using SAS 9.1 (SAS Institute 2003).    

Each soil P fraction and the resistant fraction were tested individually.    First all 

the data were tested for normality and then outliers were removed using Lund’s 

test of studentized residuals using a type 1 error rate of 0.05.  An analysis of 

variance was conducted on the grain yield and plant tissue P data using proc 

mixed with replicate as a random effect.  Grain yield and grain P content were 

analysed with year in the model statement and as a repeated measure.  

Treatment effects were manure, rate and manure*rate.  For the treatment effects 
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that were significant, differences of the least squared means were requested.  A 

regression was conducted on the STP and soil P fractions using the proc mixed 

covariate test with pre-treatment 2004 data in the model statement in order to 

account for site variation.  The regression partitions included, linear, quadratic, 

and lack of fit and solutions were requested if required.  For all statistical 

analyses, a probability value of ≤0.05 was used to determine significance.  

3.4 Results and Discussion 
 

3.4.1 Plant Yields and Grain Analysis 
 

Grain yields were not significantly influenced by application rate, P source, 

or their interaction (Table 3.3).  Appendix A contains 2004, 2005, 2006, 2007 

mean corn grain yields and illustrates the lack of any linear or quadratic 

relationship with P application rate. 
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Table 3.3: Effects of year and P source on corn grain yields after 4 years of P 
additions and crop removal (n=4) on a clay loam soil   

P Source All ŧ Inorganic Beef Dairy Swine 
Year -----------------------(kg ha-1)--------------------- 
2004 8693  b€† 9141 8564 8184 8862 
2005 4629  c 4824  4852 4687 4099 
2006 12456 a 12359  12533 12754 12237 
2007 9854  b 10107  9667 9710 9943 
      
Source of Variation  dfn dfd F-Value P*>F 
Rate  3 207 1.3 0.2750
P source  3 207 0.67 0.5691
P source*rate  9 207 0.99 0.4533
Year  3 9 64.86 <0.001
P source*year  9 207 0.93 0.4977
Rate*year  9 207 0.43 0.9180

ŧ Average of all P source yields (n=80) 
€ Yield values are lsmeans  
†Numbers within a column followed with the same letter are not significantly 
different at p=0.05 
*Source of variation is significant is p≤0.05 

 
 The lack of an application rate response, P source or the interaction may 

be due to the background P levels being sufficient enough to support corn 

requirements regardless of treatment. The initial STP levels were on average 23 

mg P kg-1. According to OMAFRA’s phosphorus fertilizer recommendations, STP 

levels within the range of these values would result in a low profitable crop 

response to P additions (Reid 1998).  Given the already high initial and final STP 

level of 23 mg P kg-1 and 19 mg P kg-1, it is not surprising that there was no 

detectable yield response to applied P.  Kuo et al. (2005) determined that a silt 

loam soil, initially high in available P, was able to supply sufficient P to the corn 

crop even at P additions lower than crop removal.  
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Year significantly influenced the corn grain yields (Table 3.3).  Yields in 

2004 and 2007 yield were not statistically different, but the mean yield in 2006 

was more than 2.5 fold greater than the mean yield in 2005, and it is likely that 

growing season precipitation had a major influence on the yields. The drought in 

2005 reduced biomass production, while the extra moisture in 2006 resulted in 

higher yields.  In 2007 June and August had low precipitation accumulation which 

may explain why the 2004 and 2007 seasons had similar yields even though 

seasonal precipitation was different.    

Grain P concentration was not significantly influenced by treatment but 

was affected by year (Table 3.4). The grain P concentrations measured in this 

study were similar to recorded adequate grain P concentrations of 3.1 g kg-1 

(Ketterings and Czymmek 2007). Since the values measured in this study are 

similar to what is expected, it is not surprising there was no treatment effect.  This 

finding supports the lack of treatment effect seen in corn yield.    Providing that 

adequate N is applied, the implications for producers would be that restricting 

manure P applications would not significantly affected corn grain yields in the 

short-term (i.e. 4 years) on this soil type and STP level.   
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Table 3.4: Effects of year and P source on corn (Zea Mays L.) grain P 
concentration after 4 years of P additions and crop removal (n=4) on 
clay loam soil   

