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ABSTRACT 
 

PHOSPHORUS LOSSES IN LEACHATE FROM THREE AGRICULTURAL SOILS AS 
AFFECTED BY VARYING FERTILZER APPLICATION METHODS AND SOIL WETTING 

AND DRYING CYCLES  
 

Haley Matschke         Advisor:  

University of Guelph, 2019        Ivan O'Halloran 
 

Eutrophication has been identified as a major environmental concern for freshwater aquatic 

ecosystem health.  As climate and agricultural management practices change, changes in 

prominent water flow pathways and risk of P loss are expected. This study was conducted to 

evaluate variations in P losses, specifically DRP and TP, across MAP Fertilizer and wetting and 

drying cycles (WDC). Intact soil cores of different soil textures (clay, sandy loam and sand) were 

subjected to 12 rainfall events to generate leachate. Results from cumulative losses of DRP and 

TP tended to mask treatment effects; however, individual leaching events treatment differences 

were identified, notably the significant interaction between MAP placement and WDC which 

across all soils. Soils analysis by depth following all rainfall events did not conclusively indicate 

evidence of fertilizer P movement. Results suggest that management strategies to minimize P 

leaching are dependent upon soil conditions and the first leaching event.             
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LITERATURE REVIEW 

Eutrophication and Lake Erie 

 The eutrophication of aquatic systems has consistently been identified as an area of 

environmental concern (Foy 2005; Ryden et al. 1973). Culturally influenced increases in nutrient 

inputs to aquatic ecosystems have accelerated this naturally occurring process, creating 

significant concern for surface water quality and ecosystem health. In aquatic ecosystems, the 

effects of eutrophication and nutrient loading are generally observed through an increase in plant 

and algal growth, decreased water clarity and oxygenation, and in some severe cases the 

development of harmful algal blooms (HABs) and a loss of biodiversity (Chislock et al. 2013; 

Foy 2005).  

 The effects of eutrophication begin with an increase in photosynthetic processes. When a 

photosynthetic limiting factor, including essential nutrients such as carbon (C), nitrogen (N), or 

phosphorus (P), enters an ecosystem in excess it can stimulate an increase in ecosystem 

production rates. This is typically observed through increases in plant growth rates and rapid 

expansions of select species populations at the primary trophic level.  In aquatic ecosystems the 

primary trophic level generally consists of macrophyte and algal species. Once the limiting 

nutrient becomes available in excess, photosynthetic processes and rates are increased 

subsequently resulting in the expansions of various populations. These species expansions also 

encourage the depletion of oxygen resources at increasing depths and can encourage the 

development of extensive surface level algal blooms and mattes (Foy et al. 2005). As these 

surface waters become overrun with plant and algal populations water clarity is generally 

impacted through increased turbidity and sunlight penetration throughout the water column is 

decreased. This can result in reduced growth and development of submerged plants and 
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increased development of surface level dominant species, including toxic algal strains (HABs) 

(Foy 2005; Schindler 1977; Schindler et al. 2008).   

 The combination of these effects has been found to directly influence overall ecosystem 

biodiversity and the safety of water consumption. In the case of biodiversity, decreased 

oxygenation and water clarity have been found to significantly affect the prevalence of select 

species, specifically larger and low oxygen tolerant species. As these species dominate and 

oxygen levels continue to decrease the ecosystem can becomes vulnerable to non-dominate 

species deaths resulting in declining populations and decreasing biodiversity levels (Foy 2005). 

The development of HABs through changing ecosystem structure and species composition also 

serves as a source of major concern when evaluating the effects of eutrophication. The noxious 

effects associated with various low oxygen tolerant algal species have also been identified as a 

major health concern (Chislock et al. 2013; Foy 2005). The development of these blooms heavily 

influences the safety of water consumption and can pose a major health concern when present 

dominant water systems (Chislock et al. 2013).  

 In North America, Lake Erie is susceptible to eutrophication. Its shallow lake 

morphology and warmer temperatures have enabled anthropogenic inputs to accelerate its 

eutrophication (Steffan et al. 2014). During the 1960’s Lake Erie was considered to be a dying 

lake due to its demonstration of the severe effects associated with eutrophication, including 

ecosystem disrupting algal blooms (Han et al. 2012).  This increasing concern directed 

significant research efforts in order to fully understand which photosynthetic factor was limiting 

in these freshwater ecosystems. Results from whole lake experiments conducted in the 

Experimental Lakes Area in Northwestern Canada had suggested that P was likely to be the 
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dominant limiting nutrient in freshwater ecosystems, such as Lake Erie (Schindler 1974, 

Schindler 2008).  

 In order to address concerns associated with freshwater ecosystem eutrophication, 

Canada and the United States formed the Great Lakes Water quality agreement (GLWQA) in an 

effort to limit nutrient loading into the Great Lakes. The 1972 agreement called for improved 

control of many sources of P, including improved wastewater treatment, limited use of P based 

detergents, and improved management practices for reducing agricultural P transport (Han et al. 

2012; Richards and Baker 2002). This agreement called for P loads no greater than 11,000 

tonnes of total P per year (IJC 1972). The regulations put into place were initially successful in 

reducing P loads to Lake Erie (Han et al. 2012; Richards and Baker 2002; Steffan et al. 2014). It 

was estimated that the initial 1972 agreement was able to effectively reduce P loads to Lake Erie 

by approximately 50% from their peak levels in 1968, including reaching the target loading rate 

of 11,000 t y-1 during the early 1980s (Charlton et al. 1993; Scavia et al. 2014, Steffen et al. 

2014).  

In the 1990’s, Lake Erie begin to reenter a state of eutrophication and demonstrate an 

increased presence of algal biomass and hypoxic zones (Scavia et al. 2014). In most recent years, 

Lake Erie has continued to both set and break multiple records in relation to size and severity of 

algal blooms (IJC 2014). In 2011, the recorded algal bloom broke the previous record and 

spanned an area of approximately 15000 km2 at its peak. This bloom was estimated to be 

approximately seven times greater than the recorded average over the previous eight years, three 

times larger than the previous largest Lake Erie algal bloom, and ranked at the maximum, 10, on 

the severity scale (Michalek et al. 2013; IJC 2014; NOAA 2015). This record was again broken 

in 2015 with a bloom estimated at a 10.5 on the severity scale, the greatest on record. Initial 
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reports have suggested this bloom was a result of higher than normal precipitation levels 

resulting in increased nutrient loadings from agricultural systems (NOAA 2015). 

The reduction of point sources of P was the primary focus of the 1972 GLWQA.as these 

sources were considered to be easily identifiable, manageable and continuous sources of 

pollution into ecosystems (Carpenter et al. 1998). Current issues with eutrophication in Lake 

Erie are believed to be related to the non-point sources of P pollution. Non-point sources are 

generally classified as pollution sources collected over a large area of land and transported into 

nearby ecosystems (Carpenter et al. 1998). The 1972 agreement did allow for improvements in 

non-point source P loadings, specifically agriculturally based surface runoff and soil erosion 

limitation efforts, however changing agricultural practices and climatic conditions have since 

increased the risk of P transport and non-point source P loadings into the Lake (Michalek et al. 

2013).  Since the Lake Erie watershed is considered to be agriculturally dominated, with 

extensive portions of cropland draining into the basin, agriculture based non-point sources have 

since begun to receive the majority of the attention and responsibility for these increasing P 

loadings (Bruulsema 2016). Current Ontario guidelines indicate that P concentrations entering 

waterways during the ice-free period should not be greater than 30 ug/L (0.03mg/L) for the 

limitation of excessive plant and algal growth. These guidelines also recommend that 

concentrations be below 10 ug/L (0.001mg/L) during the ice-free period in order to significantly 

reduce the risk of aesthetically deteriorating plant and algal growth (MOEE 1994).  

Soil phosphorus 

 Despite its environmental risks, P remains an essential nutrient in numerous ecosystems. 

In plants, P is required for multiple growth processes, including cellular respiration, and is an 

essential building block in the production of many organic compounds, including DNA and 
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RNA, and adenosine triphosphate (ATP) (Paul and Clark 1989). In the case of agricultural 

production systems, P is an essential and regularly maintained nutrient (Bruulsema 2016). In soil, 

P can also occur as a limiting nutrient due to its low solubility and lack of mobility (Schachtman 

et al. 1998). As a result, P deficiencies may develop, thereby hindering plant growth and 

ecosystem productivity.  

 Diffusion is the major mechanism of P movement to plant roots (Schachtman et al. 

1998). In soil, P can be classified into varying pools according to its availability for uptake 

(Hansen et al. 2002).  These pools include, the soluble or solution, reactive, and stable P pools 

(Hansen et al. 2002; Paul and Clark 1989). The soluble or solution P pool is suggested to contain 

biologically available forms of P and is primarily composed of orthophosphates (H2PO4- and 

HPO42- ) (Brady and Weil 1999; Hansen et al. 2002; Schachtman et al. 1998,). These anions are 

available in solution based on the soil’s pH, with H2PO4- dominating the soil solution under 

acidic conditions, while HPO42- dominates under basic conditions (Schachtman et al. 1998).  In 

soil, the solution or soluble P pool is considered to be the smallest P pool and is estimated to 

contain P concentrations ranging from 0.1 to 1 mg L-1 or approximately 1% of the soil’s total P 

resources (Brady and Weil 1999; McDowell et al. 2001; Paul and Clark 1989). As solution P 

resources are depleted through plant uptake or environmental loss available P from the reactive P 

pool can be used to replenish solution P’s resources (Hansen et al. 2002). For this to occur P 

must be solubilized from reactive inorganic and organic sources (Paul and Clark 1989). This 

occurs through desorption, dissolution, and/or mineralization processes (Hansen et al. 2002). The 

remaining portion of P present within the soil is considered to be fixed and a part of the stable P 

pool. The inorganic and organic forms of P present in this pool are tightly bound to clay minerals 
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and surfaces or organic constituents present within the soil and generally remain unavailable for 

plant uptake (Hansen et al. 2002; McDowell et al. 2001; Paul and Clark 1989).  

 In unmanaged ecosystems, P is available for uptake by plants and organisms through the 

weathering of mineral apatites and the decomposition of available organic matter (Paul and Clark 

1989). Over time, mineral apatites present within the soil hydrolyze to release P for the 

formation of inorganic secondary P minerals and uptake from the soil solution (Tiessen et al. 

1984; Paul and Clark 1989; Pierzynski et al. 2005). The most common apatite subjected to 

weathering is calcium phosphate (Tiessen et al. 1984, Paul and Clark 1989). As P is released 

from these minerals phosphates can interact with the free metals and cations, most commonly 

aluminum (Al3+), iron (Fe3+/2+), calcium (Ca2+), and magnesium (Mg2+), to produce secondary P 

minerals (Edzwald et al. 1976; Pierzynski et al. 2005; Tiessen et al. 1984). These cations hold 

onto P in both the stable and reactive soil P pools and have been suggested to control the release 

and uptake of available P into and from the soil solution (Edzwald et al. 1976; Hansen et al. 

2002; McDowell et al. 2001). Although inorganic sources of P may dominate P release to the 

soil solution, organic sources of P may also contribute to the solution P pool in soils (Paul and 

Clark 1989; McDowell et al. 2001). In soils, organic sources of P mainly consist of phytates, 

nucleic acids, and phospholipids available from crop and manure residues left on the soil surface 

(Paul and Clark 1989; McDowell et al. 2001; Salas et al. 2003). These residues undergo  

 transformations through microbial mineralization processes to release inorganic and organic 

forms of P into the soil solution for uptake (Richardson et al. 2011; Busman et al. 2002). 

Phosphatase enzyme producing microorganisms available in the soil biomass are capable of 

hydrolyzing organic P to release available orthophosphates into the soil solution (Richardson et 

al. 2011). These microorganisms may also remove P from the soil solution through 
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immobilization processes where which available inorganic P is converted to organic P contained 

in plant residues and microorganisms (Pierzynski et al. 2005).  

In managed agricultural production ecosystems, which will be the focus of this study, P 

availability in soil can be mediated through the addition of various inorganic and organic soil 

amendments. These amendments are used to supply P to ensure plant nutrient requirements are 

met. In agricultural production systems, these amendments consist primarily of inorganic 

sources, such as commercially produced fertilizer, and organic sources, such as plant- and 

animal-based wastes. Of these sources, inorganic commercially produced fertilizers are 

suggested to be the most readily available form of P for application in agricultural systems 

contributing directly to the soluble P pool (Chien et al. 2011; Leikam and Achorn 2005; Withers 

et al. 2005).  While organic sources may also contribute directly to the soluble P pool, these 

sources are more likely to require mineralization processes in advance of releasing available P 

into the soil solution from its bonded C constituents (Condron et al. 2005).  

Pathways of Loss 

 Excess or unused P in from either managed or unmanaged terrestrial ecosystems is 

considered to be at risk of loss and transport into aquatic ecosystems when exposed to significant 

rainfall or flow events. From terrestrial systems, this can occur through two major pathways, 

surface runoff and leaching (Figure 1).  These two pathways vary in their mechanisms 

responsible for encouraging or hindering P movement across the landscape and are heavily 

influenced by varying soil biogeochemical processes, landscape hydrology, and/or ecosystem 

management practices (Heathwaite and Dils 2000).  
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Surface runoff is regularly defined as the lateral movement of water above the soil 

surface (Haygarth and Sharpley 2000; McDowell et al. 2001). This process has also regularly 

been referred to as overland flow (Haygarth and Sharpley 2000). Surface flow is produced when 

water is no longer able to infiltrate the soil due to infiltration capacity being reached, also 

referred to as infiltration excess, or the soil’s water storage capacity has been met and the soil 

enters saturation excess (Kleinman et al. 2006). This subsequently forces water to pool and move 

along the soil surface according to landscape structures, including hill slopes and gradients or 

 

 

Figure 1  The agricultural soil P cycle (Adapted from Pierzynski et al. 2000, 2005). 
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ridges, and flow characteristics (Kirby and Mehuys 1987; Heathwaite and Dils 2000). In general, 

the majority of surface runoff is generated when soils are exposed to high intensity of long 

duration rainfall events and drainage characteristics are poor (Kleinman et al. 2006). Since these 

rainfall events are generally unable to infiltrate the soil profile and are then capable of detaching 

soil particles from the soil profile. As a result, surface runoff has also regularly been associated 

with soil erosion and its detachment and transport of soil particles along the landscape (Haygarth 

et al. 1999; Heathwaite and Dils 2000; Hansen et al. 2002). The detached soil particles and 

flowing water are capable of transporting P, in both soluble and particulate forms, across the 

landscape and into nearby aquatic systems posing environmental risk (Haygarth et al. 1999; 

Heathwaite and Dils 2000).  Under Ontario conditions, snowmelt can also be a significant period 

for overland flow (Van Esbroeck et al. 2017).  In this instance, although intensity is rather low, 

melt events may have long duration and reduced infiltration due to frozen or saturated soil 

conditions.   

