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ABSTRACT 

 

CHARACTERIZING PHOSPHORUS LOSS IN SURFACE RUNOFF: IMPACT OF 

SOURCE, APPLICATION METHOD AND WETTING-DRYING CYCLES 

 

Busayo Omobolanle Kodaolu 

University of Guelph, 2019 

Advisor: 

Dr. Ivan O’Halloran 

 

Previous studies have shown greater risk of Phosphorus (P) loss from commercial fertilizer (CF) 

than manure especially when they are surface applied. The P losses from soils of varying texture 

amended with either CF or manure at rates comparable to agronomic recommendation for CF was 

studied. Manure represented a greater and steady source of dissolved P to runoff. In addition, 

surface-placed P presented the greatest risk of P losses to runoff, while a subsurface band was a 

much better option of placing P except where efficient P source burial was restricted. The 

importance of post-application soil moisture condition prior to runoff on P losses was also 

examined. Exposing the soils to wetting and drying cycles increased the potential for dissolved P 

losses compared to when the soils were always wet. Selection of on-farm P management strategies 

should target appropriate P sources, rate, placement and timing while considering the soil’s 

properties. 
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CHAPTER ONE 

1.0 General Introduction 

1.1 Research Background 

1.1.1 Phosphorus Loss to the Environment 

Phosphorus (P) is an essential nutrient to all living things and therefore an indispensable resource. 

It is a macronutrient needed by plant for optimum conversion of chemical energy into usable form, 

thus a critical component of animal and human diets. Phosphorus together with Nitrogen (N) and 

potassium (K) are macro essential plant nutrients. While N and K are geochemically abundant in 

a natural soil system, P is a trace element (Brink, 1978). Soil P depletes as soil ages due to 

weathering of P primary mineral apatite (Yang and Post, 2011). In addition, P easily transforms 

from available forms to less available forms through sorption process depending on soil properties 

and management. External P input, such as commercial fertilizer (CF) and manure is the major P 

entry point into soil (Brady and Weils, 2007). This added P may find its way into waterways 

thereby causing eutrophication leading to harmful algae blooms (HABs).  

Earlier advocacy for conservation tillage to reduce sediment bound P losses (IJC, 1987) coupled 

with excess P applications led to P stratification within surface soil (top 2cm) noted to be 

particularly important to surface P runoff (Sharpley, 1985; Dodd and Sharpley, 2016). 

Furthermore, manure is often applied at application rates to meet the N requirements of a crop, 

and this will often result in excess P. In Ontario,  ~ 64% of the soil sample results for soil test P in 

2015 were in the rare or no response range (i.e. > 30 ppm Olsen P) confirming an accumulation of 

soil P above crop requirements (IPNI 2015). Excess P applications, intended to serve as insurance 

to prevent crop failure, usually stem from false knowledge of P unavailability in soil via adsorption 
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reactions (Sharpley et al. 2013; Withers et al. 2014). The continuum of bonding energies among 

soil P pools established by Syers et al. (2008) refutes the long-held views that fixed P/stable P is 

irreversibly unavailable. Furthermore, Ribey and O’Halloran (2016) reported a negative P budget 

(-120 kg ha-1) from fields receiving no P nutrient for 4 years without sacrificing corn grain yield 

with minor soil test P changes when compared to those that received P treatments. This finding 

supports a dynamic and rapid rate of P redistribution among soil P forms upon depletion of solution 

P to re-establish an equilibrium of available P. The legacy P (i.e. residual P), however, has been 

shown to cause more environmental damages than agronomic benefit by degrading surface water 

quality (Sharpley et al. 2013).  

Phosphorus loss, especially from agricultural fields, has become an environmental nuisance due 

to eutrophication of fresh water, leading to HABs. Increasing HABs are one of the leading 

environmental concerns in North America. Recent record of HABs place Lake Erie, the most 

biological and economically productive among the Great Lakes, at the center of this problem. 

Records of P loss into Lake Erie showed P being maintained at the established loading target of 

11,000 t y-1 over the last decade (Nutrient Annex Subcommittee, 2015).  Current HABs, however, 

appear to relate more to increasing proportion of dissolve reactive P (DRP) in the lake without a 

corresponding increase in the total P (TP) loss (USEPA, 2015). Michalak et al. (2013) reported 

about 218 % increase in DRP loss between 2005 and 2011 from agricultural watersheds into the 

western region of Lake Erie. An average of 71 % and 78 % of Canada’s DRP and TP losses, 

respectively, to Lake Erie were linked to the 75% of the land area under agricultural use on 

Canada’s side of the basin (ECCC-OMOECC, 2018). The increasing DRP is concerning because 

~100 % of it is readily available for algal and aquatic plant growth. Maintaining P fertility without 

sacrificing the environment is therefore a challenge. 
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1.1.2 Mitigation strategies 

Sources of P delivered to Lake Erie can be categorized into point and non-point sources. Point 

sources are known sources that deliver P directly to Lake Erie such as those from sewage treatment 

plants and industrial discharge. Non-point sources are from unknown diffuse agricultural lands, 

storm water and residential lawns in urban areas. In 1972, the first Great Lakes water quality 

agreement (GLWQA) was signed between Canada and US to protect and restore the deteriorating 

conditions of the lake. This was modified in 1978 to target point sources of P. The set target was 

achieved by removal of P from detergents and upgrades of sewage treatment plants which supplied 

95 % of point source P to the lake (Dolan and McGunagle, 2005), and implementation of 

agricultural best management practices (BMPs) (Baker and Richard, 2002; Richard et al., 2008). 

These BMPs controlled erosional P loss bound to sediment (i.e. particulate P (PP)), but not 

dissolved P (Joosse and Baker, 2011); since 75-90 % of agricultural P loss at that time was PP 

(OHEPA, 2010). The successes of better nutrient balances and improved water quality from these 

actions were short lived with re-emerging HABs and its associated consequences in the mid-1990s. 

Change in observed dominant species of HABs from Anabaena and Aphanizomenon in the 1960-

1970s to now Microcystis, further suggests that factors causing the current HABs are different 

(Joosse and Baker, 2011) and appropriate modification to agricultural BMPs are urgently needed. 

Ontario’s government enacted the nutrient management act in 2002 and supported the 4R (right 

source, place, time and rate) nutrient stewardship concept (Fertilizer Canada, 2016) to ensure safe 

and sustainable agricultural environment.  Risk assessment tools, like Ontario P-index (OPI), were 

adapted from US index to aid decisions on management practices to mitigate P loss (O’Halloran 

2010; Reid, 2011). However, OPI lacks Ontario-based scientific field validations (O’Halloran 

2010). It places a high priority on soil test P and PP loss via soil erosion; O’Halloran (2010) and 
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Reid (2011) identified that these factors are less important considering the emerging problems of 

increased DRP in surface waters. Furthermore, there is no clear distinction between inherent risks 

(i.e. those based on soil and landscape characteristics), and those imposed by P application such 

as source, timing and method of P application (O’Halloran 2010; Reid, 2011). This makes it 

difficult to confidently recommend appropriate actions for P-loss mitigation, a priority research 

need identified by O’Halloran (2010).  Presently, there is a proposed modified index (Reid, 2011), 

but it needs verification from research on management practices that specifically target DRP loss.  

Canada-USA recently signed a new GLWQA and adopted a goal of reducing both DRP and TP 

loss by 40 % using the 2008 P loss as baseline (EPA-ECCC, 2016). Consequently, Canada-Ontario 

released an action plan in early 2018 to achieve the P reduction targets from Canadian sources. 

Part of the outlined action plans were to implement appropriate BMPs to reduce P loss from 

agricultural sources; to better understand nutrient dynamics in the Lake Erie basin through research 

aimed at improving the existing BMPs; and develop new innovative practices and technology for 

P loss reduction. Scavia et al., (2016) illustrated the possibilities of achieving the 40 % P reduction 

with appropriate BMPs for the Maumee watershed in the US, which is a major contributor of P to 

the western basin of Lake Erie. However, it is unknown if these BMPs will be equally effective 

when P loadings from agricultural land are much lower, such as those found in Ontario. Clearly, 

actions on P loss reduction should be site specific as opposed to generalized action plans as fields 

differ in characteristics (Schroeder et al. 2004; Penn et al. 2006; Wang et al. 2010). 

 

 



5 
 

1.2 Research Objectives 

The objectives of this study are therefore to: 

1. Quantify and characterize P loss from commercial fertilizer and manure treated soils, and 

compare the impact of different placements on P loss from soils with differing texture over 

two consecutive rainfall events; and 

2. Investigate the impact of wetting-drying cycles on P loss from commercial fertilizer treated 

soils of varying texture. 

This thesis is organized into four chapters. The first chapter introduces the broad research problem 

and a review of the scientific literature on existing knowledge related to this study. The second 

chapter addresses the first objective, which provides information on P losses from soils treated 

with different P sources and placements. The third chapter addresses the second objective through 

an investigation of how soil-environmental condition after P application, wetting-drying cycles or 

wetting, might influence P losses from soil.  The fourth chapter is a general conclusion from the 

previous chapters and recommendations for future research. 
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1.3 Literature Review 

This literature review will provide information on existing knowledge on impact of soil test or 

applied nutrients such as commercial fertilizer and manure on P loss via surface runoff. Impacts 

of factors (source solubility, placement, time between application and first runoff and application 

rates and soil properties) controlling P loss from these sources will be presented. Lastly, the 

influence of wetting-drying cycle on above highlighted factors controlling P losses will be 

reviewed.  

1.3.1 Phosphorus Management Practices 

Phosphorus management practices have been summarized into the 4R nutrient stewardship 

strategy. This strategy was implemented by fertilizer companies to demonstrate a proactive effort 

to address nutrient management by the industry and to avoid policy intervention by governments 

(Johnston and Bruulsema, 2014). The 4R represents right source of nutrient applied at the right 

rate, right time and right place. The challenge, however, is balancing these factors to achieve 

efficient nutrient use by crops, and sustained environment without sacrificing farm profit. 

Phosphorus source and transport factor are two broad factors considered in determining relative 

risk of P loss from fields using the P-index (Lemunyon and Gilbert, 1993; Reid, 2011). The focus 

of this review is on the source factor. 

1.3.2 Source Factor 

1.3.2.1 Soil test P 

Soil tests can be divided into agronomic and environmental tests. In Ontario, Olsen P (bicarbonate 

at pH 8.5) is the recommended soil test P (STP) method for agronomic purposes; and it’s an 

integral component of P-index used to predict risk of environmental P loss (Reid, 2011). Currently 

in Ontario, a P-index computation is recommended when the STP is above 30 mg P kg-1 of soil 
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(OMAFRA, 2009) and the result used to guide subsequent P applications. However, use of an 

agronomic test for predicting environmental P loss has raised some arguments. For instance, Pote 

et al. (1996) and Wang et al. (2010) reported that both Olsen-P and water extractable P (WEP) 

were positively related to runoff DRP in soils that has no recent history of P application, with WEP 

accounting for more runoff DRP compared to Olsen P. They concluded that WEP is a better soil 

test when predicting risk of environmental P loss. Contrarily, Kumaragamage et al. (2011) reported 

the superiority of Olsen P in predicting runoff P losses over WEP. In their study however, 100 kg 

P ha-1 was incubated with the soil 6 weeks before soil testing and runoff collection. They in fact 

observed a weaker relationship (r2) between runoff DRP concentration and soil test, 0.43 and 0.28 

for Olsen P and WEP respectively, compared to 0.72 and 0.89 for Olsen P and WEP in Wang et 

al. (2010).  Previous reports have shown weak or no relationship between soil test and runoff loss 

when P was recently applied compared to untreated soils (Eghball et al. 2002; Kleinman et al. 

2002; Delaune et al. 2004), concluding that P losses were indicative of P solubility in the recently 

applied sources and not STP. Moreover, STP is considered the P baseline level at or near 

equilibrium, which usually requires periods greater than 2 months after recent fertilizer application 

(Haden et al. 2007).  

In Deverede et al. (2004) and Tarkalson and Robert (2004), STP influenced runoff DRP loss only 

when applied P was incorporated. Although, STP might influence P sorption from recently applied 

P via its influence on degree of P saturation (DPS), it in turn determines adsorbing ability or risk 

of P loss from fertilized soils (Wang et al. 2010, 2016). In Kleinman et al. (2002), the higher DRP 

loss from high STP soils when P was surface applied and not incorporated were attributed to 

differential buffering of runoff DRP by intact soil and lower sorption capacity of runoff sediment 

from high STP soils. While STP is important for P loss management, addition of P into the soil 
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system introduces other variables that control P loss. Initial soil P might be an indirect factor 

controlling P loss depending on P management and the soil type. 

1.3.2.2 Applied Phosphorus Source  

 Phosphorus solubility 

Studies of applied manure and commercial fertilizer (CF) showed that  P losses were affected for 

days following application irrespective of background concentration of P in the soil (Kleinman et 

al. 2002; Tabbara, 2003; DeLaune et al. 2004; Shigaki et al. 2006; Smith et al. 2007; 

Kumaragamage et al. 2011; Mallarino and Haq, 2015; Roberts and Isreal, 2017). Applied P 

immediately alters the chemical equilibrium between the different forms of P in soil; Mallarino 

(2008) defined this as ‘a fast and sharp increase in solution P at point of application’. This 

immediate effect on solution P is usually nullified by soil properties when the chemical quasi-

equilibrium is re-established as time progresses (Mallarino, 2008) although rate of P applied may 

be a factor. The extent of P loss from different P sources has been linked to P solubility in the 

applied sources (DeLaune et al. 2004; Mallarino and Haq, 2015; Roberts and Isreal, 2017). Shigaki 

et al. (2006) reported greater concentration of P in runoff from soil that received CF compared to 

swine manure when P was applied at the same rate of 100 kg P ha-1. In this instance, there was a 

higher water-soluble P (WSP) % in CF (79% WSP) compared to (30 % WSP) in the manure. In 

contrast, Smith et al. (2007) observed that swine manure released more P to runoff compared to 

CF when P was applied at a lower rate of 35 kg P ha-1, although in this study the ratio of WSP to 

TP in manure (0.93) was higher than that of CF (0.69).  Thus, the ratio of water-soluble P to total 

P (i.e. % WSP) in the P source had a stronger relationship with P concentration in runoff when 

materials were surface applied at the same rate of P. 



9 
 

 Phosphorus solubility in manures and CFs differ and is a function of the organic and inorganic 

forms present. The CF contains only inorganic forms of P, as either a single monomer (e.g. 

monoammonium phosphate) or polymers (e.g. Ammonium polyphosphate) of hydrolysable 

orthophosphate; that are synthesized from less soluble rock phosphate by acidulation to produce 

highly soluble orthophosphate (PP1, 1999). Percent WSP of CF is high, somewhat fixed and 

predictable. It is an immediate source of readily available soluble P; thus, greater risks of P loss 

are usually associated with CF. However, manure inorganic P forms ranges from 10- 90 % of the 

manure TP depending on animal type, animal nutrition, moisture content and manure storage 

(Kleinman et al. 2005) with the remaining accounted for by organic P. 

 For Ontario, manure nutrient availability (OMAFRA’s 2013 Fact Sheet order no. 13-043), only 

40% of manure P is considered to be as available as CF to the crop in the year of application, while 

80% would contribute to STP levels in subsequent years. This figure of 40 % available P is 

potentially underestimating P availability, especially if the manure source has high % WSP 

contents such as those in the Smith et al. (2007) study. Indeed, recent work by Hoa et al. (2015) in 

Ontario clearly demonstrated P uptake from liquid and solid swine manure by corn and soybean 

was similar to triple super phosphate fertilizer, while composted swine manure was lower by 

approximately 25%, which still greatly exceeds the 40% factor in current recommendations. The 

similar plant P availabilities of some manure sources and CF, raises the serious question of risk of 

P loss if it is being applied in excessive amounts relative to crop need. In addition, manure may 

alter some important soil physical properties that control infiltration and erosion (McDowell et al., 

2004) as well as P sorption (Leytem et al. 2005), thereby affecting P runoff beyond simply the 

amount of WSP added.   
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 Placement  

Position of the available P pool is critical when considering P loss potential. Material left on the 

soil surface has the greatest risk of loss (Tabbara, 2003; Deverede et al. 2004; Tarkalson and 

Mikkelsen, 2004; Allen and Mallarino 2008; Reid, 2011). Phosphorus sources can either be surface 

broadcasted with or without incorporation, surface banded or subsurface banded. Stratification of 

P in the soil is a natural process reflecting plant removal of P from the soil profile and return to the 

soil surface through crop residues. Surface or near surface applications of P accentuate this 

stratification (Dodds and Sharpley, 2016). With P accumulation in the surface soil layer, chemical 

adsorption of P might be reduced due to a P sparing effect (Barrow, 2015), depending on the soil’s 

initial STP and DPS. Consequently, with soil adsorption of P diminished, residual P and applied P 

may be more environmentally available and a greater risk of loss in runoff.  Removing P 

applications from the soil surface is desirable, although a major downside to manure application 

is its bulkiness, which might restrict efficient incorporation/banding of manure. Incorporation of 

either manure or CF has been reported to reduce P loss to levels not significantly different from 

controls (Kleinman et al. 2002; Deverede et al. 2004; Tarkalson and Mikkelsen, 2004). In research 

conducted by Kleinman et al. (2002), a decline in runoff DRP from 64 % to 9 % of TP was 

observed when 100 kg P ha-1 was mixed with the soil. This incorporation effect on P loss was 

related to chemical adsorption of soluble P released from the applied P when degree of soil-source 

interaction was increased as well as reducing the amount of applied P on the surface and left in 

direct contact with runoff water. Incorporating P also predisposes the soil to erosion. Kleinman et 

al. (2002) and Tabbara (2003) reported higher total solid /particulate P loss when P was 

incorporated compared to non-incorporated treatments. This effect was due to soil disturbances 

during incorporation which breaks down soil aggregates thus making the soil particles easier to be 
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transported in runoff. In most cases, however, the increase in erosion potential due to soil 

disturbance does not translate to increase mass loss of P (Kleinman et al. 2002).   

Placement can also influence water partitioning when P sources with different physical 

characteristics is surface applied. This effect is related to surface sealing and is greatest with liquid 

manures or slurry applications (Smith et al. 2001; Unc and Goss 2006), which would block surface 

soil pores thereby increase runoff P loss as either particulate or soluble P. The mechanism involves 

reduced water permeability at the soil surface thereby creating enough time for manure-water 

interactions and hence dissolution of both organic and inorganic forms of P in manure. This sealing 

effect is however removed with incorporated (Tabbara 2003).  

Placing P below the effective depth of runoff interaction (EDI) (top 2 cm of soil) via subsurface 

banding will effectively create a physical separation between runoff and applied P thereby limiting 

its environmental availability. Moreover, subsurface banding is an effective means of placing P 

for enhanced early crop growth and efficient root uptake (IPNI, 2010). There have been studies 

comparing the effects of incorporating and not incorporating broadcast manures (Allen and 

Mallarino, 2008); CF and manures (Kleinman et al. 2002; Tabbara 2003; Daverede et al. 2004; 

Tarkalson and Robert, 2004) on P loss but few studies have compared those methods with banding 

(surface or subsurface) and the resulting impact on DRP or TP loss.    

 Time Interval between application and runoff 

Several studies reporting greater P loss from CF than manures have collected runoff 24-hr after P 

application (Tabbara, 2003; Shigaki et al. 2006; Mallarino and Haq, 2015; Roberts and Isreal, 

2017). In Kleinman et al. (2002), loss from CF was either significantly lower or not different from 

manured soils when P was applied at 100 kg P/ ha and runoff delayed till 72-hr (3 days) after 

application. Relating source WSP to DRP loss resulted in a linear regression line (r2= 0.86) only 
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when CF was excluded from the analysis. Only manure P solubility seems to be the main variable 

influencing P loss in their studies contrary to both CF and manure P solubility in Shigaki et al. 

(2006) where runoff was collected 24-hr after treatment application. Audette et al. (2016) reported 

a rapid decay constant in P availability of 0.38 mg P kg-1 per day for CF compared to 0.05 mg P 

kg-1 per day from manure. Faster decay rate of P in CF soils may restrict risk of loss to a few days 

after application. Manure on the other hand might represent a greater P source risk to runoff 

depending on its WSP content as time progress (Kleinman et al 2002; Audette et al. 2016). 

Furthermore, differences in P retention mechanism of P from CF and manure have been reported; 

Kashem et al. (2004) observed precipitation as the major retention mechanism in CF soil due to 

higher P concentration at the site of application compared to surface adsorption in manured soil. 

These two factors, faster decay rate and different retention mechanism, might explain the lower P 

recovery from commercial fertilized soil in Kleinman et al. (2002) despite having greater 

percentage of soluble P.  