P Source All ŧ Inorganic Beef Dairy Swine 
Year -----------------------(g kg-1)------------------------- 
2004 3.1 c€† 3.09 3.06 3.05 3.12 
2005 4.0 a 4.02 3.88 4.07 4.14 
2006 3.3 bc 3.21 3.22 3.4 3.32 
2007 3.5 b 3.58 3.48 3.52 3.56 
      
Source of Variation  dfn dfd F-Value P*>F 
Rate  3 207 1.85 0.1398
P source  3 207 0.99 0.4005
P source*rate  3 9 0.86 0.5638
Year  3 207 11.01 0.0023
P source*year  9 207 0.29 0.9760
Rate*year  9 207 0.31 0.9705

ŧ Average of all P source yields (n=80) 
€Grain P concentration values are lsmeans 
†Numbers within a column followed with the same letter are not significantly 
different at   p=0.05. 
*Source of variation is significant is p≤0.05 

 
The higher P concentration in grain in 2005 may have resulted from the 

impact of moisture stress. Dry matter production and grain yields were 

significantly reduced by droughty conditions in 2005.  As a result grain P 

concentrations were higher because there was less biomass produced.   

 
3.4.2 Overall Phosphorus Budget and Soil Test Phosphorus Levels 
 

 Based on the P additions and removals over the 4 years of this study, the 

P budget ranged from -120 kg ha-1 at the 0 P fertilization to nearly a balanced 

budget in the highest P fertilization treatments (Table 3.5).  Assuming that all 

changes in soil P originated from the top 15-cm of the soil profile and that a 
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hectare furrow slice is 2 000 000 kg, the change in soil P budget would represent 

approximately a 60 mg P kg-1 soil for the 0 P addition treatment.   

Table 3.5:  Overall soil P balance after 4 years of P inputs and crop removal on a 
clay loam soil (n=4) 

Rate 
 

0 
 

11 
(kg P ha-1) 

22 
 

33 
 

P Source ---------------------mg kg-1-------------------- 
Inorganic -125.4 -65.3 -38.1 -11.9 
Beef -117.6 -89.9 -42.5 -16.6 
Dairy -118.9 -92.7 -54.7 -25.9 
Swine -119.6 -86.1 -45.0 -9.6 

 

 The STP levels in 2007 were influenced by P treatments.   The ANOVA for 

STP indicated a significant source, rate, and rate*source interaction suggesting 

that the P budget was affecting STP levels (Table 3.6).   However, the only 

significant interactions were in the inorganic fertilizer treatment and the 

relationship between application rate and STP was linear. These findings do not 

agree with the results of several other studies (Griffin et al. 2003; Hao et al. 2006) 

which have indicated the influence of P source on STP.  Dissimilar management 

practices, such as rates of application, source of P, and study length, are likely to 

be responsible for the differences seen between these studies.  The rates used in 

the above studies were at least 2 times higher rates than what were applied in 

this study.  In addition, the Hao et al. (2006) and Zhang et al. (2004) studies were 

2 and 6 years longer than this study, respectively.  Increasing STP levels for the 

inorganic P treatment and decreasing budget may be a result of soil tests only 

measuring labile P while there are other forms of P in the soil contributing to plant 

removal. 
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Figure 3.1: Soil test phosphorus levels in 2007 after 4 years of P additions and 
crop removal of P on a silt loam soil (n=4; error bars are standard 
deviation) 

 

 

Table 3.6:  Variance analyses of STP (mg kg-1) of a clay loam soil as affected by 
P source and rate of P randomized in randomized complete blocks 
(n=4) 

Fixed Effects dfn dfd F Value P* > F 
P Source 3 9 5.43 0.0209 
rate 1 35 6.64 0.0144 
       rate linear (1) 35 0.14 0.7106 
P source*rate 3 35 3.58 0.0232 
          P source*rate 
linear (3) 35 0.70 0.5608 
     
Random Effects Estimate SE Z P>Z 
rep 0.49 1.31 0.37 0.3546 
rep*manure 1.18 2.12 0.55 0.2897 
residual 11.17 2.7 4.13 <0.001 

  * Source of variation is significant if p≤0.05 

 The source*rate interaction was significant and was attributed to a linear 

increase in STP with fertilizer P additions, while other treatments showed little 

impact of applied P on STP levels.  Inorganic P is soluble Pi so the entire amount 
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applied would contribute to soil available Pi pools.  Manures are composed of 

both Pi and Po of varying lability and therefore may not directly contribute to STP.  