 In addition to surface runoff, leaching has also been considered as a transport pathway for 

P. Leaching is defined as the removal of water, and any associated chemicals or nutrients, 

through vertical and lateral soil water movement below the soil surface (Haygarth et al. 1999). 

Contrary to surface runoff, leaching occurs under both saturated and unsaturated conditions. As 

water infiltrates the soil it is capable of interacting with soil particles, nutrients, and chemicals 

resulting in their transport through connected macropores to subsurface and surface waters 

(Gburek et al. 2005; McDowell et al. 2001). Flow between these macropores has been suggested 

to differ according to its direction of movement and the macropores exploited. According to 

Haygarth and Sharpley (2000) and Simard et al. (2000) preferential flow is classified as the 

vertical movement of water through the soil profile through continuously connected macropores 
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created through soil fissures or biota. These macropores have been suggested to pose the greatest 

risk when evaluating P transport risks through leaching due to their conduciveness for rapid large 

water volume transport through a small portion of soil (Gachter et al. 1998; King et al. 2015, 

Simard et al. 2000). In addition to preferential flow, leaching losses can occur through matrix 

flow, the ununiformed vertical movement, and interflow, the ununiformed lateral movement, 

between soil pores across the soil profile (Haygarth and Sharpley 2000).  

 In agricultural systems, surface runoff has consistently been defined as the major source 

of concern for the transport of P to aquatic systems. Historically speaking, leaching losses of P 

were suggested to be insignificant from an environmental standpoint (Sims et al. 1998). It was 

for this reason that major efforts to reduce non-point source pollution through surface runoff and 

soil erosion in agricultural systems after the implementation of the 1972 GLWQA were initiated 

(IJC 2014). Current research has begun to suggest that changing management practices and 

environmental conditions have enabled improved connections between subsurface soil waters 

and nearby surface waters resulting in increased P loadings from leaching pathways (Sims et al. 

1998; Smith et al. 2015). For the purpose of this study, only the leaching pathway for P loss will 

be considered.  

Soil P loss mitigating factors 

 When evaluating loss of P from terrestrial systems, various soil factors, including, 

texture, sorption capacity, and moisture content, may influence and mitigate these losses. Texture 

is a dominant soil property influencing P losses in both managed and unmanaged systems, as 

well as impacting the apparent degree of weathering and forms of P found in the soil (O’Halloran 

et al, 1987). When evaluating leaching losses, soil texture may influence a soil’s ability to 

transport nutrients and hold onto nutrients. As discussed above, subsurface nutrient transport is 
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heavily influenced by the presence of flow pathways below the soil surface (Gburek et al. 2005; 

McDowell et al. 2001). Research has also suggested that soil texture plays a dominant role in 

determining the presence of these pathways. A study conducted by Allaire et al. (2011) on 

varying agricultural soils in the Great Lake region of Ontario indicated that the creation 

mechanism and prevalence of subsurface preferential flow pathways differed according to soil 

texture. Allaire et al.’s (2011) and Grant et al. (2019) research indicated that preferential flow 

pathways created by soil fauna, such as worm burrows, were more likely to dominate loam and 

medium textured soils due to their preferential habitat structure for these species. Their research 

also indicated that with increasing clay content the risk of creation of creaks and fissure 

encouraging subsurface water and nutrient transport may increase (Allaire et al. 2011). These 

findings were similar to those of Simard et al. (2000) and Grant et al. (2019) who also found that 

fine textured soils were more likely to demonstrate an increased presence of macropores through 

cracks and fissures as a result of dry soil conditions. The increasing presence of these dominant 

macropores is also suggested to influence the risk of P leaching (Simard et al. 2000). Van Es et 

al. (2004) found fine-textured soils tend to demonstrate an increased risk of losses. P losses 

under active flow conditions after manure applications were found to be approximately 39 times 

greater in the clay loam soil studied compared to the sandy loam. Under active flow conditions 

the clay loam soil was unable to inhibit or reduce water movement through the soil profile due to 

the increased presence of cracks and fissures across the soil profile. This subsequently influenced 

the susceptibility of P transport from the applied P sources to subsurface drainage systems and 

nearby surface water systems (Van Es et al. 2004).  

 Research conducted by Glaesner et al. (2011b) has also suggested that the presence of 

these pathways and their association with soil texture may also affect the forms of P lost. 
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Glaesner et al.’s (2011b) study evaluating soil texture and dairy slurry application methods 

influence on P losses indicated that increasing clay contents increased P losses. Although 

dissolved reactive phosphorus (DRP) losses were suggested to decrease with clay content due to 

their sorption capacity, particulate P (PP) transport was suggest to increase with increasing clay 

contents resulting in greater overall total P (TP) losses (Glaesner et al. 2011b).  Simard et al.’s 

(2000) study also produced similar results suggested that fine texture soils demonstrated an 

increased presence of cracks and fissures or shinking and swelling that enabled greater transport 

of particulate forms of P hereby increasing TP losses. Dissolved inorganic P losses were, 

however suggested to decrease with increasing clay content. Using three intact soil columns of 

varying clay contents (loamy sand, sandy loam, and loam) Glaesner et al. (2011b) found that as 

clay content increased DRP losses decreased. This was caused by the sorption by clay minerals 

and cations of inorganic P within the soil, thereby reducing its susceptibility to dissolved P losses 

(Glaesner et al. 2011b). Research completed by Djodjic et al. (2001) however indicates that 

although clay content may decrease DRP losses, leaching of P primarily occurs in the dissolved 

form when compared to surface runoff P losses.   

 Soil sorption capacity has been identified as a significant factor when evaluating the risk 

of P losses from soil systems. As discussed above, soil sorption capacity is directly related to the 

presence of clay minerals and the concentration of Al, Fe, Ca, and Mg within the soil (Edzwald 

et al. 1976; Hansen et al. 2002; McDowell et al. 2001). In soils where concentrations of these 

cations are high P sorption and retention within the soil is generally increased (Hansen et al. 

2002). In a review completed by Sims et al. (1998) and study completed by Beauchemin et al. 

(1998) coarse textured soils (e.g. sand-dominated) were suggested to demonstrate significant 

leaching losses of P due to their reduced P sorption capacity and ability to form secondary P 
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minerals through adsorption and precipitation reactions (Hansen et al. 2002).  Glaesner et al. 

(2011b) also suggested that fine textured soils, specifically clay dominated soils, presented lower 

P losses and higher P sorption characteristics than coarser textured soils. Additionally, P 

saturation level within the soil has demonstrated an impact on the sorption capacity of varying 

soils (Andersson et al. 2013). Results from a study completed by Andersson et al. (2013) 

indicated that soils demonstrating higher P sorption capacities and low P saturation demonstrated 

lower rates of P losses due to the soil’s available sorption sites (Andersson et al. 2013). 

  The pH of a soil has also been found to play a significant role in the solubilization, 

sorption, and loss of P from agricultural systems. As mentioned above, the forms of P available 

in the soil solution varying according to soil pH. Under acidic conditions, Fe and Al cations tend 

to dominate the soil solution, while under more alkaline conditions Ca cations dominate (Brady 

and Weil 2007). The variation in this dominance can impact the availability of P and its ability to 

be sorbed and solubilized from and into the soil solution. Wang et al. (2012) suggested that the 

inclusion of soil pH as a factor in soil P loss risk assessment greatly improves the accuracy of 

soil tests as a risk indicator for P losses. Results from Wang et al.’s (2012) study indicated that 

soils with a pH <4.5 demonstrated lower P losses than expected from various soil P tests and loss 

risk indicators. McDowell et al. (2002) suggested that under acidic conditions, such as those 

observed by Wang et al. (2012), the greater presence of Al and Fe ions may increase the soil’s 

ability to bind and hold onto P available in the soil solution, resulting in potential reduced P 

losses. It has also suggested that as soil pH increases soluble P may also increase as a result of 

changing ions and charged surfaces (Brady and Weil 2007, McDowell et al. 2002). 

 Soil texture has also been found to influence moisture contend water conductivity across 

the soil profile. According to Saxton et al. (1986) soil texture, specifically clay content plays a 
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significant role in a soil’s water potential and content. As the clay content of a soil increases, it 

was suggested that soil-water potential and content would rise accordingly (Saxton et al.1986). 

This relationship is also true for soil water potential and organic matter (Saxton and Rawls 

2006). With a greater soil water holding capacity, leaching losses of P from soil systems may be 

reduced due to decreasing water transport and subsurface discharge into nearby aquatic systems, 

and improved P interactions with immobile soil waters (Glaesner et al. 2011a). 

 Soil moisture content has also been suggested to affect the presence of preferential or 

dominant flow pathways below the soil surface (Gachter et al.1998; Glaesner et al.2011a; 

Heathwaite and Dils 2000). Dry conditions leave soils susceptible to increased desiccation and 

cracking, resulting in an increased presence of continuous macropores throughout the soil 

profile. Under these conditions, preferential flow pathways are increasingly prevalent resulting in 

an increased risk of rapid transport through the soil profile (Gachter et al.1998; Heathwaite and 

Dils 2000).  

Influencing Agricultural Management Practices 

 Although soil P amendment applications are considered to be essential in agricultural 

production systems, current research has suggested that the quality and quantity of P added to the 

soil through these amendments is directly related to the concentration of P entering nearby 

systems (Kleinman et al. 2002). With the expansion of HABs and the severe effects of 

eutrophication in Lake Erie and other fresh water bodies, the increasing development of various 

nutrient management strategies has been implemented in an effort to reduce agricultural nutrient 

inputs to the Lake. One of the most recent suggested strategies and program includes the 4R 

nutrient strategy (IJC 2014). This program puts for an effort to educate and promote the 

application of nutrients to fields using the right rate, source, time, and placement based on site 
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specific management (Fertilizer Canada 2019). This includes calculated decisions on nutrient 

management based on crop requirements and the management of environmental risk in an effort 

to limit and reduce non-point source pollution sources and maintain economical value of farms 

(IJC 2014, Fertilizer Canada 2019).  

Tile Drainage 

 Tile drainage, also referred to as subsurface drainage, is an implemented practice in many 

agricultural soils as a management tool for improving soil quality and agricultural productivity 

(Fraser and Fleming 2001). By connecting subsurface flow pathways with drainage systems, 

excess water is able to exit the system at an increased rate resulting in improved aeration, 

porosity, storage, and structure within the soil. These improvements may subsequently improve 

soil temperatures and rates of microbial activity resulting in increasingly productive soils and the 

potential for improved crop performance (Gardner et al. 1994). An improvement in the water 

storage capacity of these soils often results in increased water infiltration rates, subsequently 

reducing runoff occurrence and volume in these systems (Fraser and Fleming 2001). As a result, 

soil and nutrient losses, including P, from runoff pathways may be reduced. Although transport 

of P through runoff pathways may be reduced, tile drainage may pose significant risks in P losses 

through leaching processes (Gburek et al. 2005). Since tile drainage systems can serve as the 

major connection between vertical leaching pathways and surface waters, they are likely to 

increase the risk transportation of nutrients (Kleinman et al. 2006). As a result, environmental 

risks associated with eutrophication and nutrient loading in surface waters is increased 

(Kleinman et al. 2006, Smith et al. 2015). Research has suggested that subsurface drainage 

systems can be a significant pathway for the transport of TP and DRP forms (Beachemin et al. 

1998; Culley et al. 1983, Gaylor and Findlay 1995, Heckrath et al. 1995, King et al. 2015). A 
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study conducted in Quebec found that tile drainage accounted for approximately 37% of the TP 

and orthophosphates lost from the field during a snowmelt event (Jamieson et al. 2003). 

Similarly, a 3-year study conducted by Gaynor and Findlay (1995) in Southwestern Ontario 

found that tile and subsurface drainage accounted for approximately 55-68% of orthophosphates 

lost from a relatively flat, Brookston Clay soil. This research indicates the significance of tile 

drainage when evaluating the risk of P losses from agricultural fields and their potential role in 

the transport of significant loads of P.  Lemke et al.’s (2011) study along the Mackinaw River in 

Illinois supported these findings and indicated that the integration of BMPs aimed for reducing 

subsurface and tile drainage P loads may be necessary for reducing large P contributions to the 

Mississippi River Basin.  

 In addition to its presence within in agricultural systems, the design structure of 

subsurface drainage systems may also affect the degree of P transport. Culley et al. (1983) found 

that the depth at which tile lines are placed may influence the degree of P losses from the system. 

Results from their study suggest that tile lines placed at shallow points within the soil have been 

observed to export increased proportions of P losses through leaching pathways compared to tile 

lines placed at greater depths within the soil (Culley et al.1983, King et al. 2015). It is likely that 

this was attributed to decreased transport distance between the soil surface and profile and the 

tile lines, along with decreased time for interaction between soil particles, soil water, and 

nutrients, resulting in decreased sorption as discussed above (Andersson et al. 2013; Glaesner et 

al. 2011a; McDowell et al. 2001).  

Phosphorus Amendment source 

 As mentioned above, the two major forms of P amendments commonly used in 

agricultural production systems are inorganic commercially produced fertilizers and organic 
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manures. The solubility of each of these sources has been suggested to play a significant role in 

the risk of P losses through surface and subsurface pathways (Kleinman et al. 2002; Withers et 

al. 2001).  As previously suggested, inorganic sources of P generally demonstrate greater 

solubility than organic P sources (Chien et al. 2011; Leikam and Achorn 2005; Withers et al. 

2005). Many commercial fertilizers, including the commonly used monoammonium phosphate 

(MAP), are water-soluble and dissolve relatively quickly in moist soils or in rainfall events, 

whereas organic manures or plant residues may not be readily available or able to dissolve 

rapidly after field application until mineralized (IPNI 2016). This may subsequently hinder 

organic sources P availability; however, it may also lead to greater P availability or soil P 

saturation at later dates (Audette et al. 2016).  A study conducted by Audette et al. (2016) 

evaluated soil P reactions occurring across the soil profile after the application of inorganic and 

organic P (compost) sources. The application of dissolved inorganic P sources to soils resulted in 

increasing portions of labile or moderately labile P in soils compared to soils amended with 

compost. They observed that inorganic P transformations occur approximately 40% faster than 

organic P amendment transformations (Audette et al. 2016). Results from the evaluation of soil 

amended with compost indicated over time the compost, or similar organic P sources, would be 

more likely to contribute more stable forms of P compared to readily available or soluble forms 

of P. These sources however were more likely to be released to the soil solution slowly and over 

a greater time period compared to the inorganic commercially produced fertilizers, indicating 

varying transformation timelines and critical P loss risk periods based on soil P amendment 

sources (Audette et al. 2016).  