Temporal pattern in runoff P loss have been reported in manured soil (Kleinman and Sharpley, 

2003; Allen and Mallarino, 2008); manure and CF treated soil (Smith et al, 2007), with greater P 

loss in first runoff and decreasing in subsequent runoff events. Rapid rate of labile P transformation 

to less available P in CF relative to manured soil have been reported when the treatments were 

incubated with the soil (Kashem et al. 2004; Audette et al. 2016). Considering surface applied CF 

and manure impact on runoff P loss decline as time progress, Smith et al. (2007) reported a greater 

decline rate in swine manured soil than in CF when runoff occurred between 1 – 29 days after the 

first runoff event. The difference in rapid transformation from incubated soil and actual runoff loss 

might be due to the application method. In incubation, P was thoroughly mixed with soil. In fact, 

in Audette et al. (2016), the CF source was first dissolved in water; this together with increased 
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source-soil interaction through mixing and different retention mechanism might have contributed 

to the rapid P transformation in CF soils. 

Runoff collection 24-h after treatment application estimates P loss that represent direct P extraction 

from P sources which in most cases does not represent a real world situation. Studies comparing 

P loss from CF and manures have also been primarily compared based on just one runoff which is 

collected usually 24-h after treatment application. It is important to report P decline rate as 

influence by the P sources and their application method.  In addition, as will be discussed later, 

changes in soil conditions (e.g. moisture) may also impact the extent of soil-P interactions and thus 

P availability for loss.  

 Rate of application 

Phosphorus mobility in soil is very limited as P moves primarily away from the point of application 

by diffusion (Robert and Johnston, 2015). Phosphorus levels build-up in soil when P is applied 

above crop removal is due to several retention mechanism simultaneously occurring in soil. This 

P build-up is further aggravated by conservation tillage often leading to P forming strata at the soil 

surface (Dodds and Sharpley, 2016). In Ontario, P application is recommended at 20 kg P2O5 ha-1 

when soil test is above 20 mg P kg-1 and below 30 mg P kg-1 of soil (OMAFRA, 2009) or P-index 

used to guide subsequent P application. Ribey and O’Halloran (2016) showed corn yield to be non-

responsive to P application at or below crop’s removal when STP was 24 mg P kg-1; suggesting 

the P applications restrictions imposed by the P-index recommendations would be unlikely to 

impact crop yields. As rate of application increased, Ribey and O’Halloran (2016) observed an 

increase in soil labile P; they also reported that this increase was consistent irrespective of P source. 

Similarly, the corresponding contribution to P loss increased with increasing application rate 

(Kleinman and Sharpley, 2003; Duminda et al. 2016). In the reviewed studies, manure P was either 
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applied above crop removal or applied based on crop N requirement. This excess application of P 

often lead to greater P losses in these studies but might not represent actual P loss potential from 

different P sources. Excess P would overwhelm the sorption sites thereby leading to decreased 

sorption potential of those soils. As adsorption proceeds, the ability of the soil to act as a P sink is 

reduced and P sparing effects is initiated. Consequently, residual P becomes more environmentally 

available (Barrow, 2015). To date only agronomic response to reduced P application from 

dissimilar sources has been tested (Ribey and O’Halloran, 2016). The impact of P-index 

recommendations on environmental P loss therefore needs to be reported.  

1.3.3 Soil Factor 

Phosphorus management has been known to be site specific as factors affecting P vary spatially 

and temporally from soil to soil. Holtan et al. (1988) indicated that adsorption reactions in soil are 

rather difficult to understand because of the complex nature of soils and varying concentrations of 

Fe, Al, Ca, pH, organic carbon and texture in soil. O’Halloran et al. (1985) studied spatial variation 

of soil P and reported 90 % of available P variability was caused by texture at a site in 

Saskatchewan. Soil organic carbon competes with P for sorption sites, hence negatively affects P 

sorption (McDowell and Sharpley, 2001). The presence of Ca and Mg was reported to counteract 

negative influence of organic carbon on P sorption in calcareous soils (Ige et al. 2005). Schroeder 

et al. (2004) reported that site specific information such as the Al and Fe contents aids in better 

prediction of runoff P loss. Similarly, Penn et al. (2006) observed a negative relationship (r2 = 0.76) 

between Y-intercept of relationship between runoff DRP-WEP and clay content of soils from 

different physiographic regions. A positive (r=0.89) relationship was reported between clay and 

Al+Fe contents of soil (Zhang et al. 2003). These soil properties are usually used to predict the 

soil’s sorption capacity and the associated risk of P loss (Wang et al. 2010); although P retention 
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in alkaline soil is more related to clay, Ca and Mg contents in soil (Ige et al. 2005). Potential for P 

loss in six different Ontario soils was found to be soil specific with pH and texture being the 

determining factor (Wang et al. 2010). Coarse textured soils lost more DRP in runoff compared to 

the fine-textured soils (Cox and Hendricks, 2000; Wang et al. 2010; Kumaragamage et al. 2011). 

Soil property-P relationships are annulled with recent P applications, especially with broadcasted 

P without incorporation (Shigaki et al. 2006). Organic carbon from manure application was 

reported to reduce P solubility as a result of microbes immobilizing the applied P.  However this 

was observed in semi-arid calcareous soils that had a low carbon content (Leytem et al. 2004). 

Commercial fertilizer caused a greater increase in available P in coarse textured soils relative to 

fine textured soils, also an indication of P sorption and buffering capacity in fine textured soil 

(Zheng et al. 2003; Duminda et al. 2016). Rate and amount of P released in coarse textured soil 

decreased faster relative to fine textured soil as runoff progresses with time (Wang et al. 2011). 

Aside from the soil’s chemical property influence on dynamics of P from applied sources and 

subsequent effect on P release potential, soil property has a physical effect on water movement 

(infiltration or overland flow). The extent of water and top soil interaction in fine soil is increased 

leading to more P desorption; Wang et al. (2011) explained that this effect might cancel the higher 

binding energy effect of fine textured soil with eventual higher P loss. While amount of soluble P 

within EDI might control initial P desorption rates, soil texture influences loss once this initial 

solution P pool is exhausted (Wang et al. 2011). 

1.3.4. Effects of Wetting-Drying cycle on P in Recently Treated Soil  

1.3.4.1 Soil Water Regimes  

Water is a universal solvent and a primary driver for P loss. It is important for nutrient management 

in soil by providing a pool of nutrients that is readily available for plant uptake. Solution P or 
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orthophosphate (H2PO4
-, HPO4

2-) from applied P is available for immediate plant uptake and is in 

dynamic equilibrium with a more reactive form of P at the exchange site via adsorption reaction. 

Phosphorus sorption in soil is initially a reversible specific sorption because of greater affinity for 

P relative to other anions. Briefly, negatively charged P in soil solution is attracted to variable 

charged surfaces in a process called anion exchange reaction. As time progresses, the ease of P 

desorption decreases as P forms an inner-sphere complex with Al and Fe oxides through a process 

called ligand exchange. Barrow (2015) described this process as P sparing effect by diffusive 

transfer of P into adsorbing surfaces. In a calcareous soil however, Ca and Mg is responsible for 

the soil sorption reaction (Lindsay et al. 1989). Soil P sorption and availability was linked to the 

soil’s physical and chemical properties (Ige et al. 2005). Some of the soil properties influencing P 

sorption and availability were presented in previous sections.  

Water has a direct and indirect impact on soil P chemistry; aside from the fluctuations in soil water 

that occurs with precipitation and evapotranspiration, water can also change the physio-chemical 

conditions of the soil. Different water regimes occur in soil; the waterlogged condition where all 

soil pores are filled with water, field capacity condition where soil pores are filled with both air 

and water and a dry soil condition where soil pores contain only air. Soil water reserve is controlled 

by the local climate, particularly precipitation and temperature. In Ontario, precipitation is 

somewhat evenly distributed throughout the year. However, due to seasonal differences in 

evapotranspiration, soil water tends to fluctuate between dry and wet condition throughout the 

spring-summer period and soil moisture recharges in fall-spring. This difference in soil water 

regime in Ontario coincides with the two periods where P application is common i.e. spring 

application or fall application. It is therefore important to understand the impacts these soil water 

conditions might have on P transformations and availability to environment. 
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1.3.4.2 Effects of Soil Water Regimes on P availability  

Araujo et al. (2017) reported differences in P recovery when soils were subjected to wetting (100% 

water retention capacity)-drying cycles or a constant moisture (80% water retention capacity) 

conditions after a four-month incubation with P. They related these differences to greater soil-P 

contact in soil kept under constant moisture conditions leading to a much lesser P recovery. Olsen 

and Court (1982) reported higher adsorption and desorption in soil after rewetting and drying. The 

drying effect was observed to initiate a ‘disequilibrium state’ in soil by increasing P 

affinity/sorption sites. Soil acidity, organic matter solubility and P solubility were reported to 

increase with drying. Aside from changes in soil chemistry, Olsen and Court (1982) attributed the 

observed increased adsorption with wetting and drying to breakdown of soil structure that occurs 

after rewetting a dry soil; this breakdown exposes new surfaces for adsorption (Sawhney and Hills, 

1975; Bartlett and James 1980). While Araujo et al. (2017) did not report on weather P sorption 

was increased or decreased with wetting and drying cycle (WDC), they reported an increase in P 

desorption. This property can be explained by the unstable state of the soil due to wetting-drying 

cycles. 

Phosphorus recovery following WDC was also related to fixation capacity of the soil. Araujo et 

al. (2017) observed a lower P recovery from soils from the B-horizon which were high in Al and 

Fe compared to the top soil after WDC. Although no marked difference in P recovery was observed 

in top soil after WDC and continuously wet soil moisture conditions, the slightly weather soil 

showed a greater tendency for P desorption after WDC. Tuner and Haygarth (2001) related 

increases in P availability to flush of microbial activity on rewetting a dry soil leading to 

exponential rate of P mineralization and lysing of microbial cells due to moisture stress. This 
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presumably could also influence the mineralization/immobilization of different P sources added to 

the soil (i.e. manure vs CF). 

While there are limited studies on effect of WDC on soil P availability, the few studies have only 

quantified P availability from incubated soil via soil testing with recent P application (Araujo et 

al. 2017) and without recent P application (Olsen and court 1982). With two primary periods of P 

application in Canada, spring and fall, there is need to study the effect of WDC on runoff P loss 

after P application; and understand how this might influence different forms of CF source (solid 

or liquid) and application methods under differing soil textures. 

1.3.5 Forms of Phosphorus in Runoff Water 

Phosphorus collected in runoff is classified into DRP, total dissolved P (TDP) and Total P based 

on their physiochemical characterization which can be related to their availability for algae growth 

in fresh water system. Total P refers to the total amount of P collected in runoff, which does not 

usually translate to immediate availability for algae growth. However, its measurement gives 

insight into future consequences associated with its loss. Total dissolved P and DRP are quantified 

as the P passing through a 0.45-µm filter that is colorimetrical reactive with and without digestion 

after filtering, respectively. While TDP contains both organic and inorganic dissolved P, DRP 

measures immediate bioavailable P (i.e. orthophosphate).  

Particulate P is indirectly estimated by the difference between (TP-TDP). This represents the form 

of P that is bound to sediment retained on a 0.45-µm filter and it is not readily bio-available but 

contributes to eutrophication over time. 
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1.3.6 Phosphorus Loss Pathway 

With greater environmental concerns associated with P losses, determining the major P loss 

pathway is a step closer to understanding the mechanism of P loss and proffering a suitable 

solution. Once P is desorbed, it moves out of the soil via surface or subsurface pathways (Tan and 

Zhang, 2011; Van Esbroeck et al. 2016). Water is the primary P driver off the field. Water 

management determines partitioning of P into different pathways (Tan and Zhang, 2011). 

Phosphorus was initially thought to be primarily lost via erosional surface P loss in form of 

sediment bound P (Mcdowell et al. 2001) since soils are believed to be efficient P filters. However, 

subsurface losses are also an obvious P loss pathway (Tan and Zhang, 2011; Van Esbroeck et al. 

2016) via preferential flow pathways and drainage networks. In wet regions of North America, tile 

drainage is usually installed to remove excess water from field for efficient crop production. This 

has been found in recent time to be a source of P to surface water. Although P losses occur through 

surface or subsurface pathways (Tan and Zhang, 2011; Wang et al. 2010), surface runoff is the 

dominant P loss pathway (Van Esbroeck et al. 2016). Van Esbroeck et al. (2016) observed reduced 

runoff volumes from surface runoff (10-22 %) relative to subsurface loss via tile drainage (70-90 

%); however, higher concentrations of DRP and TP in surface runoff suggested surface runoff as 

the major P loss pathway in Ontario. 

1.3.7 Summary 

The studies reviewed above established the impact of soil test, recent P application as either 

manure or CF, placement method, rate and time of P application as well as the impact of soil 

differences on P losses especially via surface runoff. However, research gaps were identified. Soil 

test P is an indirect factor affecting P loss to runoff, and recent P application plays an important 

role in the risk of P loss to environment. There is no information on the relative risk of P loss from 
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manure and CF when P application is based on lower P application rates that would be reflective 

of provincial recommendations. Most of the reviewed studies have consider CF to be a greater 

source of P to runoff because of its higher % WSP compared to manure. These studies appear to 

overestimate the relative risk of P losses from CF as P application is far above the recommended 

rates, surface P application coupled with runoff collected 24-h after application. In addition, 

seasonal variation in P losses has been linked to periods of increased water transport. Information 

presented above confirms that varying soil moisture condition affects the physiochemical 

properties of the soil, however, the link between this physiochemical changes and P availability 

for loss in runoff have not been reported.  
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CONNECTING PARAGRAPH 

 The literature review suggests that there is a consensus that CF is at a greater risk of loss compared 

to manure sources. This chapter characterizes P losses when CF or manure are surface applied 

with or without incorporation, and surface or subsurface banded. In addition, P is applied based on 

an economic crop response according to OMAFRA recommendation for commercial fertilizer, and 

runoff collected 7 days after P application.   
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CHAPTER TWO 

Phosphorus Losses in Simulated Rainfall Runoff: Impact of Phosphorus Source and 

Placement 

2.0 Abstract 

Studies comparing phosphorus (P) losses from commercial fertilizer (CF) and manure amendments 

to soils have reported greater risk of P loss from CF because of its relatively higher water soluble 

P content. In many of these studies, P application rates were based on nitrogen requirements of the 

crop and/or in excess of crop requirement. The objective of this study was to measure the forms 

of P loss in runoff from CF and manure applied at equal P rates following provincial 

recommendations for CF. A control (no P applied) and three P sources, monoammonium 

phosphate (MAP), liquid dairy manure (LDM) and solid beef manure (SBM) were applied to three 

soils of varying texture (clay loam, sandy clay loam and loamy fine sand). Four application 

methods (surface broadcast not incorporated (Br), surface broadcast incorporated (BrInc), surface 

band (SurfBa) or subsurface band (SubBa)) were used. Soils were subjected to two simulated 

rainfall events 7 and 14 days after treatment application.  

Particulate P (PP) losses from the control and P treated soils were not significantly different (P ≤ 

0.05), suggesting P sources did not significantly affect PP losses for any of the tested soils. Only 

the dissolve reactive P (DRP) loss was influenced by P source and application method. An average 

of ~ 11, 20, 18 and 22 % of Total P (TP) loss from the control, LDM, MAP and SBM were in DRP 

form. Manure P source, even though having a lower % water soluble P (WSP) than CF, were a 

more consistent source of DRP to runoff. This can be linked to their physical-chemical reactions 

in soil and soil properties. Application methods that leave a greater proportion of P on the soil 
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surface such as Br or SurfBa encouraged more DRP loss, while SubBa presented the least risk of 

DRP loss across all the soils studied. On average, 20, 15 and 25 % of TP losses from clay loam, 

sandy clay loam and loamy fine sand were in DRP form, the sand soil presented the greatest risk 

of DRP loss. In conclusion, DRP losses from manure and CF amended soils are controlled by soil 

texture and P application method and not the % WSP when P is applied based on provincial 

recommendations.  

2.1 Introduction 

Inherent phosphorus (P) fertility of soils is often a limitation to crop production, thus soil 

amendments containing P are required for optimum yield.  However, improving soil P content can 

also increase the risk of P loss from soil into waterways, contributing to eutrophication of fresh 

water and eventually algae blooms (Carpenter et al. 1998). Causes of the recent harmful algae 

blooms (HABs) in Lake Erie appear to be related not to an increase in total P (TP), which has 

usually met the established loading target of 11,000 MT/year, but rather to an increase proportion 

of most readily available dissolved reactive P (DRP). Non-point agricultural P loss has been 

considered important in the eutrophication of Lake Erie (Sharpley et al. 2015); a lake jointly shared 

by both Canada and the US that provides several socio-economic benefits and is the most 

productive, shallowest and warmest of the Great Lakes. Maccoux et al. (2016) estimated less than 

20 % of TP loss discharged into Lake Erie to be supplied by the Canadian Huron-Erie watershed. 

In this watershed, three-quarter of the land use is designated as agricultural, and this was reported 

to supply about 71 % and 78 % of the DRP and TP loss respectively to the lake (ECCC-OMOECC, 

2018). The alarming trend of increasing proportion of DRP, hypoxia zones and incessant HABs 

from 1990s to date, led to the 2016 modification of the Great Lake Water Quality Agreement 

(GLWQA) between Canada and USA that was first signed in 1972. These recent modifications 
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established a goal of reducing both DRP and TP loss by 40 % using the 2008 P loss as the baseline 

(EPA-ECCC, 2016). Consequently, Canada-Ontario recently released an action plan in early 2018, 

which calls to implement appropriate agricultural best management practices to achieve P 

reduction targets from Canadian sources (ECCC-OMOECC, 2018). 

Phosphorus management can be summarized into the 4R (right source, rate, time and place) 

nutrient stewardship concept (Johnston and Bruulsema, 2014). This concept was developed to 

provide a holistic site-specific nutrient management strategy that is agronomically and 

environmentally sustainable (Fertilizer Canada, 2016). Risk assessment tools (e.g. P-index) have 

been developed to address potential P loss from agricultural fields; they incorporate both source 

and transport factors for P loss, and aid users in identifying appropriate BMPs for P management 

(Lemunyon and Gilbert, 1993; Sharpley et al. 2003). Most early indices, however, placed high 

priority on soil test P (STP) and particulate P (PP) loss via soil erosion; O’Halloran (2010) and 

Reid (2011) identified that these factors are less important considering the emerging problems of 

increased DRP in surface waters. For instance, use of STP to predict relative runoff P loss have 

shown some limitations in recently P treated soil, with STP either being weakly (Kumaragamage 

et al, 2011) or not correlated (Eghball et al. 2002; Kleinman et al. 2002; Delaune et al. 2004) with 

runoff DRP in P treated soil. Conclusions from these studies showed that soluble P in applied 

sources might be a better predictor of DRP loss. Currently, there is a newly proposed P index, 

which seeks to identify the potential risk into long-term risk based on inherent STP and landscape 

characteristics and immediate risk imposed by recent P applications. Such an approach will allow 

users (policy makers) to identify and recommend appropriate action for P loss mitigation based on 

inherent field characteristics and management history. Data from research is however needed to 

validate assertions from this modified index.  
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In studies comparing relative P loss from dissimilar P sources such as manures and commercial 

fertilizer (CF), significant source effects have been reported (Kleinman et al. 2002; Tabbara 2003; 

DeLaune et al. 2004a, b; Shigaki et al. 2006; Smith et al. 2007; Robert and Isreal, 2017). Usually, 

CF is reported to pose greater risk of P loss because of its relatively high and readily available 

soluble P content; although such studies often collected runoff only 24-hr after treatment 

application (Shigaki et al. 2006; Mallarino and Haq, 2015). Smith et al. (2007), however, contrarily 

reported more DRP loss from swine manure relative to CF when treatment was applied 24-hr 

before runoff. Phosphorus solubility in manure and CF is related to amount and forms of inorganic 

and organic P present. While P is mostly in inorganic and readily available form in CF, manure 

represents a variable and unpredictable amount and forms of inorganic P ranging from 10-90 % 

(Kleinman et al. 2005). In OMAFRA’s 2013 manure nutrient availability factsheet (order no. 13-

043), only 40 % of manure P was considered as available as CF for crop use in year of application 

and overall 80% as effective as CF on STP levels. Considering the variability of P in manure, its 

application based on 40 % crop availability might represent a greater P source for environment 

impact, especially if the actual relative availability is greater than 40% (Hao et al. 2015) and 2.5 

times more P is applied than that applied with CF.  