Motavalli et al. (1989) determined that 12 to 89% of the total P applied in injected 

dairy manure was available within the first year of application.  Eghball et al. 

(2002) found that P in broadcasted swine and dairy manure can be 91% and 75% 

available, respectively, within the first year of application.  These researchers 

also measured only 57% available P within the first year from P-based beef cattle 

manure applications. Given that chemical fertilizers are essentially completely 

available after application, this may explain why the fertilizer application 

influenced the STP while the same rates of manure application did not.  Manures 

with high dry matter content have a higher percentage of Po (Sharpley et al. 

2004).  As such, when fertilizers and manures are applied at the same rate there 

is relatively less Pi in a manure available to plants and to contribute to the STP 

test.  In addition, some of the P in manures may not be readily soluble and as 

such would not elevate STP levels in the short term.  Kleinman et al. (2005) did a 

survey of the WEP in manures and found that for swine and dairy manure only 

43%  and 60% of the TP was water extractable, respectively.  The P in the 

manures that is not readily available may become a long term source of P 

(O’Halloran and Sigrist 1993).    

 Another potential explanation is that the actual rates of manures added in 

this experiment may not have been high enough or applied for a long enough 

period of time to change the STP.   Hao et al. (2008) applied solid beef cattle 

manure over 30 years at rates of 30, 60, and 90 Mg ha-1 yr-1 and measured 
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changes in plant available Pi fractions between treatments.  The labile Pi 

fractions in the soil were 260, 385, 560 mg kg-1 for the 30, 60, and 90 Mg ha-1 yr-1 

respectively.  Clearly the rate and repeated P additions were sufficient to cause 

detectable labile Pi pools.  Sharpley et al. (2004) added 150 and 120 kg P ha-1 of 

dairy manure to a silt and silt loam soil for 25 and 10 years, respectively and 

measured water extractable Pi to increase from 2.4 to 37 mg kg-1 at the 150 kg P 

ha-1 rate and 4 to 41 mg kg-1 at the 120 kg P ha-1 rate.  Again, the rates and 

longevity of this experiment were sufficient to result in changes to this labile soil P 

fraction.  

The combination of original STP values and the contribution of other soil P 

pools may also explain the lack of difference in STP between non P-fertilized and 

P-fertilized plots for the manured treatments seen in this study. Zhang et al. 

(2004) linked the similar STP levels in zero and high fertilization plots to native 

soil Pi levels, organic P and residue mineralization, and cycling of nutrients from 

depth.  The soils used in the study reported by Zhang et al. (2004) were high in 

clay (710 g kg-1) and had original Mehlich-P measurements of 32 mg kg-1.  Zhang 

et al. (2004) fertilized at 0, 44, and 132 kg P ha-1 and grew corn each year for 10 

years. The fact that STP was not different between 0 and 132 kg P ha-1 plots 

indicated the buffering power of already high STP levels.  Kuo et al. (2005) 

identified that NaOH Pi can be converted to plant available forms when those 

pools are depleted by plant uptake.  Blake et al. (2003) and Holford (1997) 

indicated a source role of less available P contributing to more readily available 

P.  Zheng et al. (2004) noted the influence of Bic-Po on Bic-Pi or readily available 
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P.  When the Pi content of a soil is increasing, microbes would immobilize the Pi 

and convert it to Po.  However, when the Pi content of a soil decreases due to 

plant P uptake, the Po in the soil can be mineralized into Pi.  Kou et al. (2005) 

and Hedley et al. (1982) noted that if the NaOH-Po: Bic-Po ratio is high (25.25), 

than Po is an important source of available P for crops.  In this study, the NaOH-

Po: Bic-Po ratios were on average 41.3 indicating that Po pools could have been 

contributing to available Pi pools.  The above researchers determined the 

important role of pre-existing soil P pools and how they can buffer changes in 

STP even under 0 P applications and crop removal. 

3.4.3 Soil Inorganic Phosphorus 
 

 Although STP was for the most part unaffected by applications rates 

(excluding the fertilizer P treatment), labile Pi forms (resin and Bic-Pi) determined 

by the Hedley fractionation were significantly affected by treatments (Table 3.7). 