 In addition to Audette et al.’s (2016) findings, a study conducted by Withers et al. (2001) 

indicated that the solubility of each of the three soil amendments applied, liquid dairy manure, 
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sewage sludge, and inorganic fertilizers, was the dominant factor controlling P losses after 

application, specifically DRP loses (Withers et al. 2001). Results from this study indicated that 

sewage sludge produced the lowest P losses in surface runoff due to its reduced solubility 

limiting its transport with water (Withers et al. 2001). Kleinman et al. (2002) found a similar 

relationship when evaluating surface runoff losses; however results from their study indicated 

that the relationship between the solubility of the amendment source and P losses was more 

prominent in organic sources, such as manures, than inorganic fertilizers, specifically 

diammonium phosphate (DAP) (Kleinman et al. 2002).  

Application Method 

 In agricultural systems, P amendments are applied to the soil using a variety of 

techniques. Some of these techniques can include surface broadcasting (SB), surface 

broadcasting and incorporation (B. Inc), and subsurface banding (Band). For the purpose of this 

literature review and subsequent research, only these methods of application will be considered. 

Surface broadcasting is a term used to describe the uniform distribution of soil amendments onto 

the soil surface. Once applied soil amendments are either left on the soil surface (SB) or 

incorporated into the soil using tillage techniques (B. Inc). Subsurface banding is also a 

commonly used technique where soil amendments are applied below the soil surface typically 

near the seed or seedling (Mahler 2001).  

 Although each method may effectively deliver nutrients to the soil they may also produce 

varying P losses. Any application of P to the soil is expected to increase P losses followed by a 

return to baseline or near baseline P losses (Glaesner et al. 2011b). When comparing application 

methods, researchers have directed efforts towards determining the most effective placement 

method for reductions in P losses through surface runoff; however, there is little research to 
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evaluate its losses through subsurface pathways. In the case of surface runoff, surface 

broadcasting likely poses significant risk of losses through surface runoff and overland flow. 

Surface applications of P without incorporation into the soil increases P losses compared to when 

it was incorporated (Glaesner et al. 2011b; Kleinman et al. 2002). In Kleinman et al.’s (2002) 

study incorporation of P amendments decreased DRP and TP losses in runoff compared to 

broadcast application without incorporation. Similarly, Glaesner et al. (2011b) found that when 

compared to incorporation techniques, surface application demonstrated increased P losses. 

Specifically, the incorporation of dairy manure into the soil profile reduced DRP losses 

compared to the surface application without incorporation (Glaesner et al. 2011b). Daverede et 

al. (2004) also found similar results indicating that injection of manure into the soil profile was 

an effective method for decreasing DRP and TP concentrations in runoff. Withers et al. (2001) 

also found that the lowest losses of P were observed from soils with P applied when it was 

incorporated into the soil profile.  

 Some researchers have suggested that the reason for decreased losses through 

incorporation techniques is a result of increased interaction between the P amendment and soil 

particles. In the case of Glaesner et al.’s (2011b) study, DRP losses decreased as a result of 

increased interaction with retention and sorption factors below the soil surface. In soils where P 

has been over applied or applied in excess it is possible that P interactions may become less 

effective as a result of varying degrees of soil P saturation. In these cases, retention factors may 

be unable to effectively limit the transport of P to surface waters through either runoff or 

leaching pathways, thus increasing the risk of P losses to surface waters (Sims et al. 1998, 

Glaesner et al. 2011b). In addition to improving interaction with soil retention and sorption 

factors, incorporation techniques are also capable of disrupting macropore connectivity below 
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the soil surface. This limits the presence of preferential flow pathways subsequently potentially 

limiting the transport of P (Djodjic et al. 2002; Geohring et al. 2001).  

 Although incorporation techniques may reduce overall P losses, suspended sediment 

concentrations in TP losses have been reported to increase after incorporation techniques, 

presumably from increased P retention within the soil particles and greater particle loss 

(Kleinman et al. 2002). Despite this increase, multiple studies have concluded that overall 

leaching and runoff TP losses were reduced when P amendments are placed below the soil 

surface in comparison to surface applications (Glaesner et al. 2011b; Geohring et al. 2001; 

Withers et al. 2001) 

 The tillage used to incorporate broadcast P amendments may also alter the structure of 

the soil in an attempt to improve pore space and water storage capacity, encourage the 

breakdown of aggregates for seedbed preparation and reduce bulk density (Addiscott and 

Thomas 2000). Tillage can also increase water movement across the soil profile, potentially 

increasing subsurface flow compared to surface (Addiscott and Thomas 2000). Tillage practices 

have also been suggested to impact sorption and desorption to soil by encouraging the 

breakdown of aggregates, increasing surface area, and allowing the creation of new surfaces for 

sorption sites (Addiscott and Thomas 2000).  

 When referring to tillage practices two terms are predominantly used conservation and 

conventional tillage. Conservation tillage practices are considered to be practices that involve 

zero to minimal disruption to the soil surface. In many agricultural systems this involves using 

no-till (NT) or ridge tillage and strip tillage practices (ST).  In NT systems the soil surface is not 

disrupted except to place the seed in the soil, while in ST and RT the soil is disrupted to prepare 

a seedbed only in rows where seeds are planted. This enables the soil surface in between the 
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rows to be covered with crop residues to help reduce soil erosion risk. Conventional tillage (CT) 

practices involve complete disturbance of the soil surface. These practices ensure crop residues 

are broken down and incorporated into the soil (McDowell and Sharpley 2001). Tillage practices 

also increase surface roughness and dissipate rainfall hereby creating areas along the soil surface 

for water to be stored and allowed to infiltrate the soil. In doing this surface runoff losses and 

rapid transport through preferential flow may be decreased and natural uniformed soil water 

movement through matrix flow within the soil profile may increase (Addiscott and Thomas 

2000; McDowell and Sharpley 2001).  Lam et al. (2016) suggested that reduced tillage strategies 

may be an effective mechanism for reducing P losses in tile drainage effluent. Reduced tillage 

allows for minimal soil disturbance, hereby interrupting the development on continuous 

dominant macropores commonly found in NT soil systems and reducing the rapid transport of 

water below the soil profile (Lam et al. 2016). Kleiman et al. (2009) also suggested that tillage 

practices may be beneficial for reducing P losses due to their ability to disrupt continuous rapid 

flowing macropores present below the soil surface.  

 The impact of tillage practices on soil and P losses can also be highly dependent upon the 

soil it is used upon. In the case of a corn production system on a clay-dominated soil, 

conservational tillage practices increased surface runoff but decreased transport to subsurface 

drainage in comparison to CT practices (Gaynor and Findlay 1995). Gaynor and Findlay (1995) 

suggested that these results might have been caused by decreased rates of P mineralization within 

the soil as a result of crop residues leaching through the soil profile and interacting with retention 

factors under conservational practices (Gaynor and Findlay 1995). The adoption of NT practices 

in select watersheds has also been identified as a large factor in increasing soluble P loads to 

Lake Erie (Steffen et al. 2014, King et al. 2015). Daloglu et al. (2012) attributed this to the 
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majority of P amendment application remaining in the upper soil layers and readily available for 

transport to nearby water systems.  

Application Timing 

 Timing of the application of P amendments to soil has also been found to have a 

significant impact on soil P retention and losses in ecosystems. Current research recommends 

that soil P amendments be applied according to varying soil factors. As discussed above, soil 

water content plays a significant role in regulating P losses (Andersson et al. 2013; Glaesner et 

al. 2011a; McDowell et al. 2001). Fallow et al.’s (2007) research using the simultaneous heat 

and water model (SHAW) to calculate the earliest and latest manure application dates indicated 

that soil water content was the primary factor for determining the spring application of manure in 

fine textured soils. Fallow et al.’s (2007) study also identified snow and frost depth as the major 

determining factor for both the spring application date in coarse textured soil and the latest fall 

application date for both fine and coarse textured soil. Their research also identified soil 

temperature as a dominant factor regulating losses suggesting that the warmer soil temperatures 

commonly observed in the spring months were likely to reduce the risk of nutrient losses 

compared to the fall months were temperatures are generally considered to be lower (Fallow et 

al. 2007). Research conducted by Williams et al. (2012) also found similar results suggesting 

that P amendments should be applied to soils when soil temperatures are greater than 10°C. It 

was suggested that at theses temperatures water infiltration would be increased, hereby reducing 

surface runoff risk and improving P retention below the soil surface (Williams et al. 2012).   

  Seasonal variations and their associated impact on soil structure and water movement 

have also consistently been identified as a significant influencer in the risk of P losses with 

amendment application timing (Van Es et al. 2004; Kleinman et al. 2006). In a study completed 
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by Van Es et al. (2004) early fall applications of manure were found to demonstrate the greatest 

risk of P leaching through the soil profile. Results also indicated that these applications would 

produce the greatest proportion of total dissolved P losses (TDP) compared to applications 

during the late fall and winter season (Van Es et al.2004). Kleinman et al. (2006) also found 

similar results indicating that early fall months were likely to demonstrate higher leachate DRP 

and TP concentrations than other seasons. It was suggested that these findings might be a result 

of the soil’s reduced moisture content or dryness, and varying soil temperatures (Kleinman et al. 

2006; Van Es et al. 2004). As the growing season progresses the soil’s water table is generally 

depleted resulting in decreased soil moisture and significant drying (Gachter et al.1998; 

Geohring et al. 2001; Heathwaite and Dils 2000). As a result, soils are more likely to 

demonstrate dry conditions with cracking or extensive pore networks. This is likely to encourage 

the rapid transport of water and associated nutrients through the soil profile and into nearby 

surface waters (Kleinman et al. 2009). Lower P losses during the late fall or winter months have 

also been suggested to be a result of the influence of soil temperatures on the water infiltration 

capacity of the soil (Sims et al. 1998; Williams et al. 2012). Decreases in soil temperature have 

been suggested to also reduce water infiltration rates across the soil profile (Williams et al. 2012; 

Zuzel and Pikul 1987). The reduction in water infiltration may subsequently decrease the risk of 

P losses through subsurface leaching pathways however; it is likely to increase P transport 

through surface associated pathways (Sims et al. 1998; Williams et al. 2012; Zuzel and Pikul 

1987). 

 Despite the risk of increased P losses with early fall applications, Geohring et al.’s (2001) 

research suggests that early fall or summer applications of manure are recommended over spring 

or late fall and winter applications. Geohring et al.’s (2001) research suggests that summer or 
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early fall soils may be significantly dryer and more likely to hold onto water, thereby reducing 

overall flow to nearby subsurface or surface water systems. Results from their research suggested 

the spring season is likely to pose the greatest risk for P losses due to its general association with 

higher water volumes and soil moisture contents when sufficient precipitation occurs. These 

increased water volumes have been found to contribute greater P loads to nearby surface waters 

despite higher P loss concentrations during the early fall months (Geohring et al. 2001; 

Kleinman et al. 2009). Lam et al. (2016) also suggested that the majority of P losses are likely to 

occur during the non-growing season, specifically the large flow events commonly occurring 

during the spring and fall months. Their research also suggested that the majority of P losses 

occurring in a sandy loam agricultural soil in the Lake Simcoe region of Ontario were during few 

and select events, specifically those when P concentrations or water volumes were most likely to 

be high (Lam et al. 2016). Lemke et al. (2011) also demonstrated similar findings indicating that 

the majority (86-89%) of TP export along the Mackinaw River in Illinois occurred during large 

storm and high flow events.   

 Winter application or the application of amendments to frozen soils has also been 

suggested to be a major concern for P losses. Under frozen conditions water infiltration rates are 

expected to be minimal if not zero, resulting in minimal P leaching losses (Sims et al. 1998; 

Williams et al. 2012). Under these conditions surface runoff losses are expected to dominate and 

potentially result in P losses near or equal to the rate of P application (Zuzel and Pikul 1987).   

 The timing of rainfall in relation to the timing of P amendment application has been 

identified as a major factor in P concentrations leaving agricultural fields (Brock et al. 2007; 

Geohring et al. 2001; Kleinman et al. 2005; Smith et al. 2007). Geohring et al. (2001) research 

has indicated that with increasing time between manure application and rainfall P the risk of P 
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loss was likely to decrease. Results from their study indicated that spikes in TP losses were more 

likely to be observed if rainfall occurred shortly after application (Geohring et al. 2001; 

Kleinman et al. 2002). As discussed above, soil moisture content was suggested to be the 

regulatory factor in these losses, with moist soil likely to demonstrate greater cumulative 

discharge values while drier soils are likely to demonstrate higher concentrations but reduced P 

loads (Geohring et al. 2001).  

 Changes in soil moisture content through rapid rewetting and drying cycles has also been 

found to alter P losses. A P solubilization study conducted by Turner and Haygarth (2001) 

suggested that soil drying and rewetting processes were likely to increase P losses due to P 

release through microbial death and an increased presence of preferential flow pathways. Drying 

and rewetting cycles have been found to pose significant osmotic pressure on microbes present 

within the soil. This is likely to result in cell lysis or rupture and the subsequent release of 

nutrients, including P into the soil and soil solution (Gordon et al. 2007; Sharma et al. 2015; 

Turner and Haygarth 2001). It has been suggested that this microbial release is likely to increase 

dissolved organic P (DOP) and DRP concentrations in the soil solution (Turner and Haygarth 

2001). Turner and Haygarth (2001) suggested that although microbial P release from osmotic 

pressure may produce environmentally harming concentrations, the presence of preferential flow 

pathways at the time of release poses the greatest concern (Turner and Haygarth 2001). It is 

however unclear if rewetting and drying cycles may impact the solubility of P soil amendments 

and how this may impact subsurface soil P losses. 
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OBJECTIVES 
 
 With non-point source pollution from agricultural dominating P sources presenting 

significant environmental concern an improved understanding of the risk factors associated with 

the application of P amendments to soils is required. Despite significant research efforts put forth 

to understand how variations in agricultural P amendment application timing and method across 

varying soil textures may impact P losses from organic P amendments; it still remains unclear 

how these variations may impact soil P availability and subsurface P losses after the application 

of inorganic P amendments. Additionally, there is a lack of information regarding how varying 

rainfalls, specifically soil wetting and drying cycles, impact soil P availability and subsurface P 

losses.  

  In addition to understanding how varying inorganic P application methods and timing 

may impact P losses, this research study also aims to evaluate flow pathways within intact field 

collected soil cores. Many managed indoor and lab-based trials evaluating leaching losses utilize 

soil cores (Glaesner et al. 2011b, Andersson et al. 2013, Li et al. 2013; Grant et al. 2019). The 

use of these soil cores are an effective strategy for studying potential P losses; however it is 

unclear if the risk of preferential flow pathways occurring between the soil and the core wall 

alters water movement throughout the soil core and subsequent P losses.  

 

The specific research objectives for this study are as follows: 

1. To determine if and how fertilizer P application method/placement may impact forms and 

amount of P lost in leachate and available P distribution down the soil profile.  
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2. To determine if and how soil wetting and drying soil cycles prior to major rainfall events 

may impact forms and amount of P lost in leachate and available P distribution across the 

soil profile.  