Conservation tillage practices, potential excess P application due to either an underestimation of 

manure P availability or  N-based manure application and surface P broadcast without 

incorporation encourages runoff P loss. These managements encourage and/or intensify P 

stratification in soil.  This stratification may result in greater runoff P losses risk, as the first 2 cm 

of the soil profile are known to be the effective depth of runoff interaction (EDI) (Sharpley, 1985; 

Dodd and Sharpley, 2016; Baker et al. 2017). Van Esbroeck et al. (2016) reported surface runoff 

to be the most significant P loss pathway in some agricultural fields in Ontario. Phosphorus source 
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materials exposed on the soil surface have shown the greatest risk of loss (Tabbara, 2003; Deverede 

et al. 2004; Tarkalson and Mikkelsen, 2004; Allen and Mallarino 2008). Some level of water 

partitioning via surface sealing have also been reported especially when liquid manure was surface 

applied (Smith et al. 2001; Unc and Goss, 2006). The Unc and Goss (2006) study indicated the 

effect of liquid or solid manure on rainfall water partitioning was related to their dry matter content 

and or dispersion of clay due to the presence of salts in manure. This result was a clogging of 

surface pores, which in turn affected matrix and macropore flow in the soil. This consequently 

increased manure-runoff water interaction thereby enhancing dissolution of both organic and 

inorganic forms of P in manure into runoff (Tabbara, 2003). Conversely, incorporating P into the 

soil reportedly reduced the risk of DRP loss to levels not significantly different from controls 

(Kleinman et al. 2002; Deverede et al. 2004; Tarkalson and Mikkelsen, 2004); Although, manure 

bulkiness might reduce the efficiency of manure incorporation, leaving some still in direct contact 

with runoff water. A major down side to incorporating P, however, is the increased risk of erosion 

(Kleinman et al. 2002). Tabbara (2003) reported higher total solid/particulate P loss when P was 

incorporated compared to non-incorporated treatments. Placing P below the EDI i.e. top 2 cm of 

soil via subsurface banding would effectively create a physical separation between runoff and 

applied P, thereby limiting its environmental availability. Moreover, subsurface banding is an 

effective means of placing P to enhance early crop growth and efficient root uptake (IPNI, 2010). 

Other factors such as time interval between application and runoff, rate of application and soil 

properties plays an active role in P loss reduction. For instance, several studies reporting higher P 

loss from CF have collected runoff 24-hr after P application. When runoff was applied 72-hr after 

P application to soil with low STP and high % clay, Kleinman et al. (2002) found that P loss from 

CF treatments were either significantly lower or not different from the manure treatment. Factors 
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such as faster transformation of labile P forms into less available form in CF treated soils (Audette 

et al. 2016) and differences in retention mechanism (Kashem et al. 2004) between CF and manure 

have been reported to cause lower P recovery from CF with time. Because of the dynamics 

associated with P loss from CF and manures and the need to have a working and reliable 

assessment tool like the P-index, the objective of this research was to characterize P losses from 

different P sources and placements using soils of varying texture. In this study, P application rate 

is based on OMAFRA’s recommendations as against excess application or N-based application in 

past studies, and the runoff event was delayed to seven days after P application. 

2.2 Materials and methods 

2.2.1 Soil collection and pretreatment analysis 

Surface soil (0-15 cm) samples were collected based on textural differences from University of 

Guelph, Ridgetown Campus research fields. The soils are classified as Brookston clay (Orthic 

Humic Gleysol), Normandale sandy loam (Orthic Humic Gleyed Brunisol) and Wattford sand 

(Brunisolic Gray Brown Luvisol) (OMAFRA Ag Map). Although determination of actual soil 

texture indicated that the textures were clay loam, sandy clay loam and loamy sand. For simple 

referencing, the soils will be called clay, loam and sand, respectively. The soils were air dried, 

passed through 2 cm sieve and thoroughly mixed prior to the runoff study.  

Four 2 kg subsamples were taken from each sieved soil, further screened with a 2 mm sieve and 

used to determine the following pre-treatment soil physical and chemical properties. Particle size 

analysis by hydrometer method (Kroetsch and Wang, 2008), soil pH using a combination electrode 

by shaking 10 g of soil in 20 mL 0.01 M CaCl2 (Hendershot et al. 2008), Olsen P by shaking 2.5 

g soil sample in 50 mL 0.5 M NaHCO3 (pH= 8.5) solution (Schoenau and O’Halloran, 2008), water 

extractible P (WEP) by shaking 2 g of soil in 20 mL deionized water (Self-Davis et al. 2009), total 
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P (TP) by H2SO4-H2O2 digestion using 0.5 g  of finely ground soil (0.5 mm sieved) and 5 ml conc. 

H2SO4  (O’Halloran and Cade-Menum, 2008) and soil organic carbon determined by dry 

combustion method (Nelson and   162 to 286 g kg-1 of soil respectively; organic carbon content 

ranged from 11 to 21 g kg-1 of soil; all soils had a pH < 7 with loam soil having the lowest pH of 

5.9. Total P, Olsen P and WEP of the soils ranged between 365.6 to 1474.9, 24.2 to 37.4 and 0.04 

to 1.71 mg kg-1 of soil respectively (Table 2.1).  

The soil sorption properties were also estimated using the Langmuir P sorption isotherm. Briefly, 

one gram of the 2 mm sieved air-dried soil was transferred into a 50 ml centrifuge tube and shaken 

in 25 ml solution prepared by dissolving varying amount of KH2PO4 in 0.03 M KCl to represent 

0, 1.55, 3.10, 4.65, 6.19, 7.74, 9.29, 12.4, and 18.6 mg P L-1. Each soil, in triplicate, was shaken 

with one of the nine P concentrations on an oscillating shaker at 200 rpm for sorption-desorption 

reaction to occur (Graetz & Nair, 2009) modified by Wang et al. (2014). After 24-h equilibration, 

the samples were centrifuged at 15483g for 5 min and then filtered through a 0.45-µm filter. 

Phosphorus sorption curves were then derived using the following Langmuir equation; 

Q𝑇 =
Q𝑚𝑎𝑥KC

1+KC
     (1) 

where QT (mg kg-1) represents the total amount of P sorbed by the soil, Qmax (mg kg-1) represents 

P sorption maximum, K (L mg -1) represents P sorption strength, C (mg L-1) represents solution P 

concentration after 24-h equilibration. Since QT represent the initially sorbed P (Qo) before 

equilibration and newly sorbed/desorbed P during the equilibration (Qs), substituting QT with Qo + 

Qs and rearranging equation (1) gives; 

Q𝑠+𝑄𝑜

Q𝑚𝑎𝑥
=

KC

1+KC
   (2) 
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When 0 mg P kg-1 in 0.03 M KCl was equilibrated with the soil, the corresponding solution P 

concentration and desorbed P is designated as Co and -QD (the amount of P that appears as 

adsorbed P in dry soil but solution P in wet soil), respectively (Wang et al. 2016). Therefore, 

initially sorbed P by the soil can be defined as Qo – (-QD) or Qo + QD. Degree of P saturation 

(DPS), a ratio of initially adsorbed P and P sorption maximum was then determined according to: 

𝐷𝑃𝑆 =
𝑄𝑜+𝑄𝑑

𝑄𝑚𝑎𝑥
=

𝐾𝐶𝑜

1+𝐾𝐶𝑜
    (3) 

The DPS has been shown to be a good predictor of potentials for DRP loss in runoff from soil 

(Sharpley, 1995; Wang et al. 2010); and eq. (3) was proposed by Wang et al. (2016) as a universal 

estimate of DPS suitable for wide range of Ontario soils. Equation (3) was used to estimate DPS 

for each of the soils being studied. The Qmax ranged between 113.5 to 300.1 mg P kg-1 of soil and 

DPS for the soil decreased in the order of sand, loam and clay (Table 2.1).  

2.2.2 Manure collection, preparation and analysis 

Two manure types, solid beef manure (SBM) and liquid dairy manure (LDM), were collected from 

University of Guelph, Ridgetown Campus research farm. Each manure type was mixed thoroughly 

to ensure homogeneity of straw and feces and three subsamples taken from each for the following 

analysis: Total P (TP) by the modified semi micro Kjeldhal procedure (Bremner, 1996), manure 

WSP determined by shaking 1 g (equivalent dry weight basis) fresh manure with 100 mL deionized 

water (Kleinman et al. 2007), and dry matter content by gravimetric analysis at 105 0C. The TP 

and moisture content were used to determine manure needed at the predetermined application rate. 

The manures, LDM and SBM, were further divided into three portions for the different soils and 

frozen until needed.  All manure needed for this study was collected once at the start. Manure 

subsamples were again taken during treatment application because of possible variation in manure 



39 
 

P, and TP and moisture determined for actual estimation of P applied. Results are presented in 

(Table 2.2) 

2.2.3 Experimental setup 

The study was conducted in greenhouse at the University of Guelph, Ridgetown Campus. Known 

amounts of the 2-cm sieved soil was gently packed into runoff boxes of 100 × 20 × 10 cm (l×w×d) 

in dimension to a depth of 7.5-cm to achieve a bulk density of 1.1, 1.1, and 1.3 g/cm3 for the clay, 

loam and sand soils, respectively; these densities are based on actual field condition. Each runoff 

box had nine drainage holes covered with a cheese cloth to prevent soil loss. These boxes were 

modified from National P Research Project protocol (NPRP) (2001); soils in our box were packed 

to a depth of 7.5 cm against 5 cm of the protocol to better represent application methods under 

field conditions. While prepacked boxes may not be an actual representation of soil’s physical and 

hydrological properties in the field, studies using runoff boxes have been found to effectively 

predict potential P loss under field conditions (Kleinman et al. 2004). Prior to P application, the 

soils were wetted to saturated soil moisture and allowed to drain to a workable moisture level 

(approximately 0.42, 0.39, and 0.24 g/g of soil for clay, loam and sand soil, respectively). 

Monoammonium phosphate (MAP) was selected as commercial fertilizer (CF) source, and 

together with the two manure types were each applied at a targeted rate of 14.5 kg P/ ha. Due to 

variations in manure P chemistries, the actual P application rates varied between 10.6-11.7 and 

12.2 -15.1 kg P ha-1 for the LDM and SBM, respectively (Table 2.2). The estimated manure 

application rates equal 55 T ha-1 and 11.5 T ha-1 for LDM and SBM, respectively. The P sources 

were each applied using the following placements: Surface broadcast not incorporated (Br), 

surface broadcast incorporated (BrInc), surface band (SurfBa) or subsurface band (SubBa). 

Fertilizer and manure bands were applied parallel to box width at 25 and 75 cm from the end, and 
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subsurface bands applied to a depth of 2.5 cm. The treatment arrangement followed a two-factorial 

experiment arranged in a randomized complete block design with four replicates, and two controls 

(no P) treatments representing disturbed (incorporated) and undisturbed surface soil conditions. 

Three separate trials were run, one for each of the soils studied. 

Simulated rainfall was applied on the 7 and 14th day after treatment application referred to as 

runoff one and two, respectively. Rainfall simulator was installed in the greenhouse with minor 

structural modification from NPRP (2001) protocol. Briefly, a FULLJET 3/8 HH SS 24 W nozzle 

was installed on a metal frame 2.5-m above the runoff boxes. Attached to this frame was water 

pressure controller used to calibrate for the needed rainfall intensity. Before raining on the boxes, 

rainfall uniformity was determined by measuring volume of rainfall over a 3-m diameter area 

below the nozzle. Once calibrated, boxes were gently laid on a 5 % slope platform, and 50 mm hr-

1 intensity (approximate 1 in 10-year return period in Ontario) rainfall applied. Approximately 

three 1.5 L (total 4.5 L) runoff samples were collected from each box.  

2.2.4 Laboratory analysis for runoff samples 

The collected runoff samples were immediately taken to the laboratory, total runoff volumes 

measured, and subsamples taken for the following analysis: filtered (0.45µm filter) runoff samples 

were analyzed for DRP and total dissolved P (TDP) by further digesting the filtered sample. The 

unfiltered sample were digested for total P (Bremner 1996). The digestion procedure followed the 

persulfate acid digestion using an autoclave. Runoff P were quantified by colorimetric analysis 

using ammonium molybdate ascorbic acid reduction method (Murphy and Riley, 1962). A flow 

injector auto-analyzer QuikChem FIA + series, Lachat Instruments, Loveland, Co with Method 

No. 10-115-01-1-Q was used for DRP and Method No. 10-115-01-1-F for TDP and TP. A 100-
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mL aliquot of the runoff was analyzed for sediment content by oven drying (105oC) to a constant 

weight.  

2.2.5 Statistical analysis  

The parameters from the sorption analysis (i.e. Qmax, K and Co) were determined from the 

Langmuir equation using the NLIN procedure in SAS version 9.4 (SAS institute Inc., 2012). 

Flow weighted mean DRP loss from each box was considered because all runoff volumes collected 

from each box were standardized to a constant volume of 4.5-L by adjusting the volume of sample 

3 i.e. 4500- (sample 1+ sample 2). The DRP loss were calculated as follow: 

DRP kg ha-1 = [(DRP1 × V1) + (DRP2 × V2) + (DRP3 × (4.5-(V1+V2)))] × 5 ×10-4   (4) 

Where DRP 1, 2, 3 represents concentrations of the three runoff samples collected and V1, 2, 3 

represents their respective volumes. The same calculation was repeated for TDP and TP loss. 

Particulate P (PP) and dissolved organic P (DOP) loss were determined by difference, i.e. TP-

TDP= PP and TDP-DRP= DOP, respectively. 

Generalized linear mixed model procedure (GLIMMIX) in SAS version 9.4 (SAS institute Inc., 

2012) was used to assess the treatment effects on DRP, DOP, PP, TP and sediment loss. Since the 

experiment design wasn’t fully a randomized complete block design because of just two controls, 

significant effect was first tested for all 14 treatments i.e. three P sources (MAP, LDM, SBM) × 

four placements methods (Br, BrInc, SurfBa, SubBa) plus two controls. Treatment and runoff were 

considered as fixed effects and replicate a random effect. Controls were compared to each other 

and then other treatments. The analysis was then repeated with the controls excluded and ran as a 

completely randomized three by four factorial experiment with four replicates. Here, source, 

placements and runoff were considered a fixed effect with replicates as a random effect. Runoff 
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was also considered a repeated measure, and a random statement used to account for the correlated 

error between each time point (i.e. 7th and 14th day runoff events). The dependent variable P loss 

were considered a lognormal distribution with an identity link function, and Kenward-Roger 

adjustment (ddfm=kr) was used to adjust the denominator degree of freedom for bias correction 

of standard error and test statistics. Significance of these effects, fixed and random, were tested 

using F-test and restricted log-likelihood test respectively. To ensure conformity with the 

assumptions of a GLIMMIX model, the studentized residuals were tested for random, normal and 

homogeneity of error variance using plot of residuals and a formal normality test of the studentized 

residuals. For treatment effects that were significant, least significant means were computed and 

compared using Tukey-Kramer multiple mean comparison test with letter codes generated using 

pdmix800sas macro. Type 1 error was set at P≤ 0.05 for all the analyses. Texture was not 

considered a factor in the analysis as each soil experiment was ran at separate times.  

2.3 Results and Discussion 

The physical and chemical property of soil and manure used is summarized in Table 2.1 and Table 

2.2, respectively. Based on provincial recommendations, P application is recommended at 20 kg 

P2O5 ha-1 (~ 8.7 kg P ha-1) when soil test is above 20 mg P kg-1 and below 30 mg P kg-1 of soil for 

corn, soybeans, wheat and alfalfa (OMAFRA, 2009). Soils used in this study had a limited range 

of Olsen P (24.2 to 37.4 mg P kg-1) and only the loam soil test was above the 30 mg P kg-1 threshold 

where both a P index computation and no P fertilization is recommended (OMAFRA, 2009). 

Phosphorus was however applied to the loam soil to maintain equal treatments application among 

soils. 

The % DM and P contents (TP and WSP) for the applied manure varied slightly among the three 

main subsamples used, thus resulting in P application rates to the three soils that differed slightly 
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from the targeted value of 14.5 kg P ha-1 (Table 2.2). Percent WSP ranged between 29 to 36 % for 

LDM with an average of 33 % and 37 to 40 % with an average of 38 % for SBM. The CF source, 

MAP, had the highest WSP content of 88 %. This variation in P contents within each manure was 

expected as manure represents a variable nutrient content (Kleinman et al. 2005) and the goal was 

to mix the manure as uniformly as possible, without compromising the physical nature of the solids 

within the manure that potentially may affect P release and transport in runoff. The P applications 

rates are reasonably similar enough to allow meaningful comparisons between the three sources 

for a given soil. 

2.3.1 Sediment loss from the soils 

While it is unlikely that the conditions of the runoff experiments would be a realistic assessment 

of soil erosion in the field, the sediment loss could indicate effects of different soil amendments 

and soil disturbances on sediment loss. Sediment losses from the two controls, disturbed and 

undisturbed, were significantly different only in the sandy soil (Table 2.3). The disturbed control 

treatments lost more sediment than the undisturbed treatments. These differences in the sand 

textured soil could be linked to the presence of lower aggregate binding agents in sandy soils such 

as organic carbon and clay (Table 2.1) thus lower aggregate stability after disturbance. Mcdowell 

and Sharpley (2003) found an inverse relationship between sediment loss and degree of soil 

aggregation; and they identified the ratio of dispersed clay to undispersed clay and soil carbon 

content to be the underlying factor important for soil aggregation and stability. The three-way 

interaction of P source, placement and runoff was significantly different (P≤ 0.01) only in clay soil 

(Table 2.3) and was attributed to significantly greater sediment in the second runoff from the BrInc 

MAP and SubBa SBM treatments (Fig. 2.1). Lacking a plausible explanation, this would appear 

to be a fortuitous result. 
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Runoff significantly interacted with P source in clay and loam soils, and placements in sand soil 

(Table 2.3). The significant interaction between P source and runoff in clay was attributed to 

greater increase in sediment loss from runoff one to runoff two for the SBM treatment, while LDM 

had a relatively small increase in sediment (Fig. 2.2a). Both manure treatments had a significantly 

lesser sediment loss compared to the control in runoff one, while in runoff two, sediment levels 

were similar to the control soil.  In either runoff event, MAP was not significantly different from 

both the control and manures. The manure P sources might have served as barrier to sediment loss 

in runoff one by filtering runoff flow thus reducing sediment loss compared to the bare control 

soil. Although this effect was temporal as sediment loss from all P sources were not significantly 

different from control in runoff two. Considering that the soils were left to dry out for seven days 

after runoff one, the soils and manure might have undergone physiochemical changes before runoff 

two. Mcdowell and Sharpley (2002) explained this to be due to decreased organic carbon quality 

and decrease in soil moisture, which exposes the soil to an increased potential to lose more fine 

soil, resulting from the impacts of rainfall kinetic energy, slaking and dispersion. Unlike the clay 

soil, in the loam soil there was no consistent change in sediment from runoff one to runoff 2 (Fig. 

2.2b).  In this case, the significant runoff x source interaction was attributed to an increase in 

sediment loss from runoff one to two for the LDM treatment, while other treatments showed no 

significant change in sediment losses. The LDM sediment loss was also significantly greater than 

the control and MAP in runoff two (Fig. 2.2b). This might be due to transportation of manure 

particles in runoff two and decreased soil aggregate stability due to manure application. Unc and 

Goss (2006) observed that clay dispersion increased after manure application due to the presence 

of salts in manures. This however could not be the reason for increased sediment loss after manure 

application as this was only seen for the loam soil and not the clay.  
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A significant P source by placement interaction was also seen in the clay and loam soils (Table 

2.3). The significant interaction for the clay was attributed to the SubBa SBM treatment showing 

significantly greater sediment loss than any other placement for SBM, while placement did not 

significantly affect sediment loss for the LDM and MAP treatments (Fig. 2.3a). The effect 

observed with SubBa in SBM could be because of its bulkiness, which might have exposed some 

manure and loose soil for easy transport due to lack of efficient burying of the manure. Although 

not statistically significant, the SubBa SBM treatment also gave the numerically largest sediment 

loss for the loam soil (Fig 2.3b). For the loam soil, however, the LDM gave rise to the significant 

interaction, with BrInc increasing sediment compared to SubBa, while placement did not affect 

sediment loss for the other two P sources (Fig 2.3b). This could be due to disturbance effect as 

there was no significant difference between them and their respective controls. 

The significant two-way interaction between runoff and placement in sand (Table 2.3) resulted 

from a greater sediment loss from the BrInc treatment compared to other placements in the first 

runoff event, which decreased to comparable values between treatments in the second event (Fig. 

2.4).  The sediment loss, however, remained relatively constant across all other placements in both 

runoff events. As discussed earlier for the sand controls, soil disturbance may have caused some 

aggregate disintegration in sand soil probably because of low binding agents such as clay and 

organic carbon. The impacts of P source on sediment loss were not significant in clay and loam 

soil but was in sand soil (Table 2.3). Manure P sources had the highest sediment loss though not 

different from the control, loss from MAP were also not significantly different from controls 

(Table 2.4). The difference between MAP and manure P source could possibly be linked to 

transport of manure in runoff. 
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2.3.2 Overview of runoff phosphorus concentration from the control and treated soils 

According to the Canadian Council of the Ministers of the Environment, the range of TP 

concentration where a fresh water body is considered eutrophic is between 35 to 100 µg P L-1 

(CCME, 2004). Concentration range (i.e. minimum and maximum) of the different forms of P loss 

in this study are presented in Table 2.5. The average concentration of dissolved P (DRP + DOP) 

greatly exceed surface water objectives when P was applied. Considering that DRP and DOP are 

potentially 100 % bioavailable, and PP contributes an additional 15-50 % of bioavailable P (EPA, 

2015), these losses would be indicative of an environmental issue if losses emptied directly into a 

watercourse.  