The resin fraction, P that is isotopically exchangeable with solution P (Tiessen 

and Moir 2008), increased with rate of P applied (Appendix B).  The 22 and 33 kg 

P ha-1 rates were significantly different from the 0 P treatment.  The Bic-Pi 

fraction, a measure of labile Pi sorbed to soil colloids (Hedley et al. 1982), was 

influenced by the rate*manure interaction and rate (Appendix C).  Both the dairy 

and inorganic fertilizer showed increases of Bic-Pi with rate, while the swine and 

beef P treatments did not significantly affect the Bic-Pi. The Bic-Pi for the 0 P 

treatment for all sources was significantly different from the 22 and 33 kg P ha-1 

rates. Similar relationships between application rates and labile Pi pools have 
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been reported by other researchers (Zheng and MacLeod 2005; O’Halloran and 

Sigrist 1993, O’Halloran 1993; Zheng et al. 2003; Kuo et al. 2005).  

  The resin and Bic-Pi fractions followed similar trends as the STP values 

except that the dairy manure significantly affected the Bic-Pi where the impact 

was not significant in the STP measurements.  One reason for the Hedley 

fractionation detecting the change in dairy manure treatment fraction is because it 

is a much more thorough measurement whereas the STP extraction is only 30 

minutes in length.  Bhantnagar et al. (1985) proposed that the difference between 

labile P measurements taken by the STP between manures and fertilizers was 

due to the preferential absorption of manure P into larger aggregates. Once 

manure was applied the aggregate stability in water and resistance to erosion 

increased therefore enhancing absorption of manure P.  The researchers noticed 

that inorganic fertilizer does not adsorb preferentially to soil aggregates of certain 

sizes.  As such, when inorganic P is applied to a soil, both the Hedley and STP 

can detect treatment differences, while this is not the case when manure is 

applied (Bhantnagar et al. 1985).  Four soil sub-samples were taken from this 

study and ground to pass through a 2 mm and 250µm sieve (2 replicates of each 

soil) in order to check if the STP extraction could detect differences in P when 

manure was applied.  The STP measurements from the coarse and fine soils 

were different by 0.86± 0.38 mg kg-1.  The similarity of P measured suggests that 

aggregate size did not influence the amount of P extracted by the STP 

measurement. Procedural differences likely resulted in the dairy manure 

treatment being detected by the Hedley fractionation and not by the STP 
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extraction.  The implications of the STP not being able to measure these changes 

in labile Pi fractions should be assessed in terms of crop productivity and the 

potential for soil P losses. 

  The NaOH-Pi fraction was not influenced by rate, manure or their 

interaction in this study (Table 3.7 and Appendix B).  This fraction of soil P is 

described as the P that is chemisorbed on amorphous Al and Fe minerals (Zheng 

and MacLeod, 2005).  A potential explanation for the lack of change in the NaOH-

Pi fraction is the theory that the NaOH-Pi fraction acts as a sink and source of P 

depending on the situation (Zhang et al. 2004; Zheng et al. 2004; Kuo et al. 

2005).  In this experiment the rates of P application were not sufficient enough to 

generate a build up in the NaOH-Pi therefore it did not act as a P sink. Although, 

the application rates in this experiment were at or below crop removal, the 

drawdown of the labile Pi fractions during plant uptake was not sufficient enough 

to result in a detectable reduction in the NaOH-Pi. 
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Table 3.7:  Lsmean concentration values from ANOVA and sources of variation of 
each soil P fraction in soil samples collected after four applications of 
manure or inorganic fertilizer at the University of Guelph, Ridgetown 
Campus   

 

P Source Rate Resin 
         Bicarb   NaOH 

Resistant TP       Pi            Po      Pi            Po 

All 0 35.1 b† 33.6 b           
All 11 37.2 ab 36.4 ab      
All 22 40.4 a 38.6 a           
All 33 38.9 a 39.0 a      
                  