3.  To assess whether the above treatment impacts are similar across soils of varying 

textures 
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MATERIALS AND METHODS 

Soil Core Collection and Leaching Design 

 In order to evaluate water and P movement through the soil column and P leaching risks 

across varying application timings and methods a series of intact field collected soil columns and 

rainfall simulations were used. Soil columns were collected from three texture varying 

agricultural soils (clay, sandy loam, sand) located on the University of Guelph Ridgetown 

Campus, Ridgetown, Ontario after fall harvest. The soils were a Brookston clay (Orthic Humic 

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

(Brunisolic Gray Brown Luvisol).  Soil columns were collected by evenly inserting PVC tubing 

measuring 20.3 cm inner diameter (i.d.) and 35 cm in height into the soil to a depth of ~ 30 cm. 

After insertion, soil columns were excavated from the soil profile to ensure an intact soil column  

was collected. Twenty-eight soil columns from each soil texture were collected using this 

method. These columns were then capped, sealed in plastic bags, and placed in indoor storage 

(temperature 21°C +/- 3°C) until time of experimentation. At the time of collection, soil samples 

(0-30cm) from each column collection site were collected using a soil probe (2.5cm i.d.) and 15- 

 

Figure 2.  Surface view of soil core bottom drainage system design 
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 20 cores per site. Samples collected were thoroughly mixed, homogenized and analyzed (4 

subsamples) for general physical and chemical properties, as outlined in Table 1. It should be 

noted that although not observed in figures 2 and 3, within the soil core structure there was an 

edge (~2cm tall) preventing the transport of P or granules from exiting the soil cores. This was 

also monitored for during all rainfall simulations.  

To collect leachate from the intact cores a metal collection tray, fine washed stone 

(10mm diameter stone), nylon mesh screening (~2mm pore size), drainage tubing, and a drainage 

separation barrier, as pictured in figure 2 was installed on the bottom of each core.  The drainage 

separation barrier was designed to separate water flow from the inner (17. 8 cm diameter, 248.3 

cm2 surface area, 8690 cm3 soil volume) and outer (1.27 cm width, 76 cm2 surface area, 2660 

cm3 soil volume) soil core, as picture in figure 3.  The purpose was to determine if preferential 

flow was occurring along the wall of the soil core. The separation barrier was pushed 2 cm into 

the bottom of the soil core (figure 2) in order to separate potential water flow along the PVC pipe 

 

Figure 3. Side angle view of core bottom drainage system 
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wall from that moving through the soil matrix. Both inner and outer drainage systems were able 

to flow freely into 2 large glass 1-L bottles which were collected 24 h following each leachate 

event for P analysis.  

 Leaching Experiments 

 Due to space limitations, three leaching studies were conducted separately for each soil 

texture. Prior to treatment assignment, all soil cores were wetted to field capacity and exposed to 

two leaching events in order to assess any pre-existing variations among cores.  These events 

were conducted in the greenhouse (trials were completed during similar seasons in an effort to 

avoid seasonal variations seen within greenhouse temperatures) using tap water and a Fulljet 3/8 

HH SS 24 W spray nozzle (Spraying Systems co, Wheaton, IL). Spray nozzles were placed 

approximately 2 m above the soil surface and were set to administer 29 mm of rain in 30 minutes 

Table 1. Soil properties (±SE) and field site characteristics determined at soil core collection 
during the fall of 2015 
 Soil Characteristics† 

Soil 
Texture 

%Sand %Silt %Clay Previous 
Crop 

Olsen-P 
(mg kg-1) 

pH  SOM 
(%) 

CEC 
(MEQ/
100g) 

Clay 36.73 
(1.08) 

17.90  
(2.95) 

45.37 
(4.04) 

Oats 28.00 
(0.71) 

6.5  
(0.05) 

3.85 
(0.17) 

15.95 
(0.34) 

Sandy 
Loam 

68.94 
(16.21) 

17.72 
(12.32) 

13.34 
(3.88) 

Soybean 23.00 
(0.71) 

6.4 
(0.09) 

1.5  
(<0.01) 

5.7 
(0.11) 

Sand 91.80 
(3.21) 

4.28 
(2.14) 

3.92 
(1.07) 

Corn 19.75 
(0.25) 

5.8 
(0.05) 

1.45 
(0.05) 

3.85 
(0.09) 

† Samples analyzed in replicates of 4 by the following methodologies: Soil texture by 
hydrometer method with SOM removal (Sheldrick and Wang 1993), Olsen-P using 0.5M 
sodium bicarbonate extractant (Schoneau and Karamonas 1993), Soil pH in 0.01M CaCl2 
(Hendershot et al. 2007a), SOM by modified Walkley Black method (Skjemstad and Baldock 
2007), CEC by ammonium acetate extraction (Hendershot et al. 2007b) 
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(58 mm h-1) replicating a 1 in 5 year return storm based on the 30 y averages recorded at the 

Ridgetown Campus Ontario weather station. Following the rainfall events soil cores were left to 

dry until treatments could be applied to the soil in conditions similar to field applications. 

Treatments 

 Soil cores were randomly assigned to treatments consisting of both an application method 

and timing.  All fertilizer assigned cores received monoammonium phosphate (MAP) fertilizer 

(11-52-0) applied at a rate equivalent to crop removal in a corn-soybean-wheat rotation (~160 kg 

P2O5 ha-1, 0.9969 g fertilizer core-1).  The MAP was applied as either a surface broadcast (SB) by 

evenly spreading the MAP over the soil surface, surface broadcast and incorporated (B. Inc) by 

mixing the fertilizer with a garden trowel into the top 10 cm of soil in the core, or a subsurface 

band (Band).  The BAND treatment was an attempt to simulate a 2x2 band of fertilizer and 

consisted of inserting a trowel into the soil to 7.5 cm depth to form a slit in the soil that would 

allow the placement of the MAP at the bottom of slit.  The length of the fertilized slit was ~ 4.3 

cm, which based on the surface area of the soil in the core, represented the appropriate length of 

the band based on a 75-cm row spacing.  The slit was closed by gently pressing the soil together.  

Application timings included applying MAP either before (Pre ) or after (Post) five wetting and 

drying cycles (WDC). A WDC consisted of allowing the soil to dry for 3 d and then sprinkling 

100 mL (~3.2 mm) water over the soil surface to simulate light rains that would be sufficient to 

wet the soil surface and fertilizer, but not generate any leachate from the cores.  In addition two 

control treatments were used which included a tilled (CD, 10cm depth) and no-till (CU) effect. 

The combination of 2 application timings, and 5 application methods produced a total of 10 

treatments that were replicated across each block (3). Due to resource constraints, the CD x Pre 
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and CD x Post treatment combinations were excluded from the second block and only replicated 

twice.   

Post-treatment Rainfall Simulations and Leachate Collection 

 Following the completion of WDC events all soil cores were subjected to a series of 12 

leachate stimulating rainfall events and leachate collection as described previously. Rainfall 

events were spaced either 3 or 7 days apart depending on the rate of soil drying observed in the 

greenhouse (i.e. soils were not allowed to dry to the point of shrinkage away from the core 

walls).  

 Leachate Analysis 

 Following all leaching events, leachate collected from both the inner and outer drainage 

systems were brought into the lab and measured for volume (Total Leachate volume, L). Both a 

filtered (0.45µm, ~50mL) and acidified (0.5 mL of 20% sulphuric acid solution/sample) 

unfiltered subsamples (~50mL) were taken from each drainage system for dissolved reactive P 

(DRP) and total P (TP) analysis, respectively. Subsamples were stored in the laboratory at ~4 ⁰C 

until P analysis could be completed. All samples were analyzed using a LaChat Quikchem 8500 

flow injection analysis system (Hach, Loveland, CO, USA). Dissolved reactive P concentrations 

were determined on filtered subsamples using molybdate colorimetric methods outlined by 

LaChat quickchem methodologies 10-115-01-1-Q (LaChat Instruments, Loveland, CO, USA). 

Total P concentrations were also determined using molybdate colorimetric analysis on unfiltered 

acid persulfate digested samples according to LaChat Quikchem method 10-115-01-1-F (LaChat 

Instruments, Loveland, CO, USA). Phosphorus loading (ug core-1) was calculated by relating 

determined concentrations to measured leachate water volumes (calculation 1.1, 1.2).  Analysis 

of leachate volumes collected in the two drains indicated no evidence of preferential flow along 
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the sides of the soil columns (see Appendix A-1) and the results from the two drains were 

combined to simply give a total leachate volume and weighted mean P concentrations.   

Soil Analysis 

 Following the final leaching event, all soil cores were dismantled according to depth, 

weighed for mass, and sieved through a 2 mm mesh sieve. Soil samples were collected from 2 

cm (0-10 cm depths) and 5 cm (11-30+cm depths) increments in order to assess P movement and 

distribution throughout the soil profile. Collected soils were wet sieved and stored at room 

temperature until assessment for water extractable P (WEP) (Self-Davis et al. (2000) and 

bicarbonate extractable P (Olsen-P) could be completed (Schoneau and Karamonas 1993). 

Extracted P concentrations were determined using a LaChat Quikchem 8500 flow injection 

autoanalyzer (Hach, Loveland, CO, USA) and molybdate colorimetric methodologies outlined 

by method 10-115-01-1-Q  for WEP and method 12-115-01-1-B for Olsen-P (LaChat 

Instruments, Loveland, CO, USA).  All determined concentrations (mg/L) were converted to 

measures of soil P concentrations based on extractant volumes and extracted soil mass (mg P kg-

1 dry soil) (calculations 1.3, 1.4). Bulk soil samples collected at the time of soil core collected 

were also analyzed for WEP and Olsen-P concentrations in order to determined pre-existing P 

concentrations. Soil pH was determined on bulk field collected, and multiple depth profiled soil 

samples in 0.1M CaCl2 (Hendershot et al. (1993). Soil texture was determined on a non-sieved 

bulk soil samples using the hydrometer method following organic matter removal (Sheldrik and 

Wang 1993). Non-sieved soil bulk soil samples were also sent to external laboratories for 

analysis of cation exchange capacity, and % organic matter at the time of soil core collection.  

Calculations   

1.1  DRP Lost (ug/core) = DRP concentration (ug/L)*Total Leachate volume (L)  
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1.2  TP Lost (ug/core) = TP concentration (ug/L)*Total Leachate volume (L) 

1.3 WEP (mg P/kg soil) =   [Concentration of WEP (mg/L)]   

     [(Volume extractant, L) / (Mass extracted oven dry soil, kg)] 

1.4 Olsen-P (mg P/kg soil) =             [Concentration of Olsen-P (mg/L)]   

     [(Volume extractant, L) / (Mass extracted oven dry soil, kg)] 

Statistical Analysis 

 Statistical analyses were completed using SAS statistical analysis software (SAS studio 

v9.4, SAS Institute, 2002). Prior to P loading analysis, differences between drainage systems 

were evaluated using repeated measures and cumulative loading analysis on water volumes lost 

between the inner and outer drainage systems. A lack of significant differences between the 

drainage systems indicated that the core walls did not significantly affect water movement (see 

Appendix A-1). Due to this, P loading losses from both the inner and outer drainage system were 

combined for further analysis.  Phosphorus loading data was analyzed based on the cumulative 

amount lost (i.e. sum of all individual events) and as a repeated measures design using all 

individual events. The data were assessed in two ways. The first based simply on the treatment 

effects with respect to the total or cumulative losses of DRP and TP, while the second considered 

the temporal pattern of P losses using rainfall event as a repeated measure.  Significant 

differences across cumulative DRP and TP losses were determined using Proc Glimmix 

procedures and a Tukey-Kramer multiple means comparison analysis. Significant interactions 

were further investigated through interaction slicing to identify significantly different fixed 

effects. For the repeated measures analyses, Proc Glimmix procedure was used with leaching 

event being used as the time spacing measure. Tukey-Kramer’s multiple means comparisons and 

slicing interactions were also used to identify significant differences across the study’s fixed 
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effects. In both cumulative loading and repeated measures analysis, collected pre-treatment P 

loading values were used as a covariate structure to minimize randomized error. Phosphorus 

concentrations in soil (Olsen-P and WEP) were also analyzed using a Proc Glimmix repeated 

measures procedures with soil depth being used as the timing interval. Significant differences 

were also identified using a Tukey-Kramer multiple means comparisons and interaction slicing.  

 All statistical analyses were analyzed using transformed data to ensure data met analysis 

requirements including the homogenous, random, independent, and normal distribution 

assumptions. Outliers present within the study were also identified and removed based on 

studentized residuals and the Lund’s test results. Significant differences were identified using a 

significance level of 0.05 across all analyses.  
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RESULTS 
 

Considerable differences in the concentrations of DRP and TP (ug P L-1) were observed 

within and between soils and treatments, with values often exceeding surface water quality 

standards.  As expected, application of MAP typically gave highest overall P concentrations in 

leachate. 

Cumulative Amount and Temporal Pattern of Dissolved Reactive Phosphorus (DRP) 

Leached in 12 rainfall events 

 After 12 rainfall events, the clay and sandy loam soils had far greater DRP leaching than 

the sand soil in both unfertilized control and fertilizer amended treatments (Table 2). Compared 

to the sandy loam soil, the clay soil produced numerically higher cumulative DRP losses from  

the controls (1585 vs 681 ug DRP core-1) and lower losses from the P fertilized treatments 

(12,644 vs 14,654 ug DRP core-1). The sand soil produced substantially lower cumulative DRP 

losses with the fertilized treatments averaging 181 ug DRP core-1 and 134 ug DRP core-1 in the 

unfertilized soil treatments. Differences across soil types were not statistically evaluated due to  

experiment limitations.  

Although substantial differences were observed amongst the three tested soils with 

respect to the amount of DRP leached through the soil, the effects of treatment, timing and their 

interaction were reasonably consistent across soils (Table 2). For all three soils, there was non-

significant interaction between application method and timing when evaluating cumulative DRP 

loading (ug core-1). In terms of DRP loading, the impact of WDC was apparently similar for both 

unfertilized and fertilized cores.  

Only the sandy loam soil displayed a significant effect of application timing (p value 

0.011) and the significant timing effect was attributed to a greater loss of DRP with the Post-

WDC compared to the Pre-WDC (Table 2).  A similar trend was observed for the clay soil (p 
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value 0.073).  The sand soil showed almost identical DRP values for the Pre- and Post-WDC 

treatments.  