2.3.3 Phosphorus losses from the control soils 

Phosphorus losses from the two control (no P added) soils, disturbed vs undisturbed, were not 

significantly different from each other for DRP and DOP across all the three soils but were 

different for particulate P (PP) and total P (TP) in the loam and sand soil (Table 2.6). The disturbed 

control treatment lost more PP and TP than the undisturbed treatment in the loam and sand soils. 

Deverede et al. (2004) attributed an increase in TP and PP losses from control soils to be related 

to soil test levels and to sediment loss in runoff. Although no significant relationships were found 

in my studies between the amount of PP and sediment lost for both disturbed and undisturbed soil 

(result not shown), the sand soil overall showed greater PP and sediment loss when disturbed, but 

this was not observed for the loam. The increased PP and TP loss after soil disturbance without a 

corresponding increase in sediment losses could be related to variability in P enrichment of the 

eroded soil fraction. Withers et al. (2007) found no relationship between soil P enrichment and 

total sediment lost due to differences in the fraction of particle eroded during runoff, which then 

influenced the amount of PP lost in runoff. Phosphorus application significantly increased only the 
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DRP and DOP loss relative to the controls. The possible mechanism involved with the loss of the 

different runoff P forms will be discussed in the following sections. 

2.3.4 Dissolved reactive P loss 

For the clay soil, only the main effects of P source, placement and runoff were significant, while 

these effects plus several interactions were evident in the other soils (Table 2.7). In the discussion 

of the clay soil’s main effects, similarities among the three soils will be noted, and interactions 

will be addressed later. The DRP loss was greater in runoff one in all soils (Table 2.7 & 2.8). A 

similar trend was observed by Kleinman and Sharpley (2003), where runoff P loss declined when 

runoff was collected three consecutive times after 100 kg TP ha-1 of dairy, poultry and swine 

manure was applied in a runoff box study. However, they did not observe any significant decline 

when P was applied at rates ≤ 50 kg TP ha-1, possibly, because manure P was only broadcasted in 

their study. Wang et al. (2011) described the temporal pattern of P release during a rainfall event 

to be a function of the pool of readily available P (either STP and or applied P) and other soil 

properties. Two processes could possibly explain the decline in this study. Foremost, a decline in 

readily available P from source after the first runoff event thus leading to a lesser concentration of 

P in runoff two. This pool of P is referred to as the fast desorbing P pool in the P desorption kinetics 

(Wang et al. 2011) plus the readily available applied P. Secondly, the time factor (i.e. the seven 

days interval between runoff one and two) could allow enough time for some transformation of 

applied P into less available forms via sorption reactions and or translocation of soluble P to 

subsurface soil by infiltrating water, thus diminishing the solution P concentration and P available 

for runoff loss as time progressed.  

The significant P source effect in clay soil indicated that the three P sources, LDM, MAP and 

SBM, contributed different amount of DRP to runoff (Tables 2.7 and 2.8); again, the loam and 
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sand also had a significant source effect. The manure application undoubtedly introduced both 

chemical and physical changes to the soil, and thus compared to CF would potential give different 

DRP losses in runoff. The trend in DRP loss, however, was SBM > MAP = LDM, SBM ≥ MAP ≥ 

LDM and SBM = LDM > MAP for clay, loam and sand soil respectively (Table 2.8). The MAP 

being a CF source and having the highest % WSP and higher proportion of applied soluble P was 

expected to contribute the most DRP to runoff as reported in Shigaki et al. (2006) and DeLaune et 

al (2004a). However MAP contributed to DRP at a level not significantly different from LDM 

with the least % WSP (33 %) in clay soil; the least risk of DRP loss in sand soil; and DRP loss 

intermediate between the two manure sources in the loam soil. Several studies have reported higher 

P loss from CF when P was applied 24-hr before the first runoff event (Tabbara, 2003; Shigaki et 

al. 2006; Mallarino and Haq, 2015; Roberts and Isreal, 2017). Factors such as time interval 

between application and first runoff, application rate, placements and soil type become important 

when comparing P loss from CF and manure. In this study, delay of runoff to 7 days after 

application, lower application rates of P, differences in soil’s sorption and hydrological properties 

might have contributed to lesser P loss from MAP. In addition, manure bulkiness might restrict 

sufficient incorporation and burial as in the case of BrInc and SubBa treatments, thus encouraging 

greater direct contact with runoff water. As reported by Keshem et al. (2004) and Audette et al. 

(2016), labile P extractability in CF incubated soil declined at an exponential rate while P 

extractability from manure sources remained constant as time progressed. Keshem et al. (2004) 

attributed this to a difference in retention mechanism between soils and CF and manure P sources. 

Because CF sources provides a high concentration of soluble P at the site of application, 

precipitation becomes the major retention mechanism while it is surface adsorption in manure 

amended soil. This might also explain the findings in Kleinman et al. (2002) where P losses from 
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CF treated soils were significantly lower than the manured soils only in the soil with the highest 

% clay (35%) and a low soil test when runoff was applied 3 days after P application. They in fact 

observed that a relationship between % WSP and DRP loss was strong and linearly related when 

CF was excluded from the analysis. They concluded that only % WSP from manure best predicted 

the potential for P source to contribute to runoff DRP loss.  Again, our study was not entirely 

supportive of that finding as SBM and LDM had similar %WSP, yet different amounts of DRP in 

runoff from the clay and loam soils. Since P application rates for this study were approximately 

equal for manure and CF sources, the risk of loss from manure P source would undoubtedly be 

greater than what was observed if application of manure P was based on OMAFRA’s 40 % P 

availability recommendation. Consequently, MAP would have potentially presented the lowest 

risk of DRP loss.  

The placements followed the same pattern across all the soil types. Surface applied P, by Br or 

SurfBa posed the greatest risk of DRP loss followed by BrInc and then SubBa, whose losses were 

similar to the control soils except in the loam (Table 2.8). For most part, DRP loss from Br and 

SurfBa were not significantly different from each other, and BrInc was only significantly different 

from Br and SurfBa in the clay soil, although numerically lower in all three soils (Table 2.8). This 

is in agreement with studies reporting that P sources exposed on the soil surface poses the greatest 

risk of loss (Tabbara, 2003; Kleinman et al. 2002; Deverede et al. 2004; Tarkalson and Mikkelsen, 

2004; Allen and Mallarino 2008; Reid, 2011). This is due to direct extraction from the surface 

exposed materials during runoff, which has been termed incidental P loss. Phosphorus 

incorporation is a much better method of application as it increases the interaction of P with soil 

hence increased P sorption from source. In addition, incorporation reduces the concentration of 

applied soluble P at the soil surface by moving P away from runoff water. Studies comparing Br 
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with BrInc reported much lower P losses from incorporated treatments (Kleinman et al. 2002; 

Deverede et al. 2004; Tarkalson and Mikkelsen, 2004). In this study, P adsorption might explain 

the significantly lower loss from BrInc for the clay soil (Table 2.8). Other factors have been 

reported to control the magnitude of difference between surface placed treatments and 

incorporated treatments. At a high soil test and DPS, Kleinman et al. (2002) and Deverede et al. 

(2004) reported more P desorption from the soil when P was incorporated. Barrow (2015) related 

this to P sparing effects, rendering residual P or applied P more environmentally available. 

Subsurface placed P however was most efficient in reducing DRP loss to levels not significantly 

different from the control soils probably because P was placed below the effective depth of runoff 

interaction (2.5 cm from the soil surface). 

The significant 3-way interaction in loam and sand was attributed to striking differences in DRP 

losses in runoff one and two (Fig. 2.5a). Change in DRP loss from runoff one to runoff two in the 

loam soil, was primarily due to changes for MAP across all placements except for the SubBa 

treatment. Burial of MAP via subsurface banding was more effective in keeping P away from the 

top 2.5-cm of the soil (i.e. EDI) in both runoff events. For the two manure sources, there was no 

significant difference in the amount of DRP lost in runoff one and two across all placements. More 

P loss from MAP in first runoff might be because of higher soil test and lesser Qmax in the loam 

soil, which might have reduced P sorption due to overwhelming of sorption sites in early days after 

application before the first runoff event. Differences in runoff P loss from P treated soil due to 

high soil test was reported in Kleinman et al. (2002), where they attributed these differences to 

differential buffering capacity of intact soil and runoff sediments. A soil already high in P will 

have a lower capacity to sorb P from solution hence more P in runoff (Kleinman et al. 2002; Wang 

et al. 2010). As time progresses however, greater reduction in DRP loss from MAP in second 
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runoff might be related to reduction in available P pool in surface soil and fertilizer P translocation 

via infiltrating water during runoff one. 

The significant 3-way interaction for DRP loss from the sand soil could be attributed to several 

treatment effects. Firstly, as DRP losses were smallest for the SubBa treatment, the changes in 

DRP loss from runoff one to two for this treatment were also smaller and similar for all sources 

(Fig. 2.5b and Table 2.9).  Secondly, for surface applied P treatments (i.e. SurfBa and Br), there 

were substantial decreases in DRP loss from runoff one to two, and again the change was similar 

for the three sources.  However, for the BrInc treatment, while MAP and SBM showed large 

decreases from runoff one to two, the change for LDM was not as great (Fig. 2.5b and Table 2.9). 

There is reported evidence of liquid manure clogging soils pores, which in turn decrease infiltration 

rate and increase DRP loss due to an increased source-runoff interaction (Pote et al. 2001). This 

was also supported by findings in Unc and Goss (2006) where they observed that the saturated 

hydraulic conductivity of soil decreased with liquid manure application. This pore clogging and 

increased source-runoff interaction effect on DRP loss would be expected for LDM Br and would 

seem to be more likely in a finer textured soils, as Unc and Goss (2006) reported the effects of 

liquid swine manure was only on the micro pores supporting matrix flow in soil. Soil disturbances 

during incorporation plus the manure salt content may have contributed to greater aggregate 

instability, which with the first rainfall contributed to a decrease in porosity or pore connectivity 

in sand thus reducing water infiltration into the soil and encouraging greater source runoff. This 

might explain why DRP loss from LDM when BrInc was not different in the two runoff events. 
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2.3.5 Dissolved organic P loss 

Since the applied manure P, contains both organic and inorganic forms of P, it was prudent to 

examine the dissolve organic P (DOP) loss as impacted by the different P sources and placements. 

Given that DOP was calculated as the difference between DRP and TDP, DOP may also include 

polyphosphates, although these are usually in relatively minor amounts in soils.  Significant 

treatment effects were observed for DOP losses (Table 2.10).  For the control treatments, there 

were relatively smaller DOP losses compared to DRP from the clay and loam soil (DRP: DOP 

ratios of 2.0 and 5.3 for clay and loam, respectively), and approximately equal (DRP:DOP ratio of 

1.1) loss of DOP and DRP from the sand soil (Tables 2.8 & 2.11). Application of manure P 

significantly increased DOP loss above the control treatment, while MAP had no significant effect, 

suggesting the source of DOP was the manure or induced DOP production in the soil after manure 

application.  The SBM represented a significantly greater risk of DOP loss in clay soil only, 

although it was numerically higher than LDM in the other soils as well (Tables 2.10 and 2.11). 

This DOP would presumably be easily mineralized, thus potentially contributing to water quality 

issues. In addition, mineralization of DOP added in the manure could be the reason for greater 

DRP losses in the second runoff events for manure treated soils. 

No significant difference between MAP and control in all soil implies no net immobilization of 

MAP into DOP forms that were lost in runoff. As seen for DRP losses, placement of the P sources 

below the soil surface or incorporation into the soil reduced runoff losses of DOP, and amount lost 

typically diminished from runoff one to two (Table 2.11).  The lack of a significant source x 

placement interaction is likely a function of the relatively low levels of DOP detected and the 

analytical methods used (i.e. DOP is determined as the difference between TDP and DRP).    
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2.3.6 Particulate P loss 

Particulate P accounts for erosional or sediment bound inorganic and organic P as well as potential 

movement of manure itself.  Average PP loss from the control soils and the P treated soils were 

not significantly different from each for the three soils (Table 2.12) which was similarly observed 

for the sediment losses (Table 2.3).  

Average PP loss for all treatments in runoff one and two were significantly different in clay and 

sand soil but not loam (Table 2.12). There was a significantly lower PP loss in runoff one compared 

to runoff two in the clay soil, while in sand soil, PP loss decreased from runoff one to two (Fig 

2.6). The differences in trend of PP loss between the two soils can be explained by differences in 

physical properties of the soil. McDowell and Sharpley (2003) related PP transport from soil to 

physical processes usually controlled by detachment of sediment, slaking and soil dispersion. 

Wetting (rainfall one) and drying of soil after runoff one may have contributed to reduced 

aggregate stability and increased soil sealing in the clay soil, consequently leading to the greater 

loss of PP in runoff two. In the sandy soil, there was evidence of increased potential for soil 

removal after soil disturbance (Fig 2.4). The reduced PP losses from runoff one to two in sand 

could potentially be because most erodible fine sediments potentially enriched in P were lost in 

runoff one. Withers et al. (2007) explained that PP lost depends of the fraction of the soil particles 

eroded and their degree of P enrichment.   

There was a significant P source by placement interaction for PP loss for all three soils studied 

(Table 2.12). The behaviour of MAP was similar for the clay and loam soil, with placement not 

affecting PP losses, but different for the sand soil where SubBa signifcantly decreased PP loss 

relative to BrInc (Fig. 2.7). Manure and placement treatments tended to behave similarly across 

soils, although none of the manure x placement treatments were signficantly different from one 
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another in the sand soil.  For the manure sources the Br treatment significantly reduced PP loss.The 

LDM appeared to offered maximum coverage and protection of the surface soil by intercepting 

the rainfall kinetic energy (Plate 2.1), and lowered PP loss relative to SubBa for both LDM and 

SBM in the clay and loam soils (Fig. 2.7). A similar trend was seen for the SurfBa manure 

treatments, although the reduction in PP loss was not significantly different than that observed for 

the SubBa and BrInc treatments, except for the SBM on the loam soil where PP loss with SurBa 

was signifcntly lower than SubBa. As indicated from the significantly higher PP loss from control 

disturbed soil when compared to control undisturbed, disturbances in the sand soil had greater 

impact on the erosional P loss. Manure source has the potential to modify soil hydrology Unc and 

Goss (2006), which serves as a barrier to prevent erosion and increase aggreage stability due to 

binding ability of manure.  

2.3.7 Total phosphorus loss 

The total P loss is the summation of all runoff P forms earlier discussed. Only runoff and source 

were significant effects in clay soil, while there were additional significant interactions for the 

other two soils (Table 2.13). In the clay soil, there was a significantly greater TP loss from runoff 

one than runoff two and this was also observed in the other two soils (Table 2.14). This was similar 

to earlier findings for DRP loss, but opposite to PP losses. The trends of TP loss (in descending 

order) follows SBM > MAP > LDM, SBM = MAP >LDM and SBM=LDM > MAP for clay, loam 

and sand soil respectively (Table 2.15). The SBM was a greater source of TP to runoff, which 

could be attributed to the greater DRP loss.  

The 3-way interaction of P source, placements and runoff was not significant in clay but was 

significant in loam and sand soil (Table 2.13). The significant interaction in loam was attributed 

to TP loss from runoff one being significantly greater than runoff two events when MAP was BR 



55 
 

or SurfBa and when SBM was Br (Fig. 2.8), while there was not significant difference between 

runoff events for any of the other treatments. The increase can be attributed to the contribution of 

the DRP loss to TP. Exposed materials on the soil surface via BR or SurfBa increased the risk of 

it being lost to runoff. Although this was not observed for the LDM treatment, probably because 

surface placed LDM reduced the PP loss thereby creating a balanced net effect on the TP loss.  

In sand soil, the interaction was significant because TP loss from runoff one was significantly 

greater than runoff two across all P sources and placements except when LDM was BrInc though 

also following the same trend. The broadcasted LDM supplied a steady amount of TP runoff. This 

was also observed with the DRP loss, where incorporated LDM was found to disrupt pore 

continuity thus leading to increased extraction of P due to maximum source-runoff interaction.  

Looking at the relative forms of P loss, it was evident that PP was the main constituent of the TP 

loss, followed by DRP and then DOP (Table 2.15). Application of P increased the relative amount 

of DRP loss, reflecting the addition of WSP and or the impact of applied materials on diminishing 

the amount of PP lost from the soil.  While the clay and loam soil showed similar proportions of P 

form loss, sand was notably different with relatively lower amounts of PP loss and higher DRP 

and DOP losses. This may reflect the experimental condition that equal amounts of runoff were 

collected from the three soils, thus possibly better reflecting the chemical nature of the pool of P 

availability for runoff than studies that collect runoff for a specific time interval (thus generating 

different volumes of runoff). 

2.4 Summary and conclusion 

The sediment loss appeared to reflect the effect of soil disturbance coupled with the soil properties 

such as soil organic matter content and textural differences. Application of manure served as a 
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barrier to sediment losses in clay and loam soil, though this effect was temporal as the sediment 

losses increased to level not different from control in second runoff event; this effect was attributed 

to decreased quality of organic carbon and soil moisture which occurred during the time interval 

between the two runoff events. In addition, exposing the soils to disturbances via BrInc and SubBa 

increased the sediment losses especially in sand soil low in both clay and organic carbon, a major 

aggregate binding agent.    

Application of P to the soils increased the concentration of P in runoff above surface water 

objectives. In addition, P application significantly increased DRP losses above the controls for all 

the three soils. Similarly, all the three soils showed a temporal reduction from runoff one to two in 

DRP loss; this effect was attributed to reduced availability of readily available P on soil surface 

and in soil movement of available P with infiltrating water. However, effect of the P sources and 

placement were different for the three soils. Application of manure and CF based on provincial 

recommended rates for CF revealed DRP losses to be influenced by the time interval between 

application and runoff event, soil property and application method rather than the % WSP in CF 

treated soils. For manure P source, however, % WSP in source was seen to control DRP loss as 

reported in Kleinman et al. (2002).  

The P sources that were surface applied interacted with runoff water and significantly increased 

dissolved P losses. Incorporating P into the soil decreased dissolved P loss because of removal of 

P from the soil surface, increased soil-P interaction and increased P sorption. Placement of P out 

of the EDI via SubBa, however, contributed P at a level not significantly different from the 

controls. Placement that involves some level of soil disturbance increased the sediment and PP 

compared to other placement methods, especially in the sand soil with possibly weaker soil 

structure. The P treatment caused a greater increased in DRP loss with little or no impact on the 
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PP loss. Hence, much of the variability seen in TP loss were caused by the proportion of TP 

accounted for by DRP, or decreases in PP loss due to manure influence on soil surface protection. 

There was a larger proportion of DRP lost from the sand soil probably due to its low Qmax and high 

DPS, which limited its ability to keep P in the soil. Compared to CF, the manures also represented 

a potential source of DOP, which would presumably also contribute to a readily available pool of 

P if lost to a surface water body  

In conclusion, a greater and continued risk of P loss was associated with manure P sources than 

CF when applied near the provincial recommended rates for CF. Application of manure based on 

40 % P availability for crop use in year of application would undoubtedly increase the risk of P 

loss even more than the losses from CF sources indicating greater efforts should be placed on 

manure P management.  
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2.5 Tables, figures and plates 

Table 2.1. Pretreatment properties of selected soils with standard error in parentheses. N=4 

 

Table 2.2. Manure Properties and rate applied to each soil with standard error in parenthesis 

Soil property Clay Loam Sand 

Sand (g kg-1) 429 (0.8) 531 (1.0) 770 (0.8) 

Clay (g kg-1) 286 (0.8) 215 (0.8) 68 (0.7) 

Silt (g kg-1) 286 (0.7 254 (1.1) 162 (0.8) 

OCz (g kg-1) 15 (0.31) 21 (0.42) 11 (0.36) 

pH 6.3 (0.11) 5.9 (0.07) 6.4 (0.05) 

Total P (mg kg-1) 1051.4 (0.84) 1474.8 (1.15) 365.6 (0.90) 

Olsen P (mg kg-1) 24.2 (0.24) 37.4 (0.08) 25.6 (0.23) 

WEPy (mg kg-1) 0.04 (0.034) 0.94 (0.106) 1.71 (0.087) 

Qmaxx (mg kg-1) 300.1 (17.69) 184.3 (7.15) 113.5 (7.39) 

Kw (L mg-1)      0.53 (0.122) 0.30 (0.210) 0.20 (0.047) 

% DPSv 0.1 5.6 12.3 
zOC = Organic carbon 
y WEP= Water extractable P 
xQmax= P sorption maximum (n=3) 
w K= P sorption strength (n=3) 
vDPS= Degree of P saturation 

Manure properties Manure  Clay (n=2) Loam (n=4) Sand (n=2) 

%DMz LDM 2.34(0.334) 2.93 (0.155) 4.34 (0.584) 

SBM 25.82 (0.113) 21.15 (0.175) 24.48 (0.066) 

Total P (g kg-1)y 
LDM 8.25 (0.318) 6.86 (0.282) 4.92 (0.188) 

SBM 4.34 (0.271) 5.01 (0.156) 5.37 (0.395) 

WSPx (g kg-1)y LDM 2.72 (0.459) 2.45 (0.153) 1.43 (0.291) 

SBM 1.61 (0.208) 1.84 (0.149) 2.17 (0.036) 
w% WSP 

LDM 33 36 29 

SBM 37 37 40 

Rate applied (kg TP ha-1) 
LDM 10.61 11.03 11.73 

SBM 12.88 12.19 15.12 

Rate applied (kg WSP ha-1) LDM 3.49 3.94 3.41 

 SBM 4.78 4.48 6.11 
z DM= dry matter  
yConcentrations are presented on dry weight basis 
x WSP= water soluble P 
w %WSP= WSP/TP×100 

Commercial fertilizer had 233.2 and 205.5 g kg-1 total P and WSP respectively; % WSP = 88; 

application rate= 14.5 kg TP ha-1 and 12.76 kg WSP ha-1 (WSP) 
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Table 2.3. F-value from variance analysis of P source and placement effects on sediment loss (kg 

ha-1) from the three soils studied for the two consecutive runoff events. 