Inorganic  0 34.5 32.4 37.9 90.1 85.7 757.4 1028.8
Inorganic 11 40.1 37.3 37.1 90.9 85.3 784.6 1071.5
Inorganic 22 42.4 37.8 36.2 98.0 78.9 771.3 1073.8
Inorganic 33 42.3 45.4 39.2 97.4 82.4 782.9 1083.4
Beef 0 38.4 38.3 37.1 97.7 86.4 808.1 1099.3
Beef 11 37.5 38.2 36.2 98.3 76.9 819.5 1106.1
Beef 22 40.7 44.3 37.1 97.0 85.2 820.9 1137.0
Beef 33 37.5 33.6 35.2 94.3 80.7 779.2 1063.6
Dairy 0 34.5 34.1 37.8 99.9 82.9 754.4 1029.5
Dairy 11 36.9 36.6 38.3 91.4 81 790.9 1088.3
Dairy 22 36.9 37.3 26.1 103.7 103.1 794.1 1104.8
Dairy 33 37.6 42.5 38.3 98.8 97.1 803.0 1118.9
Swine 0 33.0 29.5 35.6 89.1 95.7 789.9 1111.8
Swine 11 34.4 33.6 33.6 90.3 89.7 761.9 1069.1
Swine 22 41.7 35.1 37.2 94.9 83.4 763.0 1057.1
Swine 33 38.1 34.3 27.3 94.0 101.1 764.3 1072.1
   
Source of Variation*                          
                                       --------------------------------------p value--------------------------------------- 
P Source 0.6104 0.2730€ 0.7430 0.3213 0.3562 0.5899 0.5393
Rate 0.0223 0.0061 0.6168 0.3399 0.6363 0.7665 0.4290
P Source*Rate 0.6715 0.0178 0.1759 0.8765 0.5191 0.0556 0.0554

† Numbers followed by the same letters within the same column are not 
significantly different at p≤0.05 
*Source of variation is significant if p ≤0.05 
€ LSD=7.60 
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3.4.4 Soil Organic Phosphorus 
 

 Soil Po fractions were not statistically influenced by application rate, 

manure type or the interaction (Appendix B).  Mean treatment values for all 

treatment combinations can be seen in Table 3.7.  The Bic-Po fraction of the soil 

is termed the labile Po that is held on the internal surfaces of soil aggregates and 

is easily mineralized; the NaOH Po is more strongly held by soil particles 

surfaces and is considered to be more stable than the Bic-Po (Hedley et al. 

1982). The lack of treatment affects on soil Po is in agreement with several 

studies (Zheng et al. 2003; O’Halloran 1993; Zhang et al. 2004).  One 

explanation is that inorganic fertilizers contain no Po and manure contains more 

Pi than Po.  Secondly, in this study the manure and fertilizer treatments did not 

significantly influence corn yields.  Since the amounts of residues returned to the 

soil were similar between treatments, one would not expect differences in 

mineralization rates and consequently the amount of Po (Zhang et al. 2004).    In 

a study conducted by O’Halloran (1993) 6 annual applications of dairy manure or 

inorganic fertilizer at 34 kg P ha-1 did not significantly influence concentrations of 

Bic-Po or NaOH-Po in a clay soil.  The manure applied in this study was not 

adding to the soil Po pools enough to be detectable and the depletion of Po was 

not sufficient to result in a detectable change.  
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3.4.5 Resistant Phosphorous Fractions and TP  
 

 The resistant fraction and TP were not influenced by application rate, 

manure source or their interaction (Appendix B).  Mean treatment values for all 

treatment combinations can be seen in Table 3.7.  In this soil the majority (72%) 

of the soil P was recovered in the resistant pool (Appendix C).  The HCl-Pi 

fraction accounted for 43% of the TP even though it was likely not a complete 

extraction as previously mentioned.  Zhang et al. (2004) also found that the HCl-

Pi fraction to be the dominant pool of soil P on a similar soil.  The high 

concentration of HCl-Pi measured in this study is indicative of calcareous soils.   

The lack of a treatment effect on the resistant fractions was expected 

considering the characteristics of this fraction, length of this study, and soil 

texture.  Numerous researchers have reported similar results (Zheng et al. 2004; 

Kuo et al. 2005; O’Halloran 1993; Zheng et al. 2003; Leinweber et al. 1999). 