Table 2. Impact of wetting and drying cycles (WDC) and method of monoammonium 
phosphate application on cumulative amount of dissolved reactive phosphorus (DRP) 
leached (ug core-1) (±SE) from three soils after 12 simulated rainfall events 
 

 Soil 

Clay Sandy Loam Sand 

Application Timing DRP Leached (ug core-1) 
 

Pre-WDC 4617 (592) 2606 (591)a 152 (27) 

Post-WDC 6547 (803) 6660 (1513)b 154 (27) 

Application Method    

Control Disturbed 1548 (350)b 837 (355)b 126 (35) 

Control Undisturbed 1621 (300)b 526 (185)b 141 (33) 

Surface Broadcasted 13363 (2439)a 10194 (3514)a 102 (25) 

Surface Broadcast 
and Incorporated 

11184 (2302)a 19250 (6629)a 274 (65) 

Sub-Surface Banded 13385 (2458)a 14518 (2997)a 168 (40) 

---------------------------------------------------------p values--------------------------------------------- 

Application Timing 0.073 0.011 0.942 

Application Method <0.001 <0.001 0.065 

Application Timing 
x Application 
Method 

0.643 0.169 0.701 

  

*Within a given source of variation and soil texture, treatment means followed by the same 
lowercase letter are not significantly different at p = 0.05. 
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Application method was observed to be highly significant (p value <0.001) for the clay 

and sandy loam soil (Table 2).  In both instances, the application of MAP significantly increased 

the amount of DRP leached relative to the controls.  A somewhat similar trend was observed for 

the sand soil (p value 0.065), although it would appear that the SB treatment was clearly not 

different than the controls, and thus the B. INC tended to have the greatest amount of DRP 

loss.  As expected, control soils tended to showed the lowest amounts of DRP losses. 

Comparisons of the two controls, for all three soils, also indicated that disturbing the soil versus 

leaving it undisturbed did not significantly affected the total amount of DRP leached from the 

soil column (Table 2).  

 

Table 3. Representative p values for repeated measures analysis on dissolved reactive phosphorus 
(DRP) loading (ug core-1) across all 12 individual rainfall events.   

  

 

Fixed Effects and Interactions  

Soil 

Clay Sandy Loam Sand 

p values 

Application Timing   0.004 <0.001 <0.955 

Application Method  <0.001 <0.001 <0.001 

Rainfall  <0.001 0.028 <0.001 

Application Timing x Application Method <0.001 <0.001 0.001 

Application Timing x Rainfall  <0.001 0.987 0.680 

Application Method x Rainfall  <0.001 0.767 0.994 

Application Method x Application Timing x Rainfall   <0.001 0.905 0.992 
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Figure 4. Mean dissolved reactive phosphorus (DRP) loading by event (ug core-1 ±SE) in the 
clay soils as determined by repeated measures analysis for the three-way interaction between 
the fixed effects (Application Method x Application Timing x Rainfall, p value <0.001). Row 
A Pre-WDC, Row B Post-WDC. 
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Using repeated measures analysis to examine the temporal pattern of DRP leaching 

across the 12 leaching events revealed substantial difference between soils with respect to the 

significant effects observed, and generally increased the significance of effects of application 

timing, method and their interaction relative to the analysis of cumulative data only (Tables 2  

and 3) 

For the clay soil, all interactions with rainfall event number were highly significant 

(Table 3).  The control treatments displayed a relatively constant level of DRP leaching across all 

rainfall events, with no significant difference between the Pre and Post WDC treatments (Fig. 4). 

When MAP was applied, there was an obvious difference in the pattern of DRP loss with rainfall 

event compared to controls, as well as affects associated with method and timing of application.  

Compared to controls, the Pre-WDC treated soils receiving MAP displayed increased DRP 

leaching throughout most of the leaching events, although differences were greatest during the 

first four or five rainfall events. Maximum DRP leaching occurred in event #2 for the Band 

treatment, event #4 for the B.Inc treatment and event #1 for the SB treatment in Pre-WDC 

(Fig.4).  When MAP was applied, the maximum DRP leached in an event was greatest for the 

Band placement, followed by B. Inc and then SB. After peaking, the amount of DRP leached 

eventually decreased to a relatively constant value that was similar to or slightly higher than the 

controls (Fig. 4). 

 In contrast, the Post-WDC showed a similar pattern for all MAP placement methods with 

highest amount of DRP losses observed in the first rainfall event and then decreasing to a 

relatively constant value of ~700 ug DRP core-1 by the sixth event (Fig. 4). When MAP was 

applied, the SB treatment gave the greatest DRP loss in event one, while B. Inc gave the least.  

The Band treatment was not significantly different from the other two methods, except for event  
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Figure 5. Mean dissolved reactive phosphorus (DRP) loading (ug core-1 event-1 ±SE) ) in the sandy 
loam soils as determined by repeated measures analysis for the fixed effect interaction between 
application method and timing (p value <0.001). 

 

Figure 6. Mean dissolved reactive phosphorus (DRP) loading (ug core-1 event-1 ±SE) in the sand soils 
as determined by repeated measures analysis for the fixed effect interaction between application 
method and timing (p value <0.001). 
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#3 where DRP losses were greater.  Compared to the Pre-WDC treatments, the observed DRP 

leaching was considerably greater for MAP applications in the Post-WDC treatments (Fig. 4 and 

Table 3). As with the Pre-WDC timing, DRP leaching from the Post-WDC treatments after event 

6 were for the most part comparable to the controls.     

 While analysis of the cumulative amount of DRP leached did not indicate a significant 

Application Timing x Application Method interaction for the clay soil, this interaction was  

significant across mean loadings by event (repeated measures analysis) (Tables 2 and 3).  The 

interaction was attributed to little effect of the WDC on DRP leached from the control treatments 

and SB treatment (Post minus Pre differences ranged from -6 to +80 ug DRP core-1), while Post-

WDC tended to increased DRP loss for the B. Inc. treatment (230 ug DRP core-1) and decrease 

the loss for the Band treatment (-260 ug DRP core-1). Similarly, the effect of Application Timing 

was significant for DRP leaching with the repeated measures analysis as opposed to analysis of 

the total DRP leached (Tables 2 and 3), although interpretation of this is rather deabtable given 

the significant interactions already noted. 

None of the interactions involving rainfall event number were significant for the either 

the sand or sandy loam soils (Table 3). There was, however, similar to the clay soil a significant 

Application Timing x Application Method interaction for these two soils. For the sandy loam 

soil, the interaction was attributed a significant increase in DRP leached from the B. Inc 

treatment when the MAP was not subjected to WDC (i.e. Post-WDC) with no effect of timing on 

the other placement methods or the CU treatment (Fig. 5).  There also appeared to be an increase 

in DRP loss in the CD treatment following the WDC, which appears to be a fortuitous result as 

there was no true treatment difference for the controls  (i.e. all cores went through the WDC).   

For the sand soil, the significant Application Timing x Application Method interaction is less 
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clear.  Again, there appears to be a fortuitous result as the CU treatment is the only one to show a 

significant impact of WDC timing (Fig. 6).  When fertilizer was applied Pre-WDC, Band and SB 

treatments gave somewhat higher DRP losses compared to B. Inc losses.. It should also be noted 

that amount of DRP lost from the sand soil is very low compared to the other soils. 

Cumulative Amount and Temporal Pattern of Total Phosphorus (TP) Leached after 12 

rainfall events 

 
The cumulative TP leaching followed similar numerical trends as the cumulative DRP 

leaching for all three soils (Table 2 and 4).  The largest cumulative TP leaching occurred for the 

sandy loam and clay soils, with the sandy loam soil producing TP loads in the MAP fertilized 

treatments ranging from 15266 to 23895 ug core-1 and the clay soil MAP fertilized treatments 

producing 15002 to18697 ug core-1. These values were numerically greater than those observed 

in the sand soil with cumulative TP losses from the MAP fertilized treatments ranging from 779 

to 959 ug core-1 (Table 4).  Comparing the DRP to TP leaching of the control treatments of all 

three soils indicated that DRP represented about 28, 22 and 17 % of the TP load for the clay, 

sandy loam and sand, respectively.  When MAP was applied, the percentage of TP found as DRP 

increased substantially to 69-89% and 60-95% DRP, for the clay and sandy loams soils, 

respectively.  The sand soil showed relatively smaller percentages, similar to those observed in 

the control soils with percentages ranging from 11-28% DRP within TP.  

As with the cumulative DRP losses, there was no significant timing x method interaction, 

while method of application was significant for the clay soil, both application timing and method 

were significant for the sandy loam soil and no significant treatment effect was observed for the  

sand (Table 4).  The significant application method effect for the clay and sandy loam soils was 

attributed to a greater amount of TP leaching from the treatments receiving MAP relative to the  
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controls, although banding the MAP was not significantly different from the CD treatment for  

the sandy loam soil (Table 4).  Applying the fertilizer after the WDC significantly increased the  

amount of TP leached in the sandy loam soil, although the lack of a significant interaction would  

imply that this was also true for the controls.   

 
Table 4. Impact of wetting and drying cycles (WDC) and method of monoammonium 
phosphate application on cumulative amount of total phosphorus (TP) leached (ug core-1 
±SE) from three soils after 12 simulated rainfall events 
 

 Soil 

Clay Sandy Loam Sand 

Application Timing Cumulative Loss (ug core-1) 

Pre-WDC 11202 (880) 6462 (1324) b 821(120) 

Post-WDC 10200 (838) 12143 (2491) a 827 (119) 

Application Method    

Control Disturbed 4827 (691) b 3646 (1374) bc 640 (180) 

Control Undisturbed 6362 (774) b 2429 (762) c 860 (176) 

Surface Broadcasted 18697 (2170) a 16884 (5193) a 923 (190) 

Surface Broadcast 
and Incorporated 

16197 (2207) a 23895 (7367) a 959 (196) 

Sub-Surface Banded 15002 (1764) a 15266 (4817) ab 779 (158) 

------------------------------------------------------------p values----------------------------------------
-------------- 
Application Timing 0.431 0.001 0.797 

Application Method <0.001 0.047 0.969 

Application Timing 
x Application 
Method 
 

0.089 0.772 0.789 

*Within a given source of variation and soil texture, treatment means followed by the same 
lowercase letter are not significantly different at p = 0.05. 
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 Given the dominance of DRP in the MAP treatments, it was expected that the repeated 

measures analysis would reveal similar treatment trends as the DRP analysis and this was  

observed (Tables 3 and 5). In the case of the clay, significance was identified across all fixed 

effects and their interactions, including the three-way interaction (p value 0.001). Similar to the  

DRP loading analysis, the patterns of TP losses across all 12 rainfall events remained relatively 

low and constant for the control treatments.  When MAP was applied, maximum TP loads 

occurred during the first three or four rainfall events with lower and more consistent losses after 

the fifth rainfall event (Fig. 7). These patterns of TP leaching as impacted by method and timing 

of application were similar to the DRP leaching, with Pre-WDC treatment giving a delayed, 

somewhat muted increase of TP leaching from MAP, while Post-WDC gave immediate 

maximum losses that diminished with the first 4 to 5 rainfall events. The TP losses were found to 

be significantly greater (p value <0.001) in the Post-WDC applied treatment compared to the  

Table 5. P values for total phosphorus (TP)  loading (ug core-1) repeated measures analysis 
across all 12 individual rainfall events.  

 
Fixed Effects and Interactions 

Soil 
Clay Sandy Loam Sand 

p values 

Application Timing 0.035 <0.001 0.762 

Application Method <0.001 <0.001 0.006 

Rainfall <0.001 0.456 <0.001 
Application Timing x 
Application Method <0.001 0.112 0.005 

Application Timing x Rainfall <0.001 0.84 0.931 

Application Method x Rainfall <0.001 0.995 0.998 
Application Method x 
Application Timing x Rainfall  

0.001 0.984 0.971 
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Figure 7. Mean total phosphorus (TP) loading by event (ug core-1 ±SE) in the clay soil as 
determined by repeated measures analysis for the three-way interaction between the fixed 
effects (Application Method x Application Timing x Rainfall, p value <0.001). Row A Pre-
WDC, Row B Post-WDC. 
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Pre-WDC applied treatments, with the Post-WDC treated soils leaching approximately 3038ug P 

core-1 more than the Pre-WDC treatment. Applied MAP was the major source of TP leached in  

the clay soil as unfertilized treated soils demonstrated losses that ranged from 4479.49 to 

6116.21ug P core-1, with the undisturbed control soil demonstrating greater TP losses than the 

disturbed control, while in the fertilized treatments TP losses ranged from 11729 to 16867ug P 

core-1 with the greatest P losses being observed in the surface broadcasted treatment.  

As with the DRP analysis, the sandy loam and sand soils did not demonstrate a 

significant interaction effect involving rainfall event (Table 5).  However, there were notable 

differences between the TP and DRP analyses for the sandy loam soil.  Rainfall event and the 

method x timing interaction although significant for DRP, were not significant for TP leaching 

from the sandy loam soil.  The TP data displayed considerably greater variability that may have 

masked differences between rainfall events that were detected in the DRP analysis (Appendix 

Fig. A1). In the case of the sandy loam soils, differences between mean TP losses across all 12 

rainfall events gave significant timing and method effects (Table 5). The Post-WDC fertilizer 

Table 6. Mean total phosphorus (TP losses (ug P core -1 event-1) across 12 rainfall events in the 
sandy loam soil  
 
Application Timing TP Loss (ug core-1 event-1) 

Pre-WDC 412 a 

Post-WDC 687 b 

Application Method  

Control Disturbed 260 a 

Control Undisturbed 176 a 

Surface Broadcasted 906 b 

Surface Broadcast and Incorporated 1123 b 

Sub-Surface Banded 910 b 

*Different lowercase letter groupings indicate significantly different values at p = 0.05  
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applications producing greater TP loads than the Pre-WDC, and the addition of MAP fertilized 

gave greater TP leaching than unfertilized soils (Table 6).  These differences were consistent 

with previous observations for DRP suggesting that method of application may have little effect 

on overall TP leaching losses, although the tendency was for the B.Inc. treatment to give larger 

numerical values of TP leachate. For the sand soil, there was a significant rainfall effect (Table 

5) with the amount of TP leached with each rainfall event tending to increase, but again the 

relative variability in the data was quite large (Appendix Figure A1). As indicated before, the 

amount of TP leached from the sand was considerable smaller than that from the other two soils. 

The interaction of application timing x application method was also significant (Table 5). Most 

treatments showed no significant effect of the WDC treatment except for the B  

Inc. treatment which gave significantly higher TP leaching with the Pre-WDC treatment  

compared to the Post-WDC (Fig. 8).   

 
Figure 8. Mean total phosphorus (TP) loading by event (ug core-1 ±SE) in the sand soils as 
determined by repeated measures analysis for the fixed effect interaction between application 
method and timing (p value <0.001). 
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Water Extractable Soil Phosphorus (WEP) 

Analysis of the WEP measurements indicated various significant 2-way interactions were 

present for all three soils although the method x timing x depth interaction was not significant 

(Table 7).  Interaction between application method and depth was significant for the clay and 

sand soils, while the application timing and depth interaction was only significant for the sandy 

loam soil. The interaction between application timing and method was significant for all three 

soils although for the clay soil this effect was significant only at p = 0.0725.   