Source of variation df Clay Loam Sand 

  F-value 

All Treatment 13 5.81*** 2.62* 6.99*** 

Control disturbed vs control undisturbed 1 0.47 1.43 19.82*** 

Treatment vs control 1 2.45 1.23 0.65 

Pz source 2 2.88 3.28 11.09*** 

Placement 3 13.48*** 2.84 10.39*** 

P source × placement 6 4.53** 3.04* 1.84 

Runoff 1 74.41*** 0.57 0.01 

All Treatment × runoff 13 2.60 1.62 1.87 

P source × runoff 2 3.85* 6.27** 1.06 

Placement × runoff 3 1.78 0.67 3.43* 

P source × placement × runoff 6 4.11** 0.63 1.54 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 
z Bolded represents two factorial analysis of all treatment and runoff  

 

Table 2.4. Mean of sediment loss (kg ha-1) averaged over runoff for phosphorus source, placement 

and runoff main effects for the three soils studied. 

Treatment  
 Sediment /runoff (kg ha-1) 

  Clay Loam Sand 
zP Source Control  179.9 Ay 159.4 A    81.9 AB 

 LDM 142.7 A 173.1 A 89.0 A 

 MAP 167.3 A 156.6 A 67.8 B 

 SBM 158.7 A 176.8 A 92.0 A 

     
Placements Control 179.9 A   159.4 AB 81.9 B 

 Br 127.4 B   172.9 AB 72.3 B 

 BrInc 183.6 A 181.9 A   104.4 A 

 SubBa 187.4 A    166.8 AB 75.0 B 

 SurfBa 134.9 B 154.1 B 77.6 B 

     
Runoff 1 127.8 B 165.1 A 82.6 A 

 2 190.0 A 172.1 A 81.7 A 
z Phosphorus 
y Means following the same letter within treatment within a column are not significantly 

different according to Tukey’s test (α=0.05) 
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Table 2.5. Range and mean concentration (µg L-1) of DRP, DOP, PP and TP of runoff collected 

from the control, LDM, MAP and SBM treated clay, loam and sand soils. 

Soil    DRP DOP PP TP 

       

Clay CONTROL Range 12 - 130 0 - 72 322 - 1232 457 - 1301 

  Mean  61 31 742 834 

       

 LDM Range 15 - 855 4 - 168 70 - 1352 363 - 1579  

  Mean  148 76 589 813 

       

 MAP Range 21 - 2311 0 - 133 328 - 1512 559 - 3843 

  Mean  155 58 858 1071 

       

 SBM Range 13 - 1447 18 - 280 246 - 1594 844 - 2624 

  Mean  346 151 850 1347 

       

Loam CONTROL Range 14 - 130 0 - 164 812 -2115 861 - 2232 

  Mean  73 13 1357 1443 

       

 LDM Range 16 - 1117  0 - 612  344 - 1837  916 - 2059  

  Mean  209 120 1084 1413 

       

 MAP Range 44 - 3139 0 - 198 792 - 2755 888 - 5912 

  Mean  271 0 1744 2014 

       

 SBM Range 19 - 1558 0 - 711 274 - 2039 886 - 4325 

  Mean  363 222 1585 2070 

       

Sand CONTROL Range 7 - 194 0 - 462 0 - 792 86 - 1005 

  Mean  74 67 244 385 

       

 LDM Range 20 - 1281 0 - 689 0 - 1246 169 - 2223 

  Mean  230 280 367 880 

       

 MAP Range 3 - 2186 0 - 845 1 - 1390 76 - 4413  

  Mean  116 142 203 461 

       

 SBM Range 10 – 2135  0 - 881 0 - 2687 148 - 5298 

  Mean  240 307 481 1034 

 

 

µg P L-

1 
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Table 2.6. Mean estimates of P forms (kg P ha-1) loss from the control disturbed and undisturbed 

clay, loam and sand soil after two consecutive runoff events. 

Soil Estimate DRP y DOP y PP y TP y 

  DRP Loss/runoff (kg ha-1) 

Clay Disturbed  0.013 Az 0.008 A 0.174 A 0.195 A 

 Undisturbed 0.014 A 0.009 A 0.157 A 0.180 A 

      
Loam Disturbed  0.017 A 0.001 A 0.364 A 0.382 A 

 Undisturbed 0.015 A 0.003 A 0.249 B 0.267 B 

      
Sand Disturbed  0.021 A 0.017 A 0.103 A 0.141 A 

 Undisturbed 0.012 A 0.013 A 0.008 B 0.033 B 
z Means following the same letter within treatment within a column are not significantly different 

according to Tukey’s test (α=0.05). 
y  Dissolve reactive P, dissolved organic P, particulate P and total P 

 

Table 2.7. F-value from variance analysis of P source and placement effects on dissolve reactive 

P (DRP kg ha-1) loss from the three soils studied for two consecutive runoff events. 

Source of variation df Clay Loam Sand 

  F-values 

All treatments 13 15.44*** 8.07*** 24.68*** 

Control disturbed vs control 

undisturbed 1 0.00 0.04 1.33 

Pz Treatments vs control 1 66.03*** 45.74*** 97.54*** 

P source 2 18.09*** 3.71* 24.27*** 

Placement 3 33.97*** 16.33*** 42.43*** 

P source × placement 6 0.75 1.57 1.23 

Runoff events 1 227.30*** 161.41*** 326.96*** 

All treatments × runoff 13 1.99 7.95*** 4.20*** 

P source × runoff 2 0.75 17.19*** 9.88*** 

Placement × runoff 3 2.41 1.55 2.18 

P source × placement × runoff 6 1.71 6.89*** 7.68*** 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 

 z Bolded represents two factorial analysis of all treatment and runoff 
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Table 2.8. Means of dissolve reactive P (DRP kg ha-1) loss averaged over runoff for phosphorus 

source and placement main effects for the three soils studied. 

Treatment   
  DRP loss /runoff (kg ha-1) 

  Clay Loam Sand 

Pz Source  Control 0.014 Cy 0.016 C 0.017 B 

 LDM 0.033 B 0.047 B 0.052 A 

 MAP 0.035 B 0.061 AB 0.026 B 

 SBM 0.078 A 0.082 A 0.055 A 

     
Placements Control 0.014 C 0.016 C 0.017 B 

 Br 0.084 A 0.116 A 0.068 A  

 BrInc 0.038 B 0.063 A 0.052 A 

 SubBa 0.017 C 0.023 B 0.013 B 

 SurfBa 0.078 A 0.086 A 0.071 A 

     

Runoff  Runoff 1 0.083 A 0.102 A 0.071 A 

 Runoff 2 0.024 B 0.037 B 0.025 B 
z Means following the same letter within treatment within a column are not significantly different 

according to Tukey’s test (α=0.05). 

 

Table 2.9. Single degree of freedom contrast comparison of the 3-way P source, placement and 

runoff interaction in sand soil. 

Contrast  df F-value 

(LDM Br + SBM Br) R1R2 vs MAP Br R1R2 1 3.17 

LDM BrInc R1R2
z vs SBM BrInc R1R2 1 10.37** 

LDM BrInc R1R2 vs MAP BrInc R1R2 1 11.19** 

MAP BrInc R1R2 vs SBM BrInc R1R2 1 3.48 

(MAP BrInc + SBM BrInc) R1R2 vs LDM BrInc R1R2 1 12.73*** 

(LDM SubBa + SBM SubBa) R1R2 vs MAP SubBa R1R2 1 2.5 

(LDM SurfBa + SBM SurfBa) R1R2 vs MAP SurfBa R1R2 1 0.9 
z Runoff 1 & 2 (contrast comparison was based on change from runoff one to runoff two 

for the P sources and placements interactions.. 

**, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 

 

 

 

 



63 
 

Table 2.10. F-value from variance analysis of P source and placement effects on dissolve organic 

P (DOP kg ha-1) loss from the three soils studied for two consecutive runoff events. 

Source of variation df Clay Loam Sand 

  F-value 

All treatments 13 8.38** 2.15* 2.62** 

Control disturbed vs control undisturbed 1 0.16 0.01 0.03 

Pz Treatments vs control 1 60.09*** 12.12*** 9.02** 

P source 2 19.75*** 6.50** 5.33* 

Placement 3 6.97*** 4.81** 3.77* 

P source × placement 6 1.75 1.21 0.36 

Runoff events 1 3.34 5.24* 13.07*** 

All treatments × runoff 13 3.42 0.61 0.71 

P source × runoff 2 1.42 0.13 0.05 

Placement × runoff 3 0.58 0.65 1.11 

P source × placement × runoff 6 1.02 0.28 0.67 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 

 z Bolded represents two factorial analysis of all treatment and runoff 

 

Table 2.11. Means of dissolve organic P (DOP kg ha-1) loss averaged over runoff for phosphorus 

source and placement main effects for the three soils studied. 

Treatment   Soil types 

   DOP loss /runoff (kg ha-1) 

  Clay Loam Sand 

Pz Source Control   0.007 Cy 0.003 B 0.015 B 

 LDM 0.017 B 0.027 A 0.063 A 

 MAP    0.013 BC 0.000 B 0.032 B 

 SBM 0.034 A 0.050 A 0.069 A 

     
Placements Control  0.007 B 0.003 B 0.015 C 

 Br  0.028 A 0.058 A    0.064 AB 

 BrInc    0.021 AB 0.002 B 0.069 A 

 SubBa 0.012 B 0.012 B    0.026 BC 

 SurfBa 0.026 A    0.030 AB    0.061 AB 

     
Runoff Runoff 1 0.021 A 0.034 A 0.072 A 

 Runoff 2 0.017 A 0.017 B 0.038 B 
z Means following the same letter within a treatment within a column are not significantly 

different according to Tukey’s test (α=0.05). 
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Table 2.12. F-value from variance analysis of P source and placement effects on particulate (PP 

kg ha-1) loss from the three soils studied for two consecutive runoff events. 

Source of variation df Clay Loam Sand 

  F-value 

Treatment 13 6.66*** 6.19*** 4.60*** 

Control disturbed vs control undisturbed 1 0.46 5.24* 12.72*** 

Treatment vs control 1 1.77 0.59 0.28 

Pz source 2 10.87*** 27.36*** 5.47* 

Placement 3 10.08*** 5.33** 4.70** 

P source × placement 6 4.03** 4.47** 2.55* 

Runoff 1 9.56** 4.09 46.88*** 

Treatment × runoff 13 1.15 1.74 1.95 

P source × runoff 2 0.45 2.34 0.78 

Placement × runoff 3 1.34 0.99 1.94 

P source × placement × runoff 6 1.69 2.38 2.16 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 
z Bolded represents two factorial analysis of all treatment and runoff 

 

Table 2.13. F-value from variance analysis of P source and placement effects on total P (TP kg ha-

1) loss from the three soils studied for two consecutive runoff events. 

Source of variation df Clay Loam Sand 

  F-value 

Treatment 13 4.81*** 4.36*** 22.06*** 

Control disturbed vs control 

undisturbed 1 0.25 4.43* 33.20*** 

Treatment vs control 1 7.54** 8.46** 62.55*** 

Pz source 2 17.11*** 13.69*** 24.24*** 

Placement 3 1.50 1.63 36.94*** 

P source × placement 6 1.93 1.67 1.87 

Runoff 1 5.84* 47.60*** 223.27*** 

Treatment × runoff 13 1.43 3.36*** 3.40** 

P source × runoff 2 0.82 6.58** 1.70 

Placement × runoff 3 3.22 4.94** 3.93* 

P source × placement × runoff 6 0.56 2.53* 2.62* 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 
z Bolded represents two factorial analysis of all treatment and runoff 
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Table 2.14. Means of TP loss (kg ha-1) averaged over runoff for phosphorus source, placement and 

runoff main effects for the three soils studied. 

Treatment Soil types 

 TP loss /runoff (kg ha-1) 

  Clay Loam Sand 
zP Source Control  0.188 Cy 0.325 B 0.087 B 

 LDM 0.183 C 0.318 B 0.198 A 

 MAP 0.241 B 0.453 A 0.104 B 

 SBM 0.303 A 0.488 A 0.233 A 

     
Placements Control 0.188 A 0.325 A 0.087 B 

 Br 0.242 A 0.469 A 0.224 A 

 BrInc 0.257 A 0.384 A 0.226 A 

 SubBa 0.210 A 0.389 A 0.068 B 

 SurfBa 0.243 A 0.416 A 0.236 A 

     
Runoff 1 0.257 A  0.494 A 0.276 A 

 2 0.219 B 0.344 B 0.102 B 
z Means following the same letter within a treatment within a column are not 

significantly different according to Tukey’s test (α=0.05) 

 

Table 2.15. Relative proportion of DRP, DOP and PP loss from the P sources and the three soils 

studied 
 

Clay Loam Sand  
DRP DOP PP DRP DOP PP DRP DOP PP 

                     % 

CONTROL 7.4 3.7 88.9 5.1 0.9 94.0 19.2 17.3 63.5 

LDM 18.3 9.3 72.5 14.8 8.5 76.7 26.2 31.8 42.0 

MAP 14.5 5.4 80.1 13.4 - 86.6 25.2 30.8 43.9 

SBM 25.7 11.2 63.1 16.7 10.2 73.0 23.8 29.7 46.5 
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Figures 

 

Fig 2.1. Phosphorus source, placement and runoff 3-way interaction effects on sediment loss (kg 

ha -1) from the clay soil. Means followed by same letter within a source x placement interaction 

are not significantly different according to Tukey’s test (α=0.05). N=4. 
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Fig 2.2. Effects of phosphorus source × runoff interaction on sediment loss (kg ha-1) from clay 

and loam soil. Means followed by same letter are not significantly different according to Tukey’s 

test (α=0.05). N=16, control N=8. 
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Fig 2.3. Effects of phosphorus source and placement interaction on sediment loss (kg ha-1 runoff-

1) from the clay and loam soil. Means followed by same letter are not significantly different 

according to Tukey’s test (α=0.05). N=8, control N=4. 
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Fig 2.4. Effects of placement and runoff interaction on sediment loss (kg ha-1) from the sand 

soil. Means followed by same letter are not significantly different according to Tukey’s test 

(α=0.05). N=8. 
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Fig 2.5. Phosphorus source, placement and runoff 3-way interaction effects on dissolve reactive 

P (DRP kg ha-1) loss. Means followed by same letter within a P source x placement treatment 

are not significantly different according to Tukey’s test (α=0.05). N=4. 
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Fig 2.6. Particulate P ( PP kg ha-1) loss from the two runoff events for clay and sand soil. Means 

followed by same letter are not significantly different according to Tukey’s test (α=0.05). N=56. 
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Fig 2. 7. Effects of phosphorus source and placement interaction on particulate P (PP kg ha-1) 

loss from the three studied soils. Means followed by same letter are not significantly different 

according to Tukey’s test (α=0.05). N=8. 
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Fig 2.8. Phosphorus source, placement and runoff 3-way interaction effects on total P (TP kg ha-

1) loss. Means followed by same letter within a P source x placement interaction are not 

significantly different according to Tukey’s test (α=0.05). N=4. 
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Plates 

 

 

Plate 2.1. Surface soil protection after broadcasting a) LDM b) SBM 
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CONNECTING PARAGRAPH 

Research described in Chapter two indicated that losses of P from CF and manure are dependent 

on the time interval between treatment application and soil properties as manure represented a 

greater and steady risk of P losses to runoff. In addition, placement of P on the soil surface 

represented a much greater risk of loss compared to P incorporation into the soil while subsurface 

banding of P gave the least risk of P loss. The next chapter will consider timing of P application, 

how soil-environment condition after P application influences P reactions and availability for loss 

from recently applied CF.  
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CHAPTER THREE 

Wetting-drying cycle effects on forms of runoff phosphorus loss from soils amended with 

different phosphorus fertilizers and placements 

3.0 Abstract 

Phosphorus (P) losses to fresh water bodies are a major environmental concern in North America, 

and climate has been identified as one of the major drivers of P losses. Past studies have identified 

seasonal variations with P loss and reported an increased P loss during the non-growing seasons 

due to a saturated soil conditions that generate runoff faster. Future projection of climate change 

predicts the occurrence of drier summer months with periodic flashfloods. This study examines 

the impact of different soil moisture conditions on applied P source and the associated impact on 

forms of P loss in runoff. Two types of commercial fertilizer, monoammonium phosphate (MAP) 

and polyphosphate (POLYP) were applied to a clay loam, sandy clay loam and loamy fine sand 

soil at a rate equivalent to 44 kg P ha-1 using four different application methods. These application 

methods represent different degrees of P interaction with the soil and exposure to runoff. After P 

application, the soils were either taken through five wetting-drying (WDC, soil moisture left to 

fluctuate between 40 and 80 % FC) or left continuously wet (WET, left at 80 % FC). Wetting and 

drying increased DRP losses. The clay loam soil with the greatest sorption strength, adsorption 

maximum and degrees of P saturation was least impacted by WDC. Relatively average total P (TP) 

losses from clay loam, sandy clay loam and loamy fine sand soil were 0.512, 0.436 and 0.292 kg 

ha-1, respectively with DRP being 7, 15 and 47% of the TP loss. The MAP P source had a higher 

chance of losing more P after WDC probably because of its solid state that might have restricted 

sufficient interaction with the soil compared to POLYP, a liquid P source. The placement and soil 

properties seem to be the major driver of total solid and particulate P loss. 
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In conclusion, the influence of WDC on recently applied P on the different forms of runoff P was 

modified by the P source, placement and soil properties. These results can directly inform 

decisions on appropriate time to apply P and the best method of application depending on soil 

properties.  

3.1 Introduction 

Phosphorus (P) losses to fresh water bodies and its contribution to eutrophication is one of the 

leading environmental concerns for surface waters in North America. In early 2018, the Canada-

Ontario governments reported that the greatest proportion of P loading to surface waters in the 

Canadian Huron-Erie watershed was supplied by agricultural fields (ECCC-OMOECC, 2018). 

Consequently, targets for P loading reductions were established focusing on both the most readily 

available form of P, dissolved reactive P (DRP), and total P (TP) loadings. Government proposed 

action plans to achieve these goals will require a better understanding of nutrient dynamics in the 

Lake Erie basin.   

Risk assessment tools (e.g. P-index) have been developed to address potential P losses from 

agricultural fields. They incorporate both source and transport factors for P loss, and aid users in 

identifying appropriate BMPs for P management (Lemunyon and Gilbert, 1993; Sharpley et al. 

2003).  On-farm P management can be summarized into the 4R (right source, rate, time and place) 

nutrient stewardship concept (Johnston and Bruulsema, 2014). This concept was developed to 

provide a holistic site-specific nutrient management strategy that is agronomically and 

environmentally sustainable (Fertilizer Canada, 2016). The 4R aims at striking a balance between 

these factors to ensure efficient nutrient use by the crop and a sustained environment. To date the 

major focus of 4R management for P has been on emphasizing the right rate and place. The 

selection of appropriate source primarily reflects the farming system, where manure would be 
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deemed the appropriate P source for livestock operations and commercial fertilizers or livestock 

manure, depending upon logistics and expense, would be appropriate for strictly crop-based 

systems. From a crop production perspective, it is difficult to identify the right time for P 

application as the vast majority of applied P remains in the field, physically available to the crop 

and thus little impact on crop P uptake is expected. Management practices related to the timing of 

P application are often intricately tied to other farm operations that improve nutrient availability 

to the crop. For example, the banding of commercial P fertilizers with the planter is deemed a good 

management practice in Ontario (OMAFRA, 2015). Similarly, incorporation or injection of animal 

manures is viewed as a management practices that would reduce ammonia volatilization, as well 

as reduce the amount of manure P at the soil surface and susceptible to runoff.      