These resistant fractions are considered to be the precipitated Pi plus humified 

Po compounds (Hedley et al. 1982).  As such, the fractions are very stable within 

the soil and not readily available for plant growth or influenced by annual P 

applications (Zhang et al.  2004). In addition, the combination of study period and 

soil texture could explain a lack of treatment affects in the resistant fraction.  The 

conversion of manure or fertilizer P to stable forms is a slow process and the 

presence of clays may buffer any conversion process (Zhang et al. 2004).  Thus 

the length of this study was likely not sufficient to detecting these changes to the 

resistant pool.  Given that the potential change in soil P was estimated to be 60 

µg P g-1 based on the P budget, it is not surprising that no significant change in 
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TP was detected considering the TP in the soil was in excess of 1000 µg P g-1.  

O’Halloran (1993) also found that P addition did not influence soil TP 

concentrations on similar soils. 

   

3.5 General Discussion and Conclusions 
 

 The findings of this study indicate that if soils used for corn production 

have a moderately high STP levels, then the addition of P amendments, whether 

chemical fertilizers or animal manures, is not likely to result in higher grain yields.  

The yields did not differ at rates up to and including 33 kg P ha-1 yr-1 applied over 

4 years.  This study also reiterated the characteristic differences between 

fertilizers and manures, by illustrating that varying rates of broadcast fertilizer can 

influence STP; however, similar rates of manure did not influence STP levels. 

The soil P fractions that were influenced by treatment were the labile resin and 

Bic-Pi. None of the organic or resistant fractions were influenced by rate and P 

source.  Lastly, the change in soil P budget seen over the 4 years of P 

applications was mostly accounted for in the labile P fractions measured by the 

Hedley Fractionation technique.   

 Overall, for a clay soil that is reaching the agronomic limit for P 

applications in Ontario, corn producers need not be concerned about lower yields 

due to restrictions on manure applications in the short term (i.e. 4 years).  In 

addition, this study determined that it will take considerable time to lower STP 

levels to a point where restrictions would no longer apply.  Limiting P additions, 
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as currently recommended by the Ontario P-Index, may not be adequate to 

reduce the loading of P to surface waters if the soil is the dominate source of P 

loss. Under these circumstances alternative management practices, such as 

erosion control and buffer strips, may be required to mitigate P losses to surface 

waters.  
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4.0 Conclusions 

 The problem of eutrophication of surface water is in need of immediate 

attention.  As a result, studies focusing on reducing P movement from agricultural 

fields are critical.  This thesis aimed to evaluate how typical farming practices, 

suggested BMPs, or the P-index can be used to minimize P additions to water 

bodies.   Pre-tillage is a suggested practice for reducing cracks and macropore 

conductivity from soil surface to subsurface water.  This study was not able to 

confirm or disprove the usefulness of PT.  Incorporation of manure is 

recommended for reducing nutrient losses and is also considered preferable to 

PT in the P-index.  This study did confirm that IN can reduce P losses in water 

leaving fields.   The PT & IN method was most effective at reducing P losses in 

some cases in this study.  However, a simple cost- benefit analyses would 

suggest that IN is just as effective, requires less resources, and involves less field 

traffic.   

   In terms of crop production, tillage treatment did not greatly influence 

grain P content or corn grain yields at Elora but at Ridgetown it did.  Manure 

application timing was also investigated.  Considering that a large quantity of P is 

lost from field during snow melt, it is most desirable to apply liquid manures in the 

spring rather than the fall.   

 In reference to the Ontario TP standard for surface waters, it is 

disconcerting that many of the TP concentrations recorded in this study were in 

excess of the 0.03 mg TP L-1 standard, even from the non-manured treatments.  

Elevated TP and DRP values were measured in drainage tiles, indicating that 
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tiles should indeed be considered in the P-index, if it is to effectively evaluate the 

vulnerability of fields to P losses.  

 The second study was representative of manure application practices and 

how manure type and rate can influence soil P pools.  Understanding soil P pools 

and STP levels is critical for knowing how much of the soil P is available for the 

plants and how much is vulnerable to loss.  After 4 years of the same treatments, 

only the labile soil P pools were influenced by treatment and the Po and resistant 

pools were unchanged.  The STP levels were changed only by the addition of 

inorganic fertilizers.  These findings reiterated the characteristic differences of 

organic amendments, such as animal manures, and commercial fertilizers.  

Manures add P to less available P pools and may be more available for years 

after application. Soluble fertilizers contribute to the labile soil P pools and are 

available immediately to plants.  Fertilizer P additions to soil P can become an 

immediate source of P if dissolved into water while manure additions to soil P can 

be more of a long term source of P. 