The significant method x depth interaction for the clay and sand soils was attributed to method 

treatment effects disappearing at soil depths greater than 10 cm (Figs. 9 and 10).  For the clay 

soil, the WEP decreased gradually with depth in the control treatments, while WEP values 

tended to be greater in the upper 0-7.5 cm when MAP was applied.  For the most part, WEP  

 
Table 7. Representative p values for repeated measures analysis on water extractable P (WEP) 
concentrations (mg P/kg oven dry soil) following all 12 individual rainfall events.   
  

 

Fixed Effects and Interactions  

Soil 

Clay Sandy Loam Sand 

p values 

Application Timing   0.378 0.019 0.003 

Application Method  <0.001 <0.001 <0.001 

Soil Depth <0.001 <0.001 <0.001 

Application Timing x Application Method 0.073 0.006 <0.001 

Application Timing x Soil Depth 0.371 0.001 0.340 

Application Method x Soil Depth 0.011 0.56 0.025 

Application Method x Application Timing x Soil 
Depth   0.799 0.62 0.163 
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Figure 9. Mean water extractable phosphorus (WEP) concentrations (mg P/kg soil ±SE) in the clay 
soils as determined by repeated measures analysis across the fixed effect interaction between 
application method and soil depth (p value 0.011) 

 
 

Figure 10. Mean water extractable phosphorus (WEP) concentrations (mg P/kg soil ±SE) in the sand 
soils as determined by repeated measures analysis across the fixed effect interaction between 
application method and soil depth (p value 0.025) 
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values reflected the placement of the MAP, with the Band treatment being the notable exception 

as there was no noticeable increase in WEP at the depth of fertilizer placement (i.e. 5-7.5 cm).  

The broadcast and incorporated treatment showed more uniform WEP values in the zone of 

disturbance compared to the surface broadcast treatment, which had highest WEP values in the 

surface soil layer. In the sand soil, similar trends were evident with respect to significant 

differences being prominent within the top 10 cm of the soil profile. Again, the tendency was for 

WEP to decrease with depth, except for the control disturbed and surface broadcast treatments 

where large peaks in WEP were found at the 6-10cm soil depth range. The band treatment also 

displayed a secondary peak in WEP concentration at the 7.5 cm depth, slightly below the depth 

of MAP application, but this peak was considerably smaller than that observed in the control 

disturbed and surface broadcast treatments. 

  
Figure 11. Water extractable phosphorus (WEP) concentrations (mg P/kg oven dry soil soil ±SE) in 
the sandy loam soil as determined by repeated measures analysis across the fixed effect interaction 
between application timing and soil depth (p value 0.001). 
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Figure 12. Mean water extractable phosphorus (WEP) concentrations across all soil depths (mg 
P/kg soil ±SE) as determined by repeated measures analysis across the fixed effect interaction 
between application method and application timing. Row A Clay soil (p value 0.073), row B 
Sandy Loam soil (p value 0.006), Row C Sand soil (p value  <0.001). 
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In the sandy loam soil, the significant interaction between application timing and soil 

depth appeared to be related to a higher WEP content at the soil surface (0-2 cm) for the Pre-

WDC treatment compared to the Post-WDC treatment (Fig. 11). The opposite, however, was true 

at lower soil depths (15-20cm) where the Post-WDC treatments demonstrated greater WEP 

concentrations than the Pre-WDC treatments. At soil depths ranging from 4 to 8 cm and depth 

>20 cm across application timings suggested similar results between the Pre-WDC and Post- 

WDC treatments.  

For the significant interaction between application timing and method, there did not 

appear to be a consistent trend across the three soils (Fig. 12).  For the clay soil, the timing 

appeared to have no impact on WEP when MAP was surface broadcast as well as having no 

significant effect, for the control soils which were treated the same despite being labelled Pre-

WDC or Post-WDC.  Placing the MAP in the soil (B. Inc. and Band treatments) tended to give 

higher WEP levels when MAP was applied post-WDC. A similar trend for the impact of WDC 

on the B. Inc and Band treatments was observed in the sandy loam soil, although for this soil 

there also was a greater difference in the control disturbed treatment.  The sand soil showed the 

least impact of MAP on WEP and the greatest effect of WDC on the control soils (Fig 11). 

Olsen Soil Test Phosphorus  

Repeated measures analysis of Olsen-P values across varying soil depths demonstrated 

varying levels of significance across fixed effects and their interactions (Table 8). A significant 

three-way interaction between application method, application timing, and soil depth was 

identified in both the sandy loam (p value 0.044) and sand soils (p value 0.001) but not in the 

clay soils (p value 1).  The clay and sandy loam soils displayed significant timing x method 

interactions, and the sandy loam soil also had a significant timing x soil depth interaction.  All 
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soils had a significant effect for depth and method, while timing was only significant for the 

sandy loam soil.   

 

The application timing x method interaction for the clay soil was attributed to the 

observation of no significant difference in Olsen-P levels between Pre-WDC treatments, while B. 

Inc and Band treatment gave higher Olsen-P values than the control-disturbed treatment when  

MAP was applied Post-WDC (Table 9).   This difference appears to be related to WDC causing 

both a numerical increase in STP values in the control treatments and a numerical decrease in 

STP values for other treatments (i.e. greater influence of MAP on STP values when it was not 

subjected to WDC). The significant depth effect for the clay soil reflected the decrease in Olsen-

P with depth. While treatment with MAP application tended to display numerically higher 

numbers than the control treatment in the upper layers of the soil, there was no significant  

Table 8. Representative p values for repeated measures analysis on Olsen-P concentrations (mg 
P/kg oven dry soil) all 12 individual rainfall events.   
  
 
 
Fixed Effects and Interactions  

Soil 

Clay Sandy Loam Sand 

p values 

Application Timing   0.457 <0.001 0.203 

Application Method  <0.001 <0.001 0.002 

Soil Depth <0.001 <0.001 <0.001 

Application Timing x Application Method 0.032 0.013 0.145 

Application Timing x Soil Depth 0.996 <0.001 0.211 

Application Method x Soil Depth 0.256 0.579 0.907 

Application Method x Application Timing x Soil 
Depth   

1 0.044 0.001 
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method x depth interaction, although application of MAP did increase overall Olsen-P levels in 

the cores compared to the controls (Table 8).       

The three-way interaction for the sandy loam and sand soils did not appear to reflect 

similar treatment effects (Fig. 13).  For the sandy loam soil, there was little difference in the 

Olsen-P pattern in the control soils for the two application timing treatments.  When MAP was 

applied Pre-WDC treatment, Olsen-P values where greater at the surface and decrease at a faster 

rate with depth compared to the Post-WDC treatments.  In fact, Post-WDC treatments in the 

sandy loam soil displayed relatively constant Olsen-P values in the top 10-15 cm of soil when 

MAP was applied. For the sand soil, all treatments displayed their highest Olsen-P values below 

the top 2 cm of the soil, generally in the 2-10 cm depth range and a more similar pattern was 

observed between the Pre-WDC and Post-WDC treatments (Fig 13). This pattern was quite 

different from that of the WEP.  For the Pre-WDC treatments, Band and surface broadcast 

Table 9. Mean Olsen soil test phosphorus (STP) across soil depths (mg P/kg Soil) as 
determined by repeated measures analysis for the fixed effect interaction between application 
method and application timing in the clay soils (p value 0.032). 
 

Application Timing Application Method Olsen-P (mg P/ kg Soil) 

Pre-WDC C. Dist 29.41 abc 
C. Undist. 31.23 abc 

SB 28.28 bc 
B. Inc. 31.68 abc 
Band 33.82 ab 

  
Post-WDC C. Dist 24.27 c 

C. Undist. 29.84 abc 
SB 30.6 abc 

B. Inc. 38.15 a 
Band 37. 73 a 

C. Dist 24.27 c 
*Different lowercase letters indicate significantly different values (p value <0.05) 
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treatments gave the greatest Olsen-P levels in the 5 to 10 cm depth, while surface broadcast in 

the Post-WDC treatment gave the lowest Olsen-P values over the top 10 cm depth.    

 
   
  

Figure 13. Mean Olsen soil test phosphorus (STP) concentrations (mg P/kg oven dry soil ±SE) 
as determined by repeated measures analysis across the fixed effect interaction between soil 
depth, application method, and application timing. Column A, Pre-WDC, Column B Post 
WDC, Row A Sandy Loam (p value 0.044, Row B Sand (p value 0.001). 
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DISCUSSION 

Phosphorus losses and soil properties 

 In comparisons across all three soils, the clay soils demonstrated the greatest P losses and 

trends most similar to previous research. Glaesner et al.’s (2011b) research had suggested that 

soils with increasing clay content would demonstrate increased P losses. As expected the clay 

soils demonstrated the greatest overall P (DRP and TP) losses compared to both the sand and 

sandy loam soils, where P losses were much smaller. Although each soil was run independently 

and should be considered individual experiments some comparisons between soils can be made. 

Soil samples collected from within the cores indicated somewhat higher STP levels in the clay 

soil were compared to the sandy loam and sand soils. It is likely that the increased losses from 

the unfertilized clay soils may have been a result of the higher STP levels in the soil (Table 1), a 

greater P buffer capacity (Wang et al. 2012) and potentially greater particulate/sediment losses 

(Glaesner et al. 2011b). Glaesner et al. (2011b) had previously suggested that finer textured soils, 

such as the clay dominant soils observed in this study, were likely to demonstrate increased P 

sorption in comparisons to coarser textured soils. This was somewhat evident by the fact that the 

unfertilized sandy loam soil tended to leach less P than the unfertilized clay, but when fertilizer 

was applied comparable or even higher amounts of DRP were leached from the sandy loam soil.  

Both the sandy loam and sand soils were expected to demonstrate less P sorption and greater 

applied P losses than the clay soils (Glaesner et al. 2011b; McDowell et al. 2001). The sand, 

however, showed little evidence of P leaching.  It is currently unclear what may have caused 

these reduced P losses from coarser texture soils given that the majority of the soil characteristics 

supported the potential for larger P losses. Results from studies conducted by Beauchemin et al. 

(1998), Djodjic et al. (1999), and van Es et al. (2004) also found that the finer textured soils 

produced the greatest P losses in comparisons with coarser textured soils.  
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 Research has also suggested the importance of water flow pathways when evaluating a 

soils risk of P losses. In this case, significant research has suggested the importance of 

preferential flow pathways when evaluating the risk of P leaching losses (Gachter et al. 1998, 

Heathwaite and Dils 2000, King et al. 2015, Simard et al. 2000 and Geohring et al. 2001). It has 

also been suggested that these pathways may play a more dominant role in P losses from finer 

textured soil than from coarser. In the case of the clay soil observed in this study preferential 

flow pathways may have played a dominant role in early P losses. During the first few rainfall 

events P losses from clay soils were significantly higher than those observed during the later 

events. This may have been a result of dominant soil fissures below the soil surface encouraging 

the rapid transport of water and P through the soil profile. This is also further supported by the 

higher proportion of DRP loss during these events suggesting limited soil interaction, P sorption, 

and rapid P movement across the soil profile. In the case of the coarser textured soils it is 

possible that dominant matrix and piston flow may have influence the lower P losses observed 

from the soil. Studies conducted by Brock et al. (2007) and Kleinman et al. (2005) suggested that 

patterns of delayed P losses might be a result of rapid water movement through matrix and piston 

flow. These studies suggested that the longer the water residency time in the soil the greater the 

soil P losses (Brock et al. 2007 and Kleinman et al. 2005). Although not formally studied, 

observations during the experimental procedures demonstrated that in both coarser textured soils 

studied water residency time was significantly less than those observed from the clay soils. 

These observations may support the dominance of piston and matrix flow in these coarser 

textured soils potentially hindering the movement, desorption, and release of P from both the soil 

and fertilizer additions. When comparing P release patterns and losses on both an individual and 

cumulative event basis in the sandy loam and sand soils, P release occurred at later rainfall 
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events than the clay soils. The rapid piston and matrix flow across the soil profile in these coarser 

textured soils likely hindered P movement down the soil profile subsequently resulting in smaller 

P releases and substantially smaller P losses than originally expected. Geohring et al. (2001) also 

found similar results when evaluating P movement through macropores where which it was 

suggested that the rapid water movement reduced water residency time, hereby hindering P 

sorption/desorption processes.  

Application Timings 

 When comparing losses across application timings cumulative DRP and TP losses were 

generally greater in Post-WDC treatments compared to Pre-WDC treatments. The only exception 

to this trend was in the sand soil where which cumulative TP losses were greater in the Pre-WDC 

treatments than the Post-WDC treatments, although losses were relatively small compared to the 

other soils. These finding support the concept that smaller non-leaching rainfall events followed 

by drying may help support P retention compared to freshly added P, thereby reducing the 

overall risk of P losses through leaching pathways. With limited research available it was unclear 

whether non-leachate producing rainfall events would reduce or increase P loss risks following 

application, specifically from organic P sources. Research has suggested that inorganic P sources 

generally produce lower P losses than organic sources due to their improved availability and 

interaction with soil P sorption sites (Simard et al. 1995, McDowell et al. 2005, Macrae at el. 

2007); however, it has remained unclear as to how smaller rainfall events would interact with 

these processes. Results from this study suggest that smaller non-leachate producing rainfall 

events would encourage P interactions within the soil, thereby reducing P loss potential during 

larger leachate stimulating rainfall events.  
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 These findings also support results from previous research initiatives that suggest that the 

timing between rainfall or leaching events and fertilization could be considered a dominant 

factor in regulating P losses (Brock et al. 2007, Geohring et al. 20001, Kleinman et al. 2005, and 

Smith et al. 2007). Observations from this study further support this trend with P losses from 

Post-WDC treatments, where which leachate producing rainfall events occurred 1 day after 

application, being greater than those which were fertilized earlier on (Pre-WDC, ~14 days pre-

leachate producing rainfall events). Results also support application timing recommendations in 

relation to time to first rainfall and water table levels. Water table fluctuations and rainfall 

patterns throughout the year suggest that the risk of P transport and loss through leachate and 

surface runoff pathways is significantly increased when the water table is high or in surplus, 

most specifically during and surrounding the winter months. Geohring et al.’s (2001) research 

suggested that the early spring months and late fall months are most likely to produce the 

greatest proportion of P losses through leaching processes. It was suggested that this was a result 

of higher soil moisture contents and larger water volumes flowing through the soil due to higher 

precipitation rates and water tables and larger flow events (Geohring et al. 2001). Results from 

Lam et al.’s (2016) study also further support these findings suggesting that the majority of P 

losses occur during dominant water flow events, similar to those observed during the early 

spring, late fall and winter season and the leachate stimulating rainfall events conducted in this 

study. As the results suggested, these events were likely to produce significantly greater P losses, 

in most soil types and in both DRP and TP forms, when compared to fertilizer applications 

occurring earlier in the season and well in advance of major rainfall and leachate stimulating 

events.  
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 The series of major rainfall and leachate stimulating events conducted in this study also 

replicated similar effects of soil water logging, with many rainfall events encouraging higher 

water tables than the soil was previously exposed to and minimal soil drying time between 

rainfall events. The higher water tables these soils were subjected to also support the 

recommendations against fertilizer applications during the later fall and winter seasons. During 

this time the water table is generally considered to be at its highest and the soil structure is 

heavily flooded, if not frozen (Sims et al. 1998, Williams et al. 2012). At this time soil moisture 

content is likely at its highest resulting in reduced water infiltration, increasing the risk of surface 

runoff (not allowed in this study), and thus producing larger leachate values and cumulative P 

losses (Geohring et al. 2001). Although all treatments, both Pre and Post-WDC, were subjected 

to the same series of major rainfall events those that were fertilized well in advance (Pre-WDC) 

of the major rainfall events demonstrated lower cumulative P losses than those that were 

fertilizer shortly before rainfall events. These results further support P application 

recommendations that encourage P fertilization during the late spring and early fall months when 

large leachate producing rainfall events and water-logged soils are less likely to be of a concern.  