As observed in chapter 2 and in other studies, the application of P to soil increased P loss potential 

(Kleinman et al. 2002; DeLaune et al. 2004a,b; Shigaki et al. 2006; Smith et al. 2007; 

Kumaragamage et al. 2011; Duminda et al. 2016), especially when P was surface applied (Tabbara, 

2003; Deverede et al. 2004; Tarkalson and Mikkelsen, 2004; Allen and Mallarino 2008).  In studies 

where runoff was collected within 24-h of P application (Tabbara, 2003; Shigaki et al. 2006), the 

risk of P loss also appears to be related to the amount of water-soluble P applied (Sharpley et al. 

2001; DeLaune et al. 2004; Shigaki et al. 2006). In Chapter 2, this was not observed when runoff 

was not initiated and collected until 7-d after P application. In addition, cumulative P loss over two 

runoff events (14-d) indicated that manures (lower water-soluble P) may represent a greater risk 

for P loss than a commercial fertilizer (higher water-soluble P). This raises the question as to 

whether the timing of the first runoff event influences the amount of P potentially available for 

loss.     
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Precipitation in Ontario is somewhat evenly distributed throughout the year; however, seasonal 

variation in evapotranspiration tends to lead to fluctuation of soil moisture and occurrences of 

runoff events.  In Ontario, soil moisture in the late spring to early fall period is considerably drier 

than the late-fall to early-spring period, and thus we see a seasonality to the transport mechanism 

for P loss from farm fields. Macrae et al. (2010) in a two-year study demonstrated the dependence 

of surface runoff on antecedent hydrologic condition of the soil. However, they also observed that 

nutrient export response to hydrologic variables e.g., precipitation events and wetter soil hydrology 

are non-linear and complex to understand. For instance, they experienced a long period of drought 

during their studies, and runoff event after this period produced a pulse of dissolved P greater than 

those from subsequent events even after the soil had wetted up. Relating seasonal variation of P 

loss to transport events usually occurring during the non-growing season (NGS) or winter-early 

spring months (Van Esbroeck et al. 2016), might however be misleading considering the 

contribution of soil-environmental conditions to P availability for loss. It is however unclear, how 

environmental conditions after P application may impact the actual availability of P for loss in 

runoff. 

Bartlett and James (1980) indicated that the processes occurring in a rewetted dry soil are different 

from those in a continuously moist soil. They observed that drying drives a stable soil to an 

unstable state of physical aggregate disintegration and chemical changes in soil affinity for P 

sorption and desorption. Olsen and Court (1982) linked this unstable state to changes in soil 

structure caused by entrapment of air occurring after remoistening a dry soil, which eventually 

leads to disruption of soil aggregate. In an incubation study where the soil was subjected to 

continuously wet condition and wetting-drying cycles, Olsen and Court (1982) observed an 

increase in both P adsorption and desorption during wetting-drying cycles. Disruption of soil 
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structure exposes new adsorption sites and thus increases P adsorption. The newly adsorbed P on 

exposed sites are, however, in direct contact with runoff water, hence their easy desorption in 

runoff. This pool of P bound to reactive surfaces was referred to as the fast desorbing P pool in the 

desorption kinetics explained in Wang et al. (2011). 

A complicating factor is the role that climate change may play in P loss from agricultural lands. 

There have been future projections of drier summer months with periodic extreme rainstorm events 

causing flashfloods (ECCC-OMOECC, 2018).  In addition, the soil moisture condition before a 

runoff or storm event has been reported to influence P availability and transformation in soil 

(Barlett and James 1980; Olsen and Court 1982; Blackwell et al. 2009; Araújo et al. 2016).  It 

would therefore be relevant to determine if expected changes in soil moisture following say spring 

or fall P applications would impact potential P loss. Other factors, such as soil clay and organic 

matter content, have also been reported to influence P desorption after wetting and drying cycles 

(Araújo et al. 2016). 

To date, there has been no studies reporting the influence of wetting-drying cycles on applied 

commercial fertilizers and subsequent P loss in runoff. Studies highlighted above have only 

considered P sorption studies and or resin extraction of P after incubating unfertilized soil under 

either continuously wet or wetting-drying soil moisture condition. Considering that these soil 

moisture conditions commonly occur in Ontario, information from this study will help direct 

appropriate time, source and placement of commercial fertilizer. The study aimed to examine the 

influence of wetting-drying cycles (WDC) on forms of P loss in surface runoff after two different 

commercial fertilizers were applied with different application method to soils of varying texture. 
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3.2 Materials and Method 

3.2.1 Pretreatment soil analysis 

Three surface soil samples (0-15 cm depth) of clay, loam and sand were collected from the 

University of Guelph Ridgetown campus research farm. The soils are classified as Brookston clay 

(Orthic Humic Gleysol), Normandale sandy loam (Orthic Humic Gleyed Brunisol) and Wattford 

sand (Brunisolic Gray Brown Luvisol) (OMAFRA Ag Map). The actual soil textures were clay 

loam, sandy clay loam and loamy sand. For simple referencing, the soils will be called clay, loam 

and sand, respectively. The collected soils were air-dried, sieved (2 cm) and stored in crates prior 

to the runoff experiments. About four 2 kg soil (2 mm sieved) were then taken from the thoroughly 

mixed soils and used for the following soil pretreatment analysis. Particle size analysis by 

hydrometer method (Kroetsch and Wang, 2008), soil pH using a combination electrode by mixing 

10 g of soil in 20 mL 0.01 M CaCl2 (Hendershot et al. 2008), soil organic carbon determined by 

dry combustion method (Nelson and Sommers, 1996), Olsen P by shaking 2.5 g soil sample in 50 

mL 0.5 M NaHCO3 (pH= 8.5) solution (Schoenau and O’Halloran, 2008), water extractible P 

(WEP) by shaking 2 g of soil in 20 mL deionized water (Self-Davis et al. 2009), and total P (TP) 

by H2SO4-H2O2 digestion using 0.5 g  of finely grounded soil (0.5 mm sieved) and 5ml conc. 

H2SO4 (O’Halloran and Cade-Menum, 2008). The selected soil properties are presented in Table 

3.1. Of particular interest is the differences in P chemistry in the three soils. While Total P in the 

soil indicated a substantially lower amount of total soil P in the sand compared to the other two 

soils, the Olsen P was comparable to that observed in the clay soil and WEP was greatest in the 

sand soil (Table 3.1).   

The sorption properties of the soil were determined by shaking approximately 1-g of 2 mm sieved 

soil in one of nine 25 ml 0.03 M KCl solutions containing 0, 1.55, 3.10, 4.65, 6.19, 7.74, 9.29, 
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12.4, and 18.6 mg P L-1 for 24-h. After 24-h equilibration, the samples were centrifuged at 15483g 

for 5 min and then filtered through a 0.45-µm filter. Phosphorus sorption curves were then derived 

using the following Langmuir equation; 

Q𝑇 =
Q𝑚𝑎𝑥KC

1+KC
     (1) 

Where QT (mg kg-1) is the total amount of P sorbed by the soil, Qmax (mg kg-1) the P sorption 

maximum, K (L mg -1) the P sorption strength and C (mg L-1) the solution P concentration after 

24-h equilibration. Since QT represent the initially sorbed P (Qo) before equilibration and newly 

sorbed/desorbed P during the equilibration (Qs), substituting QT with Qo + Qs and rearranging 

equation (1) gives; 

Q𝑠+𝑄𝑜

Q𝑚𝑎𝑥
=

KC

1+KC
   (2) 

when 0 mg P kg-1 in 0.03 M KCl was equilibrated with the soil, the corresponding solution P 

concentration and desorbed P is designated as (Co) and (-QD) respectively. If -QD represents the 

amount of P that appears as adsorbed P in dry soil but solution P in wet soil (Wang et al. 2016), 

then adsorbed P by the soil can be defined as Qo – (-QD) or Qo + QD. Degree of P saturation (DPS), 

a ratio of initial adsorbed P to P sorption maximum was then determined as: 

𝐷𝑃𝑆 =
𝑄𝑜+𝑄𝑑

𝑄𝑚𝑎𝑥
=

𝐾𝐶𝑜

1+𝐾𝐶𝑜
    (3) 

Degree of P saturation has been shown to be a good predictor of potentials for DRP loss in runoff 

(Sharpley, 1995; Wang et al. 2010); and eq. (3) was proposed by Wang et al. (2016) as a universal 

estimate of DPS suitable for wide range of Ontario soils. Equation (3) was used to estimate DPS 

for each of the studied soils (Table 3.1). 
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3.2.2 Runoff experiment Set-up 

The 2-cm sieved soil was packed into runoff boxes to a bulk density of 1.1, 1.1 and 1.3 g/cm3 for 

clay, loam and sand, respectively in the greenhouse located at the University of Guelph Ridgetown 

campus. The runoff boxes were a modification of those proposed by the National P Research 

Project protocol (NPRP 2001) with a dimension of 100 × 20 × 10 cm (l×w×d) and a depth of 7.5-

cm versus the 5-cm depth in the protocol. The 7.5 cm depth was selected to better represent the 

placements in the field. The packed boxes were irrigated with water and allowed to drain (~ 1-3 

days) to a workable moisture content representing an average of 0.42, 0.39, and 0.24 g/g of soil 

for clay, loam and sand soil respectively. The two different commercial fertilizer P sources, solid 

monoammonium phosphate (MAP) and liquid polyphosphate (POLYP) were thereafter applied at 

44 kg P ha-1. The P sources were each applied using the following placements: surface broadcast 

not incorporated (Br), surface broadcast incorporated (BrInc), surface band (SurfBa) or subsurface 

band (SubBa). Fertilizer bands were applied parallel to box width at 25 and 75 cm from the end, 

and subsurface bands applied at a depth of 5 cm. Prior to P application, the fertilizers were analyzed 

for water soluble reactive P (WSP) by dissolving 0.5 g of fertilizer in 100 ml deionized water and 

shaking for 1 hr (Sharpley and Moyer, 2000) and TP by H2SO4-H2O2 digestion (O’Halloran and 

Cade-Menum, 2008). The fertilizer properties are presented in Table 3.2.   

3.2.3 Wetting-drying cycles 

Two different moisture regimes, always wet (WET) and wetting-drying cycle (WDC), were 

studied. The moisture level in the WET treatments were kept at a starting moisture ranging between 

0.40 - 0.49, 0.32 - 0.41 and 0.22 - 0.27 g/g of soil for clay, loam and sand soil, respectively, by 

sealing the boxes within plastic bags with six perforations at the top to allow for microbial 

respiration, but sufficiently covered with cardboard to shade the soil to help prevent evaporation 
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(Plate 3.1a,b).  The WDC treatments were allowed to dry down to approximately 0.21, 0.19 and 

0.07 g/g of soil for clay, loam and sand soil, respectively and then rewetted to the starting moisture 

content. The WDC was repeated five times with WET-DRY-WET considered as a complete cycle. 

The WDC treatments were left completely opened and exposed to sunlight and drying (Plate 3.1a). 

By weighing pots (covered and filled to the same depth and bulk density as the runoff boxes to 

simulate wet and drying conditions), changes in runoff box moisture contents were estimated, and 

water added when soil moisture reached the desired threshold by weight difference in the pots. It 

took approximately 28 days to complete the five WDC, and the greenhouse temperature during 

the WDC periods were 30.1, 22.4 and 21 o C for clay, loam and sand, respectively. The treatment 

arrangement followed a three-factorial experiment (source, placement and moisture regime) 

arranged in a randomized complete block design with four replicates. Disturbed or undisturbed 

controls (no P applied) were also included and were also subjected to moisture treatments.  

3.2.4 Rainfall simulation  

Simulated rainfall was applied after the fifth WDC (i.e. 28 days after P application) and another 

on the 7th day after the first. The rainfall simulator was installed in the greenhouse with minor 

structural modification from NPRP (2001) protocol. Briefly, a FULLJET 3/8 HH SS 24 W nozzle 

was installed on a metal frame 2.5-m above the runoff boxes. Attached to this frame was water 

pressure controller used to calibrate for the needed rainfall intensity. Rainfall uniformity was 

determined by measuring volume of rainfall discharged approximately 3-m diameter below the 

nozzle prior to start of rainfall. Once calibrated, boxes were gently laid on a 5 % slope platform, 

and 50 mm hr-1 intensity (approximate 1 in 10-years return period in Ontario) rainfall applied 

(Plate 3.2). Approximately three 1.5-L (total 4.5 L) runoff samples were collected from each box.   
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3.2.5 Laboratory analysis  

Runoff samples were taken to the lab for processing within 24-h of collection. The subsamples 

were analyzed for the following: DRP by filtering with 0.45 µm filter, total dissolve P (TDP) by 

digesting the 0.45 µm filtered sample and TP by digesting the unfiltered sample. The digestion 

procedure followed the persulfate acid digestion using the autoclave (Bremner 1996). All of the 

ortho-P in filtrate or digestate was analyzed by colorimetric analysis using ammonium molybdate 

ascorbic acid reduction method (Murphy and Riley, 1962). Phosphorus concentration were 

quantified by flow injector auto-analyzer QuikChem FIA + series, Lachat Instruments, Loveland, 

Co; Method No. 10-115-01-1-Q for DRP and Method No. 10-115-01-1-F for TDP and TP. 

Particulate P (PP) and dissolve unreactive P (DURP) was determined by the difference between 

TP and TDP, and TDP and DRP, respectively.  A 100-mL aliquot of the runoff was analyzed for 

sediment content by oven drying (105oC) to a constant weight.  

3.2.6 Statistical analysis 

Flow weighted mean values for sediment and P loss from each box were calculated, standardized 

to a constant volume of 4.5-L by adjusting the volume of sample 3 (i.e. 4500 - (vol. sample 1+ vol. 

sample 2)). For example, the DRP losses were calculated as follows: 

DRP kg ha-1 = [(DRP1 × V1) + (DRP2 × V2) + (DRP3 × (4.5-(V1+V2)))] × 5 ×10-4   (4) 

Where DRP1, DRP2 and DRP3 represents concentrations of the three ~1.5 L runoff volumes 

collected and V1, V2 and 4.5-(V1+V2) represents their respective volumes.  

The statistical analysis was done in two phases. First as a two factorial (all treatments including 

controls and runoff) randomized complete block. All treatment combinations were considered as 

independent variables with runoff as a repeated measure. Generalized linear mixed model 
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procedure (GLIMMIX) in SAS version 9.4 (SAS institute Inc., 2012) was used to assess the 

treatment effects on sediment and P loss (DRP, DURP, PP and TP). Contrast statements were 

thereafter used to make individual comparison with the controls.  

To more easily examine the potential fertilizer sources, placement and runoff main effects and 

interactions, the controls were excluded from the analysis and the statistical analyses ran as a 2 × 

4 × 2 (source × placement × moisture) factorial experiment arranged as a randomized complete 

block design with sediment or P loss as a dependent variable (lognormal distribution) and runoff 

considered a repeated measure. Kenward-Roger adjustment (ddfm=kr) was used to adjust the 

denominator degree of freedom for bias correction of standard error and test statistics. To ensure 

conformity with the assumptions of a GLIMMIX model, the studentized residuals were tested for 

random, normal and homogeneity of error variance using plot of residuals and a formal normality 

test of the studentized residuals. For treatment effects that were significant, least significant means 

were computed and compared using Tukey-Kramer multiple mean comparison test with letter 

codes generated using pdmix800sas macro. Type 1 error was set at P≤ 0.05 for all the analysis. 

Texture was not considered a factor in this analysis as each soil was run at separate times.   

3.3 Results and Discussion 

3.3.1 Effects of wetting-drying cycles and soil disturbance on sediment and P loss from 

control soils 

Sediment losses were not impacted by soil disturbance for any of the studied soils (Table 3.3). The 

lack of a disturbance effect may simply be a reflection that all soils were disturbed prior to 

placement into the runoff boxes and subjected to a fairly intense simulated rainfall event.  Thus, 

any disruption of aggregate strength or soil erodibility caused by the simulated incorporation action 

was relatively minor compared to what the soil had already been subjected to. The sand soil also 
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showed no significant treatment effects on sediment loss, while the loam simply showed a runoff 

effect, with sediment losses decreasing from 207.8 to 163.8 kg ha-1 for the first to second runoff. 

This effect likely reflects a possible reduction in the source of erodible particles after the first 

runoff. For the clay, a significant runoff and moisture regime x runoff interaction was observed. 

The interaction for the clay was the result of a significant decrease in sediment loss from runoff 

one to two for the WDC treatment, which was similar to the effect on the loam soils. Sediment 

loss was not significant different in the two runoffs for the WET treatment (Fig. 3.1). Wetting of 

dry soil has been observed to increase aggregate breakdown and decreased soil structure stability 

due to air entrapment during the rewetting of a dry soil (Barlett and James 1980; Olsen and Court 

1982). Thus, the several wetting and drying cycles may have made the clay soil more prone to soil 

loss in the first rainfall. For the WET treatment, the single drying event between the first and 

second rainfall did not significantly increase sediment losses in the second rainfall, but sediment 

loss was numerically greater. 

Since no P was applied to the controls, differences in P loss would only result from the impact of 

soil disturbance or the moisture treatments. For all three soils, DRP was the only dissolved P form 

that was lost from the control treatments, as DURP was not detected. There was a disturbance x 

moisture regime x runoff interaction for DRP loss from the clay, while no significant treatment 

effects were observed for the loam and DRP loss from sand were only affected by runoff (Table 

3.3).   

Dissolved P losses from soil are usually associated with desorption kinetics controlled by the pool 

of available P and soil properties (Wang et al. 2011) such as DPS and sorption strength and/or the 

net mineralization of an organic P. The 3-way interaction involving DRP loss from the clay control 

displayed a somewhat opposite pattern of DRP loss for the P treatments over the two runoff events. 
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Losses of DRP tended to increase from runoff one to two for the WDC disturbed and WET 

undisturbed controls and decrease for the disturbed WET and undisturbed WDC controls. 

However, for any given treatment, there was no significant runoff effect. The most striking 

treatment effects were for the WET treatment clay soils, where the first runoff for the disturbed 

treatment gave the greatest DRP loss, and the first runoff for the undisturbed treatment gave the 

lowest (Fig 3.2). Disturbing the soil via mixing in runoff boxes during incorporation of manure or 

fertilizer has also been reported to cause some degree of aggregate disintegration (Kleinman et al. 

2002).  It is possible that this treatment could encourage organic P mineralization and/or P 

sorption/desorption from newly exposed soil surfaces following aggregate breakdown, but not 

impact sediment losses. Similarly, alternative wetting and drying of the soils has been reported to 

cause aggregate disintegration due to entrapment of air after rewetting a dry soil (Barlett and James 

1980; Olsen and Court 1982), and there was an increase in DRP loss from the WDC undisturbed 

soil versus the WET undisturbed soil in the first runoff.  However, one would have expected a 

synergy between wetting-drying cycles and disturbance and the opposite was observed as for the 

disturbed controls; the WDC treatment actually gave the lowest DRP loss in the first runoff (Fig. 

3.2).  As will be discussed later, the amounts and differences observed in the controls were 

relatively small compared to when fertilizer P was applied to the soil. Lacking information to form 

a plausible explanation for these somewhat contradictory treatment results and given the only 

significant treatment mean differences were between the highest and lowest values for each 

control, it is assumed that the interaction is a fortuitous result that has little significance when 

discussing the treatment effects when fertilizer P is applied.  

For the sand soil, the DRP loss was significantly increased from 0.020 kg ha-1 in the first runoff to 

0.027 kg ha-1 in the second (Table 3.3). Wang et al. (2011) reported higher desorption rates and a 
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greater rate of decrease in runoff DRP with time from coarse texture soils during a single event, 

which was also observed in this study (data not shown). However, the increase in DRP loss from 

runoff one to two indicates either an increase in the pool of P available for runoff and/or possibly 

a more effective transport of DRP over the soil (i.e. less infiltration) allowing the 4.5-L of runoff 

to be collected in a shorter period of time.  

Given that ~ 85% of the P lost from the soil was measured as PP, it was not surprising to see that 

PP and TP resulted in similar significant treatment effects for the three soils, although some 

differences were observed (Table 3.3). Disturbing the control soil to simulate the incorporation of 

fertilizer, significantly increased PP (and thus TP) loss from clay; disturbance had no impact on P 

loss from the loam and resulted in a significant disturbance x moisture regime interaction in the 

sand (Table 3.3). The significant interaction in sand was due to increased PP (and TP loss) from 

the disturbed WET (0.24 kg ha-1 PP and 0.27 kg ha-1 TP) compared to undisturbed WET (0.06 kg 

ha-1 PP and 0.08 kg ha-1 TP) treatment, while disturbance did not affect the WDC treatments (0.08 

kg ha-1 PP and 0.1 kg ha-1 TP).  