 Corn grain yields measured during this study were not influenced by 

treatment.  Soil test P levels were sufficient to sustain yields in treatments 

receiving no manure.  The P-index would suggest, based on the studied STP 

levels, that should there be limitations of P additions to this field, farmers need 

not be concerned about these restrictions because there was no detectable yield 

reduction during 4 years of no further manure addition.  In addition, this study 

illustrated the time it may take to lower STP levels to a point where P restrictions 
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would no longer apply.  Under these circumstances erosion control and buffer 

strips would be useful for reducing soil P losses. 

 Overall, in order to effectively manage P losses from a field, each 

individual field would need a specific management plan.  This study confirms that 

the current BMP’s are satisfactory for giving farmers options for controlling P 

transportation and subsequent losses.  The P-index needs some revision in order 

to include tile transportation of P in addition to more management suggestions 

that consider soil P pools, not measured by STP, as a source of P.  

4.1 Future Research 

 There are several questions that need to be answered in order to best 

monitor and understand P losses. In terms of continued research similar to the 

studies presented in this thesis, more tile work needs to be conducted in Ontario.  

Currently, there are only a few studies that monitor P in tiles.  If it is proposed that 

tile drainage needs to be considered in the Ontario P-index, we need to better 

quantify the amount of P that is lost and when peak losses occur.    Better 

understanding of how different crops interact with the soil and how the residues 

contribute to P losses during senescence would be beneficial to the P-index and 

BMPs.  It is known that cover crops can help stabilize soils and reduce PP; 

however,  more research into the amount and forms of P that are lost from 

residues during freeze-thaw events would expand  the P sources section of the 

P-index.  In addition, knowing how different crops influence P transport and runoff 

reduction would allow crop type to be another addition to the P-index.    
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 In terms of the bigger picture, there are several missing links in the field to 

surface water continuum.  More research into identifying how much of a field is 

actually contributing P to waterways would help specify where BMPs should be 

focused.  Currently, whole fields are deemed sources, but being more specific, 

for example focusing on a certain distance from a waterway, would help to target 

problem areas. Although watershed monitoring can be a large task, 

understanding where in a watershed the most P is being sourced would again 

help to specify problem zones. More attention and effort could be focused at 

these areas.  Also, if a whole watershed was monitored then the divide between 

residential and agricultural contributions may be better understood.  More 

research into how transport mediums, rivers and streams, and storm hydrology 

influence P would be beneficial.  Efforts should be made towards better 

understanding how storm severity can move water in a stream or river and how 

the turbidity and flow influence DRP and PP movement into lakes and oceans.  

Lastly, another process that could be further researched is the buffering capacity 

of rivers and streams.  Researchers have noted that streams and rivers can act 

as large sinks for P, but eventually the P will move with erosive forces and by 

desorption from sediments.  Understanding how much P can be held in a river or 

stream and when the P may become a source is also important.  

 Looking at more specifics at all scales, field to watershed, will help to 

improve current regulations in Ontario.  In addition, better understanding the 

processes from field to water body will provide more specific information to 

farmers which may result in actions on the farm. 
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 Figure A-1: Mean corn grain yields for 2004 (n=4) 
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Figure A-2: Mean corn grain yields for 2005 (n=4) 
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Figure A-1: Mean corn grain yields for 2004 (n=4) 
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Figure A-3: Mean corn grain yields for 2006 (n=4) 
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Figure B-1: Amount of soil P extracted in the resin extract for each P source 
 (n=4) 

 

 

Figure B -2: Amount of soil P extracted in the Bic-Pi extract for each P source 
 (n=4) 
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Figure B -3: Amount of soil P extracted in the Bic-Po extract for each P source 
 (n=4) 

 

 

 

Figure B -4: Amount of soil P extracted in the NaOH-Pi extract for each P source 
 (n=4) 
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Figure B -5: Amount of soil P extracted in the NaOH-Po extract for each P source 
 (n=4) 

 

 

Figure B -6: Amount of soil P extracted in the HCl Pi extract for each P source 
 (n=4) 
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Figure B -7: Amount of soil P extracted in the residual extract for each P source 
 (n=4) 

 

 

Figure B -8: Amount of soil TP extracted from all extractants  
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Figure C-1: The percentage of TP from each extract  
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