Application Methods 

 When comparing both cumulative P losses and individual events the observed interaction 

trends between soil texture and application method were less consistent. Previous research had 

suggested that the incorporation of P amendments below the soil surface would support a 

reduction in overall P losses, primarily through surface runoff (Glaesner et al. 2011b, Kleinman 

et al. 2002). Research had also suggested that the incorporation of P amendments below the soil 

surface would also support amendment interactions with soil properties, including soil P sorption 

factors, hereby reducing overall P losses. Despite previous research, results from this study were 
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not able to consistently support this finding when evaluating leaching losses alone. When 

comparing cumulative leaching losses regardless of application timing all three soils 

demonstrated the greatest P losses from application methods that placed fertilizer additions 

below the soil surface. In the case of DRP losses from the sandy loam and clay soil the greatest 

DRP losses were observed from the surface broadcasted and incorporated treatment, while in the 

sand soil the greatest P losses were observed from the sub-surface banded treatment. This trend 

did not hold true when evaluating TP losses where the greatest TP losses were observed from the 

surface broadcasted and incorporated treatments in both the sandy loam and sand soils, and the 

surface broadcasted treatment in the clay soils.  

 Soil textures are likely to have played a dominant role in fluctuations between application 

methods and treatment results between soils. In the case of the clay soil the finer texture and 

higher soil P content may have played a role in differences between cumulative DRP and TP 

leaching loss patterns compared to the studied coarser textured soils. When comparing the non-

fertilized controls, cumulative DRP and TP losses from the clay soils in the C. Undist treatment 

were greater than the C. Dist Treatment. Although the differences between these two losses were 

considered insignificant, this result was expected with the majority of research suggesting that 

soil disruption would promote soil P sorption and reduced prominent flow pathways across the 

soil surface (Glaesner et al. 2011, Geohring et al. 2001, Kleinman et al. 2009). When evaluating 

the fertilized treatments this observation was not as consistent. In the case of DRP losses 

incorporation proved to produce greater P losses than surface application, whereas in the TP 

losses surface application appear to demonstrate the greatest P losses. As discussed above, 

previous research had suggested that incorporation techniques were likely to reduce overall P 

loads when compared to surface applications in finer textured soils (Glaesner et al. 2011, Djodjic 
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et al. 2001, Geohring et al. 2001). This held true when evaluating TP losses from the clay soils 

evaluated in this study. In this case, incorporation of P amendments below the soil reduced 

overall TP loads, likely through improved interaction with available P sorption sites and the 

disruption of available continuous macropores, as demonstrated by the study’s unfertilized 

control treatments. The sub-surface banding treatment in the clay soils also demonstrated similar 

TP losses to the surface broadcasted and incorporated treatment despite having minimal soil 

disturbance. It is likely that these reduced losses are a result of improved placement encouraging 

soil P interactions despite minimal macropore disturbance (Glaesner et al. 2011b). Although 

cumulative TP losses in clay soils further supported previous research it is unclear why DRP 

losses from clay soils were the greatest in treatments with fertilizer placed below the soil surface. 

This result was opposite of what was originally anticipated where which surface broadcasted 

treatments would produce the greatest proportion of P losses due to its potential limited 

interaction with the soil, the fertilizer’s readily available P concentrations, and the increased 

likelihood of rapid transport macropores due to limited soil disturbance (Geohring et al. 201, 

Glaesner et al. 2011b). It is possible that DRP concentrations may have been higher in 

incorporated soils due to the release of P from the soil itself as opposed to the rapid release from 

fertilizer additions (Andersson et al. 2013) or that a greater volume of soil had been impacted by 

the incorporated fertilizer compared to surface broadcasted soils, thus providing more 

opportunities to interact with leaching water. 

 When evaluating cumulative leaching loss differences in both the sandy loam soil similar 

inconsistent trends existed between DRP and TP losses and in comparison with other soil 

textures. Given the textural differences between the coarser sandy loam soil and the finer clay 

based soil some differences in the impact of soil disturbance were expected. Opposite of the clay 
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soils, a comparison between unfertilized control treatments suggested that soil disturbance would 

produce the greater DRP and TP losses without the addition of fertilizer. Given the sandy loam 

soil’s STP level there is potential that the soil disturbance may have disrupted aggregates hereby 

releasing P from the soil for transport (Andersson et al. 2013). It is also possible that the soil 

disturbance may have increased pore space from previous soil compaction, hereby promoting 

faster water flow and movement throughout the soil profile (Andersson et al. 2013). Similar to 

the clay soils, trends observed in the unfertilized control treatments did not hold true across 

fertilized treatments. DRP and TP losses from fertilized treatments in the sandy loam soils 

suggested that incorporation techniques supported P losses in both forms. In the case of DRP 

losses sub-surface banding proved to demonstrate the greatest DRP loads, whereas the greatest 

TP loads were observed from the surface broadcasted and incorporated treatment. As discussed 

above, in both the sandy loam and sand soils the coarser textured soils demonstrated decreased 

water residency times and rapid water movement through matrix and piston flow. Given that 

incorporation techniques placed fertilizer below the soil surface and closer to drainage collection 

systems it is possible that this placement may have had a greater influence on P losses than the 

soil properties or characteristics. With surface broadcasting placing available P further away 

from drainage systems it is possible that the rapid water movement across the soil profile may 

not have been able to successfully transport P to soil depths, hereby limiting its presence in 

collected leachate. Leaching loss patterns across individual events as supports this finding, where 

which P losses steadily increased by event as opposed to producing a few large initial P loading 

events as demonstrated by the clay soils leaching loss patterns. 

 The sand soils demonstrated similar results to the sandy loam soils where which the 

greatest DRP and TP loads from fertilized treatments were observed from the surface 
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broadcasted and incorporated treatment. In the case of the unfertilized controls, patterns were 

less consistent than the sandy loam soils with both controls producing statistically similar P 

loading losses with DRP being greater in the undisturbed soil and TP loading losses being 

greater in the disturbed soil. With water residency time estimated to be the shortest in the sand 

soil it is likely that this also played a dominant role in the smaller P losses in comparisons with 

other soil types and the encouragement of larger P losses from placement methods below the soil 

surface.  In the case of the sand soils it should be noted that both the fertilized and unfertilized 

treatments produced similar overall leaching losses suggesting a potential lack of overall P 

movement throughout the soil profile, consistent with WEP results.  

 When factoring in the interaction between application method and timings trends still 

remained unclear with the greatest P losses occurring from a variety of application methods 

across all three soil types. One significant trend worth noting is that in almost all cases Pre-WDC 

treatments appeared to demonstrate reduced P losses. The majority of exceptions to this rule 

occurred in the sand soil where which water residency time and unfavorable P sorption soil 

characteristics may have played a role in fluctuating trends (Glaesner et al. 2011b, Andersson et 

al. 2013). In the case of the clay soils the interaction between application timing and method 

demonstrated similar trends to previous research which had suggested that incorporation of P 

below the soil surface and application away from major leachate producing rainfall events would 

reduce the risk of P loss (Glaesner et al. 2011b, Kleinman et al. 2005, Kleinman et al. 2009). In 

this case, both DRP and TP losses were the greatest form clay soil when fertilizer was added to 

the soil through surface broadcast applications and rainfall occurred shortly after application. As 

discussed above it is likely that this is a result of placement below the soil surface encourage P 

sorption and sufficient time in advance of rainfall events allowing for P sorption to occur 
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subsequently reducing the risk of P loss (Glaesner et al. 2011b, Geohring et al. 2001). In the 

coarser textured soils this trend was less prevalent with fertilizer placement below the soil 

surface generally producing greater P loads than surface applications, most specifically in Post-

WDC treated soils. In general the coarser textured soils produced unexpected results with few 

definitive numerical or significance trends existing between DRP and TP losses across all 

application timings and methods. In comparison across individual events fluctuations in both 

DRP and TP losses were more prominent in later rainfall events in the Post-WDC treated soils, 

encouraging greater cumulative P losses. Although producing smaller DRP and TP loads than the 

finer textured soil studied the unpredictability of these coarser textured soils should pose 

significant concern when evaluating the risk of P loss.  

Soil P  

 With variations in the timing and placement of fertilizer additions, different patterns of P 

availability across each soil profile were expected. In the case of the clay soil, Olsen-P and WEP 

were generally higher than both the sandy loam and sand soils. This was suggested to likely be a 

result of the higher STP levels prior to fertilization and the soil’s favorable properties for P 

sorption (e.g. CEC) compared to the other two soils (Wang et al. 2016)). 

While several studies (e.g. Kleinman et al. 2009) have suggested that soil P levels 

measured with depth is not an effective means of detecting the occurrence of P leaching through 

soils, it was expected that a clearer relationship between fertilizer P placement and P 

measurement would have been observed in this study. There was evidence of fertilizer 

application increasing STP and WEP values in the soil, although these did not always correspond 

to where the fertilizer was placed in the soil.   
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Placement effects in terms of elevated WEP and STP values at or near the depth of 

placement or incorporation for the clay soil, however, these were not consistent with fertilizer 

application to soil.  It is possible that with the length of experimental time and the 12 rainfall 

events that substantial reactions between the applied fertilizer P and soils has occurred, making it 

difficult to detect the residual fertilizer P.  Given the concentrations of DRP observed in leachate 

waters at the end of the study across MAP applied soils, it would appear that availability of P for 

leaching had indeed diminished by this time, and thus measures of differences in very labile soil 

P would be minor.   

Given the manner by which P cycles in the soil, it is expected that P enrichment in the 

upper soil layers would occur due to P applications plant uptake and residue return to the soil.  

Agricultural practices that place P amendments either at or near the soil surface would be 

expected to intensify this P stratification in the soil.  Both the clay and sandy loam soils 

displayed clear evidence of P stratification (i.e. greater STP at or near the soil surface), and while 

the sand soil clearly showed greater soil P values in the top 10 cm vs deeper depths, highest STP 

levels were not at the soil surface, but rather ~5-7 cm below the soil surface, regardless of P 

placement (i.e. similar pattern in all treatments). This may reflect the long-term impact of field 

management at the site of soil core collection, although all sites were believed to be under 

similar tillage practices at time of site selection.  It may also represent a greater downward 

movement of P due to the 12 rainfall events. Although, it is not yet clear why P movement and P 

losses from soil cores could be so small unless the soil condition at or below the ~ 7.5 cm depth 

drastically diminishes P availability or increases P sorption.   

The sand soils demonstrated different trends compared to the clay and sandy loam soils. 

In this soil, both Olsen Soil P and WEP were greatest at mid to upper soil depths suggesting P 
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movement is occurring in the soil, yet not leaching out of the soil column. This result also 

supports previous findings by Andersson et al. (2013) which suggested a reduced potential for 

preferential flow movement. It is possible that this encouraged dominating matrix/piston flow in 

the coarser textured soils which resulted in the slower movement of P through the soil profile, 

although this movement was not rapid enough to result in immediate P leaching losses. The 

sandy loam and clay soils demonstrated greater P leaching losses than the sand soils, and there 

was less evidence of a pulse of P movement across the soil profile (i.e. P tended to diminish 

gradually with depth). It is likely that this was due to a greater proportion of preferential flow 

resulting in rapid water and P movement, without substantially increasing measures of soil P. 

This suggests that although P may move across the soil profile over time, its movement may be 

more dependent on the water flow through the soil. It should also be noted that the sand soils 

demonstrated a lower pH (5.8) which may have played a role in impacting P availability.  

Differences in soil P availability based on application methods were difficult to assess 

across the soil profile. Comparisons across Olsen-P results suggested little differences in P 

availability based on its placement. Water-extractable phosphorus concentrations also 

demonstrated the same trends with few significant differences across application methods in each 

soil. Across all application methods, the same trends in soil P movement were observed across 

the soil profile. It should be noted that although few significant differences were identified, 

surface runoff was not evaluated in this study and previous research has suggested that it would 

likely play a dominant role in P loss and P availability in surface applications, specifically 

surface broadcasted applications.  

The influence of WDC was evident across the three soils and influenced by MAP 

placement.  Adding the fertilizer prior to WDC diminished its transport out of the soil columns 
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as DRP, suggesting a reduction in the availability of applied P for movement by leaching water. 

This was typically observed in the soils, although there were notable differences between the 

soils.  In the clay and sandy loam soils, the Pre-WDC treatment tended to display lower WEP 

values when MAP was placed in the soil and subjected to WDC.  This may simply reflect a 

greater reaction time between the soil and fertilizer, or WDC decreasing MAP P availability due 

to the effects of WDC on P sorption/desorption reactions.   A similar trend was observed for 

Olsen-P values in the clay soil with no notable treatment difference with soil depth, however, the 

sandy loam soil behaved differently. In the sandy loam soil, Pre-WDC application of MAP 

increased the stratification of WEP and Olsen-P in the upper 10 cm of soil, while upper layers of 

the Post-WDC treatment where quite similar in Olsen-P and WEP.  This undoubtedly reflects 

lesser movement of P from the upper soil layers with the Pre-WDC, while Post-WDC is 

demonstrating P movement within the soil profile.  Thus, in the case of the sandy loam soil, P 

movement in the soil is indicative of P leaching.  This may reflect a specific condition of P 

sorption capacity and hydrology that did not exist in the clay and sand soils.  The sand soil, 

clearly showed evidence of P movement down the soil profile, although P in leach was extremely 

low.  It is possible that soil conditions at depth increased P sorption (possibly through 

precipitation).                    
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CONCLUSIONS 
 

Although inconsistent across soils, results from this study continue to demonstrate the 

importance of subsurface P leaching alone and its potential contribution to P loadings and 

eutrophication. The greater presence of subsurface leaching P losses following MAP application 

was a significant observation in all soils. This trend was most notable for the clay and sandy 

loam soils where the majority of significant differences were present in comparisons between the 

unfertilized controls and fertilized treatments in both DRP and TP cumulative losses.  