Runoff event was the only significant factor for the loam soil with TP loss decreasing from runoff 

one 0.45 kg ha-1 to two 0.28 kg ha-1 and this was somewhat reflected in the sediment loss. It is 

possible that the determination of PP (which is determined as the difference between TP and TDP) 

was not sensitive enough to detect a relatively small change in P, while the TP digestion did. For 

the clay soil, there was a significant disturbance and runoff effect for both PP and TP loss (Table 

3.3). The disturbance effect was what would be expected in that greater PP and TP was lost when 

the soil was disturbed (0.40 kg ha-1 PP and 0.42 kg ha-1 TP) versus when the soil was undisturbed 

(0.26 kg ha-1 PP and 0.27 kg ha-1 TP), however in this case the same effect was not observed in 

the sediment analyses. The runoff effect was attributed to a decrease in PP and TP loss from runoff 
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one (0.42 kg ha-1 PP and 0.43 kg ha-1 TP) to two (0.25 kg ha-1 PP and 0.27 kg ha-1 TP), which 

could possibly be a reflection of the earlier observed decrease in sediment loss with runoff in the 

clay soil. 

It was expected that there would have been greater similarities between the analyses of the PP and 

sediment data (i.e. processes that increase removal and transfer of soil particles in runoff would 

presumable also increase the PP and TP loss since DRP was mostly unaffected by disturbance).  

McDowell and Shapley (2002) found loss of PP and sediment to be related to one another.  

However, others have found no relationship between sediment loss and PP loss, which was 

attributed to differences in soil P enrichment of the soil fraction eroded during runoff (Withers et 

al. 2007). The different soils in this study gave different results in terms of the agreement between 

sediment loss and PP or TP loss, suggesting that the soil texture plays a significant role in the 

relationship between sediment and PP loss in runoff.   

3.3.2  Effects of wetting-drying cycles, P source and placement on sediment and P loss from 

P amended soils 

3.3.2.1 Sediment loss from P amended soils 

Sediment losses were examined to potentially identify contributing factors to the forms and 

amounts of P lost in runoff. Given that the two P sources in this study were commercial fertilizers, 

it was expected that P source would not affect sediment loss. There was no significant effect with 

source except for a significant source x placement interaction for the sand soil (Table 3.4). For 

both P sources, there was a similar pattern to sediment loss from the sand for the different P 

placements, although for the MAP the differences between BrInc and the two band placements 

were significant, while placement had no significant impact when POLYP was applied (Fig. 3.3).  
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Given the lack of a plausible explanation for this treatment effect, the interaction was considered 

a fortuitous effect.    

Only the clay soil displayed a significant moisture x runoff interaction (Table 3.4) which was also 

observed for the control soils (Table 3.3). The significant interaction for the clay was attributed to 

a decrease in sediment loss from the first to second runoff for the WDC treatment (377 vs 277 kg 

ha-1), while sediment loss increased from first runoff to second runoff for the WET treatments (250 

vs 302 kg ha-1). The impact of moisture regime was only significant in the first runoff. The 

increased loss of sediments after WDC would be consistent with destabilization of soil structure 

and aggregates during WDC (Barlett and James 1980; Olsen and Court 1982), thus encouraging 

their breakdown and transport in runoff.  This could also explain the increase sediment loss from 

the first to second runoff for the WET treatment (i.e. this represented the first prolonged drying of 

the WET soil since it was packed into the boxes). A similar trend was observed in the control soils, 

but the increase was not significant.  

Runoff event was the only significant factor affecting sediment loss from the loam soil and again 

is in agreement with the analysis of the control treatments for the loam soil (Tables 3 and 4). A 

similar runoff effect was observed in the clay and sand soil.  Sediment losses were lower in the 

second runoff event (334 vs 277, 197 vs 157 and 131 vas 114 kg ha-1 for the clay, loam and sand, 

respectively) which likely reflected a reduced source of erodible materials after the first event 

under the experimental conditions.   

Soil disturbance resulting from the different placements appeared to be a common factor driving 

greater sediment losses in the clay and sand, although this was not observed for the controls. The 

increase number of treatments reflecting undisturbed (Br and SurfBa), moderately disturbed 

(SubBa) and disturbed (BrInc) soil conditions, coupled with lower sediment loss for treatments 
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with no disturbance likely allowed detection of this significant treatment effect.  Trends of 

sediment loss from clay as influenced by placement followed Br.Inc=SubBa>Br=SurfBa (Table 

3.5), which reflected the degree of soil disturbance. Placements that involved some degree of soil 

disturbance have been shown to increase sediment loss (Kleinman et al. 2002). The significant 

placement effect in sand was also evident in a placement x moisture regime interaction (Table 3.4). 

The WET BrInc treatment was significantly greater than all other treatments, which were not 

different from one another (Fig. 3.4).  The re-wetting of the sand soil in the WDC BrInc treatment 

may have allowed some settling of the soil to occur, possibly diminishing the loss of sediments 

relative to the WET treatment, which was maintained in a moist condition throughout the 28 d 

period between CF application and the first runoff event. The different treatment effects for the 

three soils may also reflect inherent differences in infiltration and aggregate stabilities. The clay 

and sand soils in this study have low organic carbon compared to the loam soil (Table 3.1), and 

McDowel and Sharpley (2003) linked soil organic carbon content to the degree of soil aggregation 

and ease of soil removal in runoff.  

3.3.2.2 Dissolved reactive P loss from P amended soils 

A significant moisture regime x runoff interaction for DRP loss was found for the loam and sand 

soils (Table 3.6).  In the loam soil, WDC resulted in greater DRP loss in runoff one than the WET 

treatment (0.09 vs 0.06 kg ha-1), indicating that over the 28-d period from P application to the first 

runoff, fertilizer P availability for loss in runoff was greater when the soil went through wetting 

and drying phases. A similar and more dramatic effect was observed in the sand, with a decrease 

in DRP loss in runoff one to two of 0.2 kg ha-1 DRP for the WDC treatment and 0.08 kg ha-1 for 

the WET treatment.  
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The impact of WDC on DRP loses in runoff one can be linked to several possible factors. 

Alternating wetting and drying of the soil can result in a disequilibrium physical and chemical 

state of the soil, such as increased affinity for P as new P sorption sites are exposed although native 

soil P may also be exposed to soil solution. Invariably, these outcomes affect P sorption and the 

equilibrium soil solution P concentration. Olsen and Court (1982) incubated 16 top soils (that were 

unfertilized or fertilized with P in previous years) under always wet and WDC (11 cycles) soil 

moisture conditions. After 22 days of incubation, the P sorption characteristics of the soils were 

measured, and resin extractable P determined on separate incubated soil samples. They observed 

P sorption increased with WDC but resin extraction also increased. Continuous WDC causes the 

soil structure to become unstable because of entrapped air during rewetting, thus disintegrating the 

soil aggregate and exposing more surfaces for adsorption. The newly adsorbed P is bound to higher 

reactive surfaces that are prone to easy desorption in runoff. This P pool represents a large 

proportion of the fast desorbing pool in the P desorption kinetic (Wang et al. 2011). The WDC 

effect was seen only in runoff one probably because the soils were exposed to the same greenhouse 

condition after the first runoff event. Since the increased availability of P for runoff was not evident 

in the second runoff event, this suggests it was a relatively small pool of available P that was either 

mostly lost and/or moved into the soil with the first simulated rainfall or allowed to more 

completely react with the soil in a manner similar to the WET treatment. The DRP loss from sand 

soil in them WET treatment in runoff one was significantly lower than the loss in the second runoff 

(0.08 vs 0.13 kg ha-1) indicating a significant increase in P availability for loss after the first runoff 

event. 

There were some differences between soils with respect to the impacts of source, placement and 

moisture regime main and interaction effects on DRP loss. The sand soil showed a significant 
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placement x moisture regime interaction although the placement effect was significant in all three 

soils and followed the same trend: Br = SurfBa > BrInc > SubBa (Tables 3.6 and 3.7). The 

significant interaction for the sand was attributed to the WDC treatment having no significant 

effect on DRP loss for the SurfBa treatment and increasing the loss for all other placements (Fig. 

3.5). Each of the placements represents different degrees of P source interaction with the soil, and 

exposure to runoff water. More so, the SurfBa treatment represented minimal interaction with soil 

and maximum exposure to surface runoff. The sand soil had the least capacity to sorb the added P 

(i.e. lowest Qmax Table 3.1). Only the sand soil showed a significant P source and placement 

interaction and a significant P source main effect for DRP loss (Table 3.6).  

Application of MAP significantly increased DRP losses compared to POLYP across all placements 

for the sand except for BrInc (Fig. 3.6), although this increase was most pronounced when the 

fertilizer was left on the soil surface (i.e. BR and SurfBa treatments).  In addition, while 

incorporation of the MAP (BrInc) into the soil decreased DRP loss relative to leaving the fertilizer 

on the soil surface (Br and SurfBa), DRP losses were lower for the surface applications and not 

affected by incorporation when POLYP was applied (Fig 3.6). This may simply reflect the fact 

that as liquid, POLYP more effectively infiltrated the soil at application or with simulated rainfall 

thus decreasing the amount of P available for runoff at the soil surface; possibly, it was lost as a 

different P form.   

Both the loam and clay soils had significant source x moisture regime interactions with the loam 

also having a significant moisture regime main effect (Table 3.6).  For the clay soil, DRP loss for 

a given P source was not affected by moisture regime but under WDC, less DRP was lost from the 

POLYP source than (Fig 3.7a).  
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In the loam, however, the impact of wetting and drying was significant but only for the MAP, with 

MAP WET losing less DRP than MAP WDC. As observed for the clay soil, POLYP had lower 

DRP loses than the MAP WDC treatment (Fig. 3.7b). Therefore, it is evident that WDC affected 

the two P sources and soils in a similar manner for these two soils. The liquid state of POLYP 

would promote greater movement into the soil and potentially result in greater soil-fertilizer 

contact compared to MAP (Smith et al. 2016). This might explain why the effects of WDC were 

less and not significantly different from WET in POLYP treated soil; considering WDC could 

increase sorption sites due to changes in soil structure. For the MAP, WDC appeared to increase 

DRP loss (although only significant for the loam) (Fig 3.7a and 3.7b). This might be because of 

stronger affinity for P in clay thus restricting P desorption. As earlier discussed, WDC increased 

both adsorption and desorption (Olsen and Court 1982). In clay soil however, rate of P desorption 

might have been annulled or slowed down by higher adsorption strength and Qmax compared to 

other two soils. More so, the loam soil has a higher Olsen P content that can easily solubilize 

during soil unstable state initiated by WDC. Bartlett and James (1980) reported that a remoistened 

soil is at a more reactive and unstable state of increased physiochemical processes.  

3.3.2.3 Dissolve unreactive P losses from P amended soils 

Dissolve unreactive P (DURP) is measured as the difference between DRP and TDP, and would 

be indicative of soluble P in solution, but not as orthophosphate.  In this study, it was anticipated 

that DURP would not only represent organic P, but also possibly non-degraded polyphosphates 

from the POLY P fertilizer. The P control soils displayed non-detectable levels of DURP 

signifying a lack of polyphosphates or organic P available for runoff unless P was added. 
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All soils displayed a significant runoff effect for DURP, although the clay also had a significant 

placement x runoff interaction (Table 3.8). For the clay soil, DURP was only detected in the first 

runoff event, and the DURP loss followed the order of BR=SurfBa >BrInc >SubBa (Fig 3.8).  This 

trend is closely associated with the degree of exposure of applied P to runoff.  However, there was 

no evidence of POLYP being the only source of the DURP loss (i.e. no significant source by 

placement or source in the clay soil). Given that polyphosphates are expected to be broken down 

fairly quickly i.e. a half-life of <1-100 days (Lohry, 2001), and that there was not a significant 

source effect, it would appear that the DURP measured here is either organic P or possibly 

particulate P associated with particles that passed through a 0.45 µm filter. The runoff effect 

observed for the loam and sand soil again reflected no DURP detected in the second runoff event, 

and on average a relatively small amount of DURP loss in the first runoff (0.004 and 0.006 kg ha-

1for loam and sand soil, respectively) compared to the clay (0.030 kg ha-1) (Table 3.9). The 

significant source and source x moisture regime effects observed for the sand (Table 3.8), may 

indicate that some polyphosphate were still present in this soil, although a very small amount was 

lost in runoff. The WDC significantly increased DURP loss from POLYP treated soil, while there 

was no impact on the MAP as no DURP was detected. This implies that some polyphosphate 

remained in the soil under WDC cycles and may also explain why MAP DRP losses were 

significantly greater than POLYP (Table 3.6).  

The impact of WDC cycle on DURP loss was also evident for the clay soil, where there was a 

significant placement x moisture regime interaction. (Table 3.8). The interaction was attributed to 

considerable differences in DURP loss between WDC and WET treatments when applied P was 

left on the soil surface (Fig. 3.9). This was probably because of their relative availability due to 

surface placement and WDC effect, but again the lack of a source effect suggests it is due to soil 
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and not the fertilizer source. This lost P may be particulate P finer than 0.45 µm that has been 

enriched by CF-P left on the soil surface. 

3.3.2.4 Particulate P loss from P amended soils 

Although the sand soil displayed several significant effects with respect to the amount of sediment 

lost in the runoff events (Table 3.4), there was no significant treatment effects for PP in runoff 

(Table 3.10).  The inability to detect differences in PP contents when sediment values did vary can 

possibly be attributed to the relatively small differences in sediment loss (Fig. 3.3), the lower total 

P content of the sand (Table 3.1) and the determination of PP as the difference between TP and 

DRP (which would potential increase the error). The amount of PP lost from the sand soil was 

approximately 35 and 60% lower than the amounts lost from the loam and clay soils, respectively. 

Runoff was the only significant effect for the loam soil, with greater PP loss in runoff one than 

runoff two, which was similar to the effect observed for sediment loss (Table 3.4). Thus, for both 

the sand and loam soils, there appeared to be no benefit to incorporating the P fertilizer or placing 

it below the soil surface in terms of PP loss and thus the concern would primarily be DRP losses.  

As with the sediment data, the clay soil displayed a significant moisture x runoff, runoff and 

placement effects (Tables 4 and 10).  Thus, for this soil when P was applied, there appeared to be 

a relationship between sediment and PP loses. The PP loss from WDC and WET were not 

significantly different in either runoff event; however, there was a decrease in PP from runoff one 

to two for the WDC treatment (Fig. 3.10). This finding was similar to what was earlier observed 

for the sediment loss. Placements also influenced PP loss from the clay soil, where the only 

significant treatment difference was between the BrInc (0.612 kg ha-1) and SubBa (0.363 kg ha-1) 

treatments, while Br (0.447 kg ha-1) and SurfBa (0.405 kg ha-1) were not statistically different from 

the other treatments. Thus, it would appear that tendency for the increase loss of sediment and its 
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associated P due to incorporation of the fertilizer into the clay soil, outweighs the potential benefit 

of removing the applied P from the soil surface.    

3.3.2.5 Total P loss from P amended soils 

TP losses from clay, loam and sand soils are 0.512, 0.436 and 0.292 kg ha-1, respectively with DRP 

accounting for 8, 16 and 47 % and PP accounting for 87, 82 and 31 % of the TP losses. For the 

control soils, DRP accounted for 3, 6 and 17 % of the TP losses, and PP accounted for 78, 97 and 

87 % of TP losses from clay loam and sand soil, respectively. Comparison of the treated soil with 

the control soil showed that DRP losses increased by ~ 3-fold for all the soils, while PP loss did 

not change for clay and loam soil. In treated sand soil, a larger proportion of the P losses where in 

the DRP form, thus less of TP losses were accounted for by PP compared to the control soil. 

Considering that 100 % of DRP is readily available for algae bloom, increase in DRP loss poses a 

greater environmental risk compared to PP (15-50 % availability). 

There was a significant moisture regime by runoff interaction for the clay soil, which was similar 

to the ones earlier discussed for sediment and PP loss. As moisture regime did not significantly 

influence DRP loss from clay soil but did with loam and sand (Table 3.6), some soil difference 

must be influencing the applied P loss from these soils. Wang et al. (2015) reported that soils with 

Olsen P < 30 mg P kg-1 and P sorption strength of > 0.39 L P mg-1 have the least risk of DRP loss 

to runoff in their natural state or greatest ability to sequester P from subsequent P addition. The 

clay soil in this study had Olsen P < 30 mg P kg-1 and a sorption strength of 0.59 L P mg-1.  Thus, 

it appears that a much greater affinity for P by clay soil annulled or slowed down P desorption 

which was exacerbated by WDC in the loam and sand soil. Total P loss from runoff one to runoff 

two in clay and loam soils reflected the PP losses as previously discussed.   



107 
 

Higher TP loss from WDC was only recorded in the loam soil (Table 3.12); probably reflective of 

the influence of WDC on DRP loss earlier seen in tables 3.6 and 3.7. Placements also significantly 

influenced PP loss in all the three soils. A significantly lower TP loss was consistent in all the three 

soils studies when the P sources were SubBa, although, this was not significantly different from 

Br and SurfBa in clay and BrInc in loam. As seen earlier for DRP loss, the impacts of the individual 

placement were similar in all the three soils. However, there was no significant effect of 

placements on PP losses from loam and sand, while for the clay soil BrInc significantly increased 

PP loss. This might explain why BrInc significantly lost more TP in the clay. A significant 

interaction between placement and source was seen in the sand soil (Table 3.11). As also earlier 

discussed for DRP loss, overall TP loss from MAP was greater than POLYP. While TP loss from 

MAP across all placements were not significantly different from each other, SubBa presented the 

least risk of TP loss when POLYP was applied though not different from Br and SurfBa, and 

SubBa MAP (Fig 3.11).  

 

3.4 Summary and Conclusions 

Application of P significantly increased P losses from all the soils. Both the P sources caused 

approximately 3-fold increase in P loss compared to the controls, which is expected given both 

sources are commercial fertilizer. Thus, they both presented similar risk of loss. Wetting and 

drying cycles significantly modified the different forms of P loss from the three soils. Although, 

the greatest impact was observed with DRP loss in loam and sand soil. Wetting and drying 

increased DRP losses in runoff one than runoff two as well as in MAP treated soils. This was 

possibly due to an increase in sorption sites due to structural changes after WDC, which in turn 

increased P adsorption and desorption (Olsen and Court 1982). The increased desorption was 
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related to the newly formed weak bonds between newly adsorbed P sites which are exposed and 

easily broken during runoff, and thus an increased P loss in runoff. This effect was annulled in 

runoff two probably because the soils were exposed to the same soil moisture condition after runoff 

one. The greater impact with MAP was because of the solid nature of MAP, which might have 

reduced extent of soil-fertilizer interaction. The differences in soil properties were also evident 

since WDC did not significantly affect DRP loss from the clay soil. This probably was due to high 

sorption strength and Qmax in clay that annulled the impact of WDC thus P sorption increased 

without a corresponding increase in desorption. Also, the placements were also impacted by WDC; 

only SurfBa P sources were not significantly influenced by WDC probably because SurfBa P 

restricted sufficient interaction with the soil and offers maximum exposure to runoff.  

Only the clay and sand soil were impacted by moisture for DOP loss. There was greater DOP loss 

in runoff one after WDC. In addition, there were no evidence of significantly different DOP loss 

from the two P sources in clay; in sand however, POLYP had significantly greater DOP loss than 

MAP. Surface placed P sources significantly had greater DOP loss that when P was incorporated 

or subsurface banded. Furthermore, DOP loss were only seen in the first runoff event. The different 

moisture regimes did not significantly affect PP losses from all three soils. Although, there was 

evidence of moisture regime interacting with runoff event in clay, this interaction was because 

WDC significantly increased PP losses in runoff one compared to that in runoff two. Nevertheless, 

both moisture regimes were not different from each other in the two runoffs, thus there may be 

some other physical process driving PP losses from clay. More so, it appears that the process of 

incorporating P during BrInc might be driving the higher P loss.  

In conclusion, the impact of wetting and drying of applied P and forms of P loss in runoff is 

dependent on the source applied, the placement and soil properties. 
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3.5 Tables, figures and plates 

Table 3.1. Pretreatment properties of selected soils with standard error in parentheses. (N=4) 

Soil property Clay Loam Sand 

Sand (g kg-1) 429 (0.8) 531 (1.0) 770 (0.8) 

Clay (g kg-1) 286 (0.8) 215 (0.8) 68.5 (0.7) 

Silt (g kg-1) 286 (0.7 254 (1.1) 162 (0.8) 

OCz(g kg-1) 15 (0.31) 21 (0.42) 11 (0.36) 

pH 6.3 (0.11) 5.9 (0.07) 6.4 (0.05) 

Total P (mg kg-1) 1051.4 (0.84) 1474.8 (1.15) 365.6 (0.90) 

Olsen P (mg kg-1) 24.2 (0.24) 37.4 (0.08) 25.6 (0.23) 

WEPy (mg kg-1) 0.04 (0.034) 0.94 (0.106) 1.71 (0.087) 

Qmaxx (mg kg-1) 300.1 (17.69) 184.3 (7.15) 113.5 (7.39) 

Kw (L mg-1)      0.53 (0.122) 0.30 (0.210) 0.20 (0.047) 

% DPSv 0.1 5.6 12.3 
zOC = Organic carbon 
y WEP= Water extractable P 
xQmax= P sorption maximum (n=3) 
w K= Phosphorus sorption strength (n=3) 
vDPS= Degree of P saturation 

 

 

Table 3.2. Properties of the commercial fertilizers 

Property Fertilizer 

 MAPy POLYPx 

Physical form Solid Liquid 

Total P (g kg-1) 233.2 135.5 

WSPz(g kg-1) 205.5 76.2 

% WSP 88 56 

Rate applied (kg P ha-1) 44 44 
z WSP= water soluble phosphorus 
yMAP= Monoammonium phosphate 
xPOLYP= Polyphosphate 
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Table 3. 3. Effect of moisture regime and soil disturbance on sediment and P loss (kg ha-1) from 

the control treatment of the three studied soils after two consecutive runoff events. 