Application timing and method did not demonstrate consistent trends across the studied 

soils and cumulative loading results.  These results did suggest that soil texture may play a 

prominent role in P losses. The clay soils demonstrated the greatest cumulative losses despite 

having similar indices of P availability (i.e. STP and WEP). This result was consistent with 

previous research which suggested that overall P losses would increase with clay content 

(Glaesner et al. 2011b). Glaesner et al. (2011b)’s research also suggested that DRP losses would 

decrease with clay content, however this result was less consistent with this study’s findings 

which suggested that DPR loadings played a prominent role in overall TP losses. When 

evaluating DRP and TP losses by event, the clay soils demonstrated unique differences across 

application methods and timings. Many treatments demonstrated peak losses at the start of 

rainfall events, followed by slow declines to a constant state of loss. This pattern was prominent 

in the clay soils with differences in peaks presence across application timings, suggesting the 

potential for reduction in P losses with soil wetting and drying events. This result was most 

prominent in comparisons across the surface broadcast treatment from both Pre- and Post-WDC, 

where which the Pre-WDC demonstrated lower P loss peaks than the Post-WDC treatment likely 

due to increased soil P reactions less prominent flow paths in the Pre-WDC treatment. Unlike the 
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surface broadcast treatments, the surface broadcasted and incorporated, and sub-surface banded 

treatments in the clay soils did not demonstrate as prominent of a difference between Pre- and 

Post-WDC treatments. This may suggest a more prominent role WDC cycles may have in 

surface applied MAP fertilizer compared to MAP placement below the soil surface.  

In relation to soil texture and water flow, previous results suggested that fine textured 

soils were likely to demonstrate an increased risk of P losses from subsurface leaching (Van Es 

et al. 2004). Results from this study were consistent with previous findings. Although not 

specifically investigated, results suggest that rapid water flow in coarse textured soils may play a 

dominant role in regulating P losses in both the DRP and TP form. Results from DRP and TP 

analysis in the sandy loam soils suggested that greater P losses were observed where P was 

placed below the soil surface compared to surface applications. These results suggested that 

prominent flow pathways below the soil surface may have increased MAP transport with water 

flow compared to the surface broadcast treatments.  With the sand soils demonstrating the lowest 

cumulative P losses, it is possible that rapid water movement in the form of matrix flow may 

have limited interactions between leaching water and soil or fertilizer P resulting in their low P 

losses through leaching pathways.  

Future research should be considered to further understand the differences between 

previous research findings and current results. Although results clearly demonstrate the 

magnitude of P losses possible, they were less consistent in understanding how current 

agricultural best management practices may regulate or influence P losses in leachate or soil P 

availability. Current best management for the regulation of surface runoff P losses suggest the 

placement of P below the soil surface, results from this study did continue to support this 

recommendation by indicating few differences or increases in P losses via subsurface leaching 
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from sub-surface banding below the soil surface. Additionally, one significant and consistent 

observation across all soils suggested that following all fertilizer applications there is generally a 

spike in P losses regardless of P placement or timing. This spike can be minimized with effective 

management; however, this results further supports recommendations suggesting fewer P 

applications throughout the year may limit the overall risk of P loss to surface and subsurface 

waters. Another note should be made as this study only evaluated P losses in a controlled 

environment and only to minimal soil depths, further research should be conducted on a field 

scale under seasonal environmental conditions. This would allow for a greater understanding of 

P losses over a longer time span and at expanded soil depths. Additionally, further research 

should be conducted to understand how soils may differ under constant moisture compared to 

soil wetting and drying.  An improved understanding of how agricultural best management 

practices regulate P losses and soil P availability will help to further develop greater practice 

recommendations, while also promoting and encouraging a reduce risk of harmful P loadings to 

nearby aquatic ecosystems.  
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APPENDIX 

A-1 Effect of drain position on leachate volume and P concentrations 

 Cumulative loss and loading analysis on area weighted collected leachate water volumes, 

and DRP and TP losses comparing inner and outer drainage systems demonstrated inconsistent 

trends and patterns of significance (p-value < 0.05) across all three studied soils. Results from 

the clay soil demonstrated no significant main or interaction effects involving drain (p-values 

ranging from 0.2235 to 0.8294) on leached water volume, DRP, and TP. The sandy loam soils 

demonstrated similar trends, however, significance was identified in select interactions and 

measures. In these soils the drain factor demonstrated significance (p value 0.033) in an 

evaluation of the DRP loading losses. Additionally, significance was identified in leachate water 

volume analysis (p value = 0.002) for the drain*application timing interaction. The sand soils 

also demonstrated inconsistent significance trends with significance being identified in leachate 

volume in both the drain*application timing (p value 0.006) and drain*application  

timing*application method (p value 0.036). The DRP losses also demonstrated significance for 

the drain factor (p value 0.045) and the drain*application timing (p value 0.004).  The TP losses 

in the sand soils also demonstrated significance in an evaluation of the drain factor (p value 

0.037) and the drain*application timing interaction (p value 0.015). All specific p-values 

outlined in table A-1.  

Across all three soils, the drain fixed effect for the leachate water volume analysis 

remained insignificant indicating that the water volumes collected from both the inner and outer 

drain systems were proportional to the area of soil surface serviced. The interaction between the 

drain and application timing fixed effects did appear to demonstrate significance for leachate  
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volume in both the sandy loam and sand soils. Further investigation into these differences 

indicated that in both the sandy loam and sand soils the application timing only affected losses in  

the outer drainage system. Within this trend inconsistencies lied between the sandy loam and 

sand soils. In the sandy loam soils, the post-WDC fertilizer applied soil cores leached more in the 

outer drain then in the pre-WDC fertilizer applied soil cores. In the sand soils the opposite was 

depicted where the pre-WDC soil cores produced more leachate than the post WDC soil cores. 

Similarly, in the sand soils significance was also indicated in the three-way interaction 

(Drain*Application timing*Application Method).  Further investigation into these differences 

also demonstrated inconsistent trends and unidentifiable patterns across all significantly different 

pairings. It is unclear what may have caused these specific differences, however the majority of 

these results continue to support the hypothesis that water movement across the soil profile was 

not altered or influenced by the presence of the soil core walls. 

Across all three soils, the drain fixed effect for the leachate water volume analysis 

remained insignificant indicating that the water volumes collected from both the inner and outer 

drain systems were proportional to the area of soil surface serviced. The interaction between the 

drain and application timing fixed effects did appear to demonstrate significance for leachate 

volume in both the sandy loam and sand soils. Further investigation into these differences 

indicated that in both the sandy loam and sand soils the application timing only affected losses in 

the outer drainage system. Within this trend inconsistencies lied between the sandy loam and 

sand soils. In the sandy loam soils, the post-WDC fertilizer applied soil cores leached more in the 

outer drain then in the pre-WDC fertilizer applied soil cores. In the sand soils the opposite was 

depicted where the pre-WDC soil cores produced more leachate than the post WDC soil cores. 

Similarly, in the sand soils significance was also indicated in the three-way interaction 
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(Drain*Application timing*Application Method).  Further investigation into these differences 

also demonstrated inconsistent trends and unidentifiable patterns across all significantly different 

pairings. It is unclear what may have caused these specific differences, however the majority of 

these results continue to support the hypothesis that water movement across the soil profile was 

not altered or influenced by the presence of the soil core walls. 

 Results from the inner and outer DRP and TP loading drainage system analysis did 

demonstrate varying levels of significance across the study’s fixed effects and their interaction 

with the drainage system. In the case of DRP loading, significance was identified in both the 

sandy loam and sand soils, while in relation to TP loading significance was only identified in the 

sand soils. It is possible that this may be a result of the distribution of fertilizer in relation to flow 

pathways across the soil core as opposed to dominant flow pathways existing within the soil 

cores, which were not identified through the leachate volume analysis. Application timing did 

appear to have an impact in both the sandy loam and sand soils when evaluating DRP loading, 

but only in the sand soils when evaluating TP loading. Further investigation into these 

differences identified that they lied primarily with comparisons across application timings and 

between drainage systems in the freshly applied (Post WDC) soil cores. In all cases, the inner  

drainage system appeared to produce greater P losses than the outer drainage system further 

supporting the previous notion that the distribution of fertilizer throughout the soil core may have  

had a greater impact on P losses through the drainage systems then dominant water flow 

pathways throughout the soil core.  

 Overall, results from statistical analysis of the drainage system effect on leachate water 

volume, and DRP and TP loading demonstrated both dominant and inconsistent trends across all 

three soils. Although DRP and TP losses did demonstrate varying levels of significance when  
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evaluating the drain factor leachate water did not demonstrate the same. This results leads to the 

indication that leachate flow pathways were not influenced by the presence of soil core walls.  

Due to this all further statistical analyses and results were determined by summing area weighted 

values and P losses from both the inner and outer drainage systems.   

 As mentioned above, results indicated that the soil core walls were likely to have had a 

limited impact on overall leachate volume, and DRP, and TP loading losses. This result was 

primarily determined through a lack of significance when comparing leachate water volumes 

between both the inner and outer drainage systems as they related to the surface area serviced. 

Multiple studies have suggested that subsurface nutrient and water transport is heavily influence 

by the presence of flow pathways below the soil surface (Gburek et al. 2005, McDowell et al. 

2001). When evaluating nutrient and water losses below the soil surface some concern was 

raised in relation to soil column studies and the impact soil core walls may have on the presence 

or unintentional creation of these pathways (Kleinman et al. 2005). As a result, some have 

suggested that soil column studies may not be a suitable representation of overall subsurface 

leaching risks from agricultural fields and ecosystems (Kleinman et al. 2005). Due to this 

concern many soil column studies, including those completed by Kleinman et al. (2005) aimed to 

estimate the impact soil core walls may have on the creation of dominant subsurface macropores 

conducive to extensive preferential flow. In the case of Kleinman et al.’s (2005) study, results 

determined through dye measurement estimation indicated that the soil’s interaction with the soil 

core walls did not encourage or demonstrate significant preferential flow or active macropore 

pathways. Results from Kleinman et al.’s (2005) study were found to correlate with those 

determined through inner and outer drainage system comparisons, indicating the suitability of 

soil column studies for estimating over subsurface leaching risks.  As discussed above, results 
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from comparisons across inner and outer drainage system leachate water volumes indicated that 

mean water volumes produced were equivalent to those expected based on the area and volume 

of soil serviced. A lack of significant differences between inner and outer drainage systems 

means suggested that collected leachate and phosphorus concentrations from both the inner and 

outer drainage systems could be summed to produce a cumulative leaching losses from 

individual soil cores for further leachate and P loss analysis.  

 Although these results correlate with Kleinman et al.’s (2005) study and further 

suggested the suitability of soil core and column studies for estimating leaching risks, it is still 

unclear what may have caused fluctuations in significance across DRP and TP losses during 

drainage system comparisons. As mentioned above, the sandy loam and soils appeared to 

demonstrate significant differences when comparing DRP and TP loading losses across the inner 

and outer drainage systems. It is possible that the major source of these significant differences 

was a result of the placement of fertilizer across the soil surface as opposed to the presence of 

dominant water flow pathways. This result may further support the importance of fertilized 

placement in relation to drainage systems.   
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Table A-3. Mean cumulative DRP loading losses (ug P/core) (±SE) for fixed effect interaction 
between application timings and application methods across all 3 soil types.  

  Soil Type 

  Clay Sandy Loam Sand 

Application 

Timing 

Application Method Cumulative 

Loss (ug P/core) 

Cumulative Loss 

(ug P/core) 

Cumulative Loss 

(ug P/core) 

 

 

 

 

Pre-WDC 

Control Disturbed 1249 (399) 196 (122) 127 (48) 

Control Undisturbed 1199 (328) 323 (159) 112 (36)) 

Surface Broadcast 9753 (2520) 9889 (4786) 124 (39) 

Surface Broadcast 
and Incorporated 
 

11911 (3936) 13562 (6567) 257 (80) 

Sub-Surface Banding 12060 (3129) 14148 (6928) 191 (60) 

 

 

 

 

Post-WDC 

Control Disturbed 1919 (609) 3569 (2125) 124 (48) 

Control Undisturbed 2193 (569) 859 (421) 178 (56) 

Surface Broadcast 18308 (4731) 10508 (5181) 84 (29) 

Surface Broadcast 
and Incorporated 
 

10501 (2749) 27323 (13318) 292 (94) 

Sub-Surface Banding 14856 (3841) 14896 (7547) 148 (47) 
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Table A-4. Mean cumulative total phosphorus losses in collected leachate (ug P/core) (±SE) 
across the fixed effect interaction between application timings and application methods across 
all 3 soil types.  

  Soil Type 

  Clay Sandy Loam Sand 

Application 
Timing 

Application Method Cumulative 
Loss (ug 
P/core) 

Cumulative Loss 
(ug P/core) 

Cumulative Loss   
(ug P/core) 

 

 

Pre-WDC 

Control Disturbed 4223 (862) 2134 (1155) 538 (216) 

Control Undisturbed 7555 (1200) 1603 (711) 794 (224) 

Surface Broadcast 14732 (2423) 13130 (5729) 959 (272) 

Surface Broadcast 
and Incorporated 
 

19454 (4048) 15522 (6757) 1163 (327) 

Sub-Surface 
Banding 

12572 (2271) 16157 (7071) 783 (224) 

 

 

 

Post-WDC 

Control Disturbed 5518 (1109) 6627 (3347) 763 (264) 

Control Undisturbed 5580 (961) 3681 (1606) 932 (262) 

Surface Broadcast 23730 (3921) 21713 (9513) 887 (249) 

Surface Broadcast 
and Incorporated 
 

13486 (2248) 36784 (16019) 791 (222) 

Sub-Surface 
Banding 

17901 (3012) 14425 (6855) 775 (221) 
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Table A-5. Total cumulative rainfall received, and leachate produced, and average rainfall 
received, and leachate produced by event across all three soils.  

 Soil Type 
Clay Sandy Loam Sand 

     
Total Rainfall 

Received 
L 10.4 10.3 12.7 

mL/cm2 33.2 32.8 40.5 
 

Average 
Rainfall 

Received per 
Event 

mL 869.4 857.9 1058.9 
mL/cm2 2.8 2.7 3.4 

 
Total Leachate 

Produced 
L 8.7 9.6 7.5 

mL/cm2 27.8 30.4 23.9 
 

Average 
Leachate 

Produced per 
Event 

mL 727.2 796.6 627.4 
mL/cm2 2.3 2.6 2.0 
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Figure A-1. TP loading losses by rainfall event as affected by varying fertilizer application 
timings and methods. Row A Clay, Row B Sandy Loam, Row C Sand. Column A Pre-WDC, 
Column B Post-WDC. 
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Figure A-2. Water-extractable phosphorus concentrations (mg P/kg soil) by soil depth as 
impact by fertilizer application methods and timings. Column A. Pre-WDC, Column B Post 
WDC, Row A Clay, Row B Sandy Loam, Row C Sand. 

 