Variable Source of variation df Clay Loam Sand 

   F-values 

Sediment All Treatment 19 1.90* 1.14 2.76** 

 Runoff 1 9.38** 38.53*** 10.25** 

 All Treatment × runoff 19 2.53** 0.85 0.72 

 Disturbance 1 2.59 3.11 4.19 

 Moisture 1 0.08 1.74 2.26 

 Disturbance x moisture 1 0.74 1.25 0.44 

 Runoff 1 7.30** 8.47** 2.89 

 Disturbance x runoff 1 0.01 0.00 0.00 

 Moisture x runoff 1 11.05** 1.94 0.98 

 Disturbance x moisture x runoff 1 0.26 2.12 0.42 

DRPz All Treatment 19 35.35*** 45.71*** 62.70*** 

 Runoff 1 0.27 0.63 7.86** 

 All Treatment × runoff 19 1.72 1.12 3.06*** 
  Disturbance 1 1.71 0.98 0.06 

 Moisture 1 0.01 0.20 0.14 

 Disturbance x moisture 1 1.84 0.13 0.63 

 Runoff 1 0.80 2.11 10.82** 

 Disturbance x runoff 1 0.00 2.56 0.08 

 Moisture x runoff 1 0.06 0.22 1.60 

 Disturbance x moisture x runoff 1 9.43** 3.11 0.50 

PPz All Treatment 19 2.08 1.22 1.84 

 Runoff 1 42.55*** 5.51* 2.93 

 All Treatment × runoff 19 1.17 0.58 0.43 

 Disturbance 1 5.15* 2.80 4.30 

 Moisture 1 0.01 0.00 0.87 

 Disturbance x moisture 1 0.10 0.09 4.37* 

 Runoff 1 17.20*** 4.28 1.00 

 Disturbance x runoff 1 1.86 0.05 0.17 

 Moisture x runoff 1 4.04 0.08 0.26 

 Disturbance x moisture x runoff 1 2.39 0.00 0.01 

TPz All Treatment 19 2.58* 2.26* 11.07*** 

 Runoff 1 58.60*** 10.39** 1.84 

 All Treatment × runoff 19 1.25 0.60 0.41 

 Disturbance 1 5.17* 3.53 20.98*** 

 Moisture 1 0.00 0.00 6.12* 

 Disturbance x moisture 1 0.17 0.12 24.77*** 

 Runoff 1 17.31*** 5.68* 1.12 

 Disturbance x runoff 1 2.75 0.06 0.28 

 Moisture x runoff 1 3.68 0.13 0.48 

 Disturbance x moisture x runoff 1 3.36 0.00 0.01 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 
z Dissolved reactive phosphorus, particulate phosphorus and total phosphorus 
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Table 3.4. F-values from variance analysis of phosphorus source, placement, moisture regime and 

runoff event effects on sediment loss (kg ha-1) from the three studied soils 

Source of variation df Clay Loam Sand 

  F-value 

Pz source 1 2.37 0.33 0.47 

Placement 3 25.78*** 1.47 9.38*** 

Moisture regime 1 1.76 1.63 6.28* 

P source × placement 3 1.37 0.76 3.06* 

P source ×moisture 1 1.68 1.61 0.69 

Placement × moisture 3 0.55 1.08 3.14* 

P source× placement× moisture 3 0.72 1.63 0.17 

Runoff 1 17.01*** 38.53*** 10.25** 

P source × runoff 1 1.58 3.34 1.22 

Placement × runoff 3 0.82 0.69 1.14 

Moisture × runoff 1 26.33*** 2.00 0.21 

Source × placement × runoff 3 0.51 0.01 1.22 

Placement × moisture × runoff 1 0.44 0.74 1.86 

P source× moisture × runoff 1 2.95 1.11 0.17 

P source × placement × moisture × runoff 3 0.06 0.64 0.04 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 

 

Table 3. 5. Averaged mean sediment loss (kg ha-1) from for P treated soils and control soils for 

placements main effect for the three soils studied 

Treatment  Soil types 

  Clay Loam Sand 

  SEDIMENT loss /runoff (kg ha-1) 

Placements Control   329.5 Az 185.4 A 134.7 A 

 Br 250.9 B 162.6 A 113.0 B 

 BrInc 397.5 A 182.0 A 145.2 A 

 SubBa      332.5 A 181.3 A 114.6 B 

 SurfBa 238.0 B 170.9 A 107.2 B 
z Means following the same letter within a treatment effect in a column are not significantly 

different according to Tukey’s test (α=0.05). 
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Table 3.6. F-value from variance analysis of phosphorus source, placements and moisture regime 

effects on dissolve reactive P (DRP kg ha-1) loss from the three soils studied for two consecutive 

runoff events. 

Source of variation df Clay Loam Sand 

  F-value 

Pz source 1 3.23 2.15 44.85*** 

Placement 3 105.49*** 137.62*** 72.45*** 

Moisture regime 1 0.20 11.82*** 88.96*** 

P source × placement 3 0.88 1.73 5.97** 

P source ×moisture 1 4.61* 6.31* 2.17 

Placement × moisture 3 0.37 1.62 12.28*** 

P source× placement× moisture 3 0.49 1.59 0.92 

Runoff 1 0.27 0.63 7.86** 

P source × runoff 1 1.27 0.14 0.75 

Placement × runoff 3 2.21 0.20 0.04 

Moisture × runoff 1 2.12 9.14** 43.90*** 

Source × placement × runoff 3 0.28 0.35 0.56 

Placement × moisture × runoff 1 1.05 0.63 0.48 

P source× moisture × runoff 1 0.43 0.26 0.00 

P source × placement × moisture × runoff 3 0.24 0.16 0.22 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 
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Table 3.7. Averaged mean dissolve reactive P (DRP kg ha-1) loss for phosphorus source, 

placements, moisture regime and runoff event main effect for the three soils studied. 

Treatment  DRP loss /runoff (kg ha-1) 

  Clay Loam Sand 

   

Pz Source Control  0.009 By 0.020 B 0.024 C 

 MAP 0.044 A 0.071 A 0.161 A 

 POLYP 0.037 A 0.065 A 0.111 B 

     
Placements Br 0.085 A 0.107 A 0.182 A 

 BrInc 0.043 B 0.065 B 0.140 B 

 SubBa 0.010 C 0.026 C 0.067 C 

 SurfBa 0.076 A 0.118 A 0.188 A 

     
Moisture WDC 0.041 A 0.075 A 0.174 A 

 WET 0.039 A 0.062 B 0.102 B 

      
Runoff event 1 0.042 A 0.054 A 0.089 B 

 2 0.038 A 0.052 A 0.101 A 
z Means following the same letter within a treatment effect in a column are not significantly 

different according to Tukey’s test (α=0.05). 
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Table 3.8. F-value from variance analysis of phosphorus source, placements and moisture regime 

effects on dissolved unreactive P (DURP kg ha-1) loss from the three soils studied for two 

consecutive runoff events. 

Source of variation Df Clay Loam Sand 

  F-value 

Pz source 1 0.52 0.19 7.93*** 

Placement 3 6.21** 5.47** 10.43*** 

Moisture regime 1 11.73** 0.00 4.95* 

P source × placement 3 2.39 0.87 2.67 

P source ×moisture 1 0.29 0.04 7.23** 

Placement × moisture 3 4.60** 1.14 0.09 

P source× placement× moisture 3 0.29 0.28 0.23 

Runoff 1 186.66*** 45.32*** 39.12*** 

P source × runoff 1 1.24 0.11 3.55 

Placement × runoff 3 21.11*** 1.72 0.21 

Moisture × runoff 1 0.43 1.63 0.63 

Source × placement × runoff 3 0.21 0.64 2.21 

Placement × moisture × runoff 1 0.93 1.35 3.01 

P source× moisture × runoff 1 0.52 0.49 1.22 

P source × placement × moisture × runoff 3 1.72 0.05 1.67 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 
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Table 3.9. Averaged mean dissolved unreactive P (DURP) loss (kg ha-1) for phosphorus source, 

placements, moisture regime and runoff event main effect for the three soils studied. 

Treatment  Soil types 

  Clay Loam Sand 

  DURP loss /runoff (kg ha-1) 

Pz Source Control 0.000 By 0.000 A 0.000 B 

 MAP 0.005 A 0.000 A 0.000 B 

 POLYP 0.006 A 0.000 A 0.004 A 

     
Placement  Br   0.007 AB 0.006 A 0.006 A 

 BrInc 0.004 B 0.000 B 0.000 C  

 SubBa 0.000 B 0.000 B 0.000 C 

 SurfBa 0.012 A 0.000 B    0.005 AB 

     
Moisture WDC 0.009 A 0.000 A 0.003 A 

 WET 0.002 B 0.000 A 0.000 B 

     
Runoff 1 0.030 A 0.004 A 0.006 A 

 2 0.000 B 0.000 B 0.000 B 
z Means following the same letter within a treatment effect in a column are not significantly 

different according to Tukey’s test (α=0.05). 
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Table 3.10. F-value from variance analysis of phosphorus source, placements and moisture regime 

effects on particulate P (PP kg ha-1) loss from the three studied soils for two consecutive runoff 

events. 

Source of variation df Clay Loam Sand 

  F-value 

Pz source 1 0.02 0.18 0.20 

Placement 3 4.87* 1.23 3.28 

Moisture regime 1 1.84 2.86 0.90 

P source × placement 3 0.40 1.14 0.95 

P source ×moisture 1 1.40 1.01 0.07 

Placement × moisture 3 0.66 0.15 2.04 

P source× placement× moisture 3 0.19 3.04 0.72 

Runoff 1 42.55*** 5.51* 2.93 

P source × runoff 1 0.34 1.31 0.31 

Placement × runoff 3 0.86 0.36 0.55 

Moisture × runoff 1 13.43** 1.17 0.08 

Source × placement × runoff 3 0.19 0.24 0.74 

Placement × moisture × runoff 1 1.97 0.57 0.44 

P source× moisture × runoff 1 0.05 0.32 0.24 

P source × placement × moisture × runoff 3 0.69 0.76 0.36 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 
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Table 3.11. F-value from variance analysis of phosphorus source, placements and moisture regime 

effects on total P (TP kg ha-1) loss from the three soils studied for two consecutive runoff events. 

Source of variation df Clay Loam Sand 

  F-value 

Pz source 1 0.10 0.17 13.37** 

Placement 3 5.84** 5.96** 7.63* 

Moisture regime 1 1.95 5.48* 2.00 

P source × placement 3 0.48 1.39 4.47* 

P source ×moisture 1 0.91 0.02 3.73 

Placement × moisture 3 0.64 0.65 3.59 

P source× placement× moisture 3 0.19 3.36 1.57 

Runoff 1 58.60*** 10.39** 1.84 

P source × runoff 1 0.76 1.39 0.03 

Placement × runoff 3 1.84 0.38 0.14 

Moisture × runoff 1 16.03** 1.49 2.17 

Source × placement × runoff 3 0.50 0.15 0.09 

Placement × moisture × runoff 1 1.67 0.39 0.82 

P source× moisture × runoff 1 0.19 0.49 0.07 

P source × placement × moisture × runoff 3 1.06 0.77 0.09 

*, **, *** significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. 

 

 

 

 

 

 

 

 

 

 



118 
 

Table 3.12. Averaged mean Total (TP kg ha-1) loss for phosphorus source, placements, moisture 

regime and runoff event main effect for the three soils studied. 

Treatment  Soil types 

  Clay Loam Sand 

  TP loss /runoff (kg ha-1) 

Pz Source Control  0.350 By 0.354 B 0.139 C 

 MAP 0.520 A 0.429 A 0.318 A 

 POLYP 0.504 A 0.442 A 0.265 B 

     
Placements Br    0.548 AB 0.464 A 0.324 A 

 BrInc 0.667 A    0.445 AB 0.338 A 

 SubBa 0.373 B 0.342 B 0.187 B 

 SurfBa    0.509 AB 0.511 A 0.318 A 

     
Moisture WDC 0.549 A 0.473 A 0.305 A 

 WET 0.478 A 0.401 B 0.278 A 

     
Runoff 1 0.573 A 0.480 A 0.278 A 

 2 0.386 B 0.365 B 0.245 A 
z Means following the same letter within a treatment effect in a column are not significantly 

different according to Tukey’s test (α=0.05). 
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Figures 

 

Fig 3.1. The effect of moisture regime x runoff interaction on sediment (kg ha-1) loss from the 

clay control treatment. Means following the same are not significantly different according to 

Tukey’s test (α=0.05). N=16. 

 

 

Fig 3.2. Effects of disturbance, moisture and runoff interaction on dissolve reactive P (DRP kg 

ha -1) loss from clay control soils. Means following the same are not significantly different 

according to Tukey’s test (α=0.05). N=4. 
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Fig 3.3. Average sediment (kg ha-1) loss as influenced by the interaction of source and placement 

for the sand soil. Means following the same are not significantly different according to Tukey’s 

test (α=0.05). N=16 

 

 
Fig 3.4. Average sediment (kg ha-1) loss as influenced by placements and moisture regime 

interaction in sand soil. Means following the same are not significantly different according to 

Tukey’s test (α=0.05). N=16. 
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Fig 3.5. Average dissolve reactive P (DRP kg ha-1) loss from placement by moisture interaction 

in sand soil. Means following the same are not significantly different according to Tukey’s test 

(α=0.05). N=32. 

 

 

Fig 3.6. Average dissolve reactive P (DRP kg ha-1) loss from P source by placement interaction 

in sand soil. Means following the same are not significantly different according to Tukey’s test 

(α=0.05). N=16. 
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Fig 3.7. Average dissolve reactive P (DRP kg ha-1) loss from P source by moisture interaction. 

Means following the same are not significantly different according to Tukey’s test (α=0.05). 

N=32. 

 

 

 

 

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

WDC WET WDC WET

MAP POLYP

D
R

P
 L

ao
d

 (
kg

 h
a-1

ru
n

o
ff

-1
)

A

AB

A. Clay

B
AB

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

WDC WET WDC WET

MAP POLYP

D
R

P
 L

o
ss

 (
kg

 h
a-1

ru
n

o
ff

-1
)

Phosphorus source × moisture regime

A

B. Loam

B
B

B



123 
 

 

Fig 3.8. Average dissolved unreactive P (DURP kg ha-1) loss from placement by runoff 

interaction in clay soil. Means following the same are not significantly different according to 

Tukey’s test (α=0.05). N=16. 

 

 

Fig 3.9. Average dissolved unreactive P (DURP kg ha-1) loss from placement by moisture 

regime interaction in clay soil. Means following the same are not significantly different 

according to Tukey’s test (α=0.05). N=16. 
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Fig 3.10. Average particulate P (PP kg ha-1) loss from moisture regime by runoff interaction in 

clay soil. Means following the same are not significantly different according to Tukey’s test 

(α=0.05). N=32. 

 

 

 

Fig 3.11. Average total P (TP kg ha-1) loss from P source by placements interaction in sand soil. 

Means following the same are not significantly different according to Tukey’s test (α=0.05). 

N=16. 
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Plate 3. 1. Setup for A) WET and WDC B) covered WET C) Representative pots D) covered 

representative pots for WET treatments. 

 

 

Plate 3.2. Setup for the rainfall simulation and runoff collection. 
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CHAPTER FOUR 

Summary, Conclusion and Recommendations for Future Studies 

4.1 Summary 

Excess P loss has been identified as the major precursor for extremes of harmful algae blooms 

experienced in Lake Erie. In response to this, actions are urgently needed to implement appropriate 

P management practices to reduce agricultural P losses. Two-greenhouse experiments were 

executed to understand the mechanisms controlling the losses of various P forms in runoff 

following application of manure or commercial fertilizer to soils varying in texture, using four 

different application methods, with or without subjecting them to wetting-drying cycles when P 

was applied according to provincial recommendations for commercial fertilizer.  

The first experiment characterized the various runoff P forms lost and the mechanism controlling 

these losses after application of manure and CF using four different methods of application. 

Phosphorus application significantly increased P losses compared to the control soils. The DRP 

losses were influenced by the amount of applied P available at the soil surface especially those left 

within the EDI. This loss was not dependent on rate of applied soluble P; manure-P especially 

SBM with a much lesser %WSP was a greater source of DRP to runoff probably because of its 

physical property limiting its efficient application and interaction with soil compared to MAP, thus 

a greater proportion of it was susceptible to runoff. The proportion of DOP loss varied among the 

soils and the P sources. Only the manure P source contributed DOP to runoff, although the ratio 

compared to DRP was very small. Physical processes that accelerate soil removal such as the soil 

texture and soil disturbances via incorporation influenced the PP losses. In general, DRP losses 

decreased as number of runoffs increased due to reduction in surface P availability, P sorption 
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reaction and translocation of soluble P via infiltrating water away from EDI. Among the three soils 

study, the loamy fine sand with the least affinity for P has the greater risk of DRP loss.  

The effect of wetting-drying cycles was tested on different P forms lost when commercial 

fertilizers were applied to soils of varying soil texture. The impact of wetting-drying cycles was 

greatest with DRP form of P. Wetting-drying cycles increased the DRP losses via both chemical 

and physical processes with MAP impacted more than POLYP. In addition, the soil difference also 

influenced the WDC impact; the soil with the greatest affinity for P was least affected by WDC. 

Similar findings were seen with the placement methods, exposing the P source on the soil surface 

had the greatest risk of DRP losses. Physical processes controlling soil removal also influenced 

the PP losses.   

4.2 Conclusions 

 The PP was least impacted by P application as physical processes such as soil 

disturbance was the major driver of PP loss. Manure P sources impacted PP losses 

via water partitioning and surface soil protection, which reduced the erodibility of 

soils. This impact was however restricted to the first runoff event. The overall PP 

losses were similar to the control in all soils. 

 Application of a source of P increased the dissolved P losses relative to the control. 

A greater proportion of the TDP was accounted for by DRP except in the sand soil 

where risk of DRP and DOP losses were similar. Losses of DOP from the soils 

were related to manure application. The CF- P sources represented the least risk of 

DRP loss compared to the manure P sources, suggesting that other factors aside 

from the source % WSP were responsible for DRP losses. Factors such as physical 

nature of the P source, which restricted efficient placement of manures, soil 
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properties and time interval between application and runoff, were believed to be 

responsible for this. In the study where both P sources were CF, MAP and POLYP, 

there were no observable impact of the P source on DRP loss. However, there was 

evidence of increased DURP loss in sand soil, which could be related to the 

presence of non-degraded polyphosphate from POLYP. 

 Aside from the impact of placement on particulate P losses via soil disturbance, 

placing P on the soil surface within the EDI increased dissolved P losses due to 

increased availability of soluble P; incorporation of a P source is a much better 

option but with an increased potential for soil loss. Placement of P below EDI has 

the least risk for dissolve P losses for CF and manure except for SBM, where 

efficient burial of manure is restricted. This trend was true for only the clay soil 

having a much higher sorption maximum and a lower soil test; however, for the 

loam and sand soil, the placement effect was modified by P source, soil 

physiochemical properties, and runoff events.  

 Runoff P losses decreased with increasing number of runoff events. 

 Phosphorus applied prior to WDC (i.e. in spring) may still be more available for 

runoff loss than P applied when the soil wets up in late fall.  

4.3 Recommendation for future studies 

1. The conclusions highlighted in this study were from a greenhouse and simulated rainfall 

study; there is therefore need to replicate this study in an actual field condition during a 

growing and non-growing season.  

2. This study suggests that % WSP was not responsible for DRP loss from both manure and 

fertilizer when applied at lower rates representing provincial recommendation for CF. A 
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study looking at P losses from manure and fertilizer at their actual provincial 

recommendation rate i.e. manure applied 2.5 times of fertilizer application rate is needed 

to access relative DRP losses from both sources.  

3. Post application soil-environmental conditions effects on the applied P and its potential 

availability for loss were tested only on commercial fertilizer; similar study needs to be 

done to evaluate the impact of soil moisture condition on manure P and its subsequent 

availability for loss.  

4. Further studies using other manure sources and soil types are also recommended.  

 

 

 

 


