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ABSTRACT 

INDICES OF PHOSPHORUS LOSS POTENTIAL FROM  
ONTARIO AGRICULTURAL SOILS TO SURFACE WATERS 

Yutao Wang                                                                                          Advisors: 
University of Guelph                                                                            Dr. I.P. O’Halloran 
2010                                                                                                        Dr. T.Q. Zhang 

Phosphorus (P) loss from agricultural soils has been identified as one of the major causes 

of eutrophication of surface waters. This study was conducted to evaluate the suitability of 

various measures of soil P as indicators of risk potential for P loss from agricultural soils to 

surface waters. To fulfill the research objective, soil samples were collected from six major soil 

series in southern Ontario, and were subjected to simulated precipitation and to leaching. 

Relationships between various soil P measures and dissolved reactive P (DRP) concentration in 

surface runoff and subsurface flow were assessed. 

Amongst the selected soil test P (STP) and the estimates of degree of P saturation (DPS), 

DPSM3-2 [Mehlich-3 P/(Mehlich-3 Al + Fe)], DPSM3-3 (Mehlich-3 P/Mehlich-3 Al), and water 

extractable P (WEP) had the highest correlation with DRP concentration in surface runoff and 

leachate across all six soil series. The Fe-oxide coated filter paper P (FeO-P) method gave the 

second best predictor of DRP concentration through a split-line linear model. The Olsen P test 

was significantly correlated to DRP losses in runoff and leachate but it was generally not as 

strongly correlated to DRP losses as were other soil P measures.  

Given that soil WEP concentration can represent risk of soil P loss, a study with a greater 

range of soils (n=391) suggested that DPSM3-2 and DPSM3-3 tended to overestimate P losses 

from alkaline soils, especially when soils had high DPSM3-2 or DPSM3-3. In comparison, soil 

FeO-P and DPSOl-b [Olsen P/(Olsen P + P sorption index)] each were significantly correlated  to 



 

 

DRP concentrations in surface runoff, subsurface water and soil WEP concentration, and  

showed reasonable accuracy. 

Compared to STP and routine DPS, a detailed soil DPS estimated from P sorption 

isotherm (DPSsorp) and P buffering capacity (PBC0), could provide reliable predictions of runoff 

DRP concentration across different soil types. Within each soil type, runoff DRP concentration 

increased linearly with increasing DPSsorp following a common slope of approximately 1.79, 

while the common change point was at a PBC0 value of approximately 0.29 L mg-1. A unit 

change in the PBC0 value resulted in a much greater change in runoff DRP concentration below 

the change point than above the change point.  
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strip P (FeO-P) to the sum of PSI and FeO-P. *** indicates that r2 is significant at p < 0.001, 
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n = 391. 

Fig. 6.1. Relationship between the averaged clay content and the intercept of the linear relationship 

between the flow weighted mean of dissolved reactive P concentration (DRP30, mg L-1) in 

runoff collected over 30-min and degree of soil P saturation (DPSsorp) for each of five soil series 

(excluding Grenville loam soil series due to insignificant relationship between DPSsorp and runoff 

DRP30 concentration). 

Fig. 6.2. Relationship between the flow weighted mean of dissolved reactive P concentration 

(DRP30, mg L-1) in runoff collected over 30-min and P buffering capacity (PBC0). n=238 for 

the split-line relationship (SE = 0.00760 mg L-1). *** indicates that r2 is significant at p < 

0.001, n = 238. 
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CHAPTER ONE 

General Introduction 
 

1.1 Research Background 

Phosphorus (P) is well known to be one of the most important nutrient elements for its 

impact on the productivity and health of terrestrial ecosystems. However, the total quantity of P 

in most native soils is low, ranging from 200 to 2000 kg P in the upper 15 cm of 1 ha of soil 

(Brady and Weil, 2007). Moreover, most of the P present in soils is quite unavailable to plants. 

Even when fertilizer P is applied to soils, P fixation reactions in soils may allow only a small 

fraction of the applied P to be taken up by plants in the year of application (Brady and Weil, 

2007). Consequently, farmers typically apply P fertilizer to soils in excess of P removal by the 

crop harvest in order to optimize crop growth (Hart et al., 2004). In addition, manure application, 

commonly based on the N requirements for crop growth, also result in over-application of P due 

to unfavorable N/P ratio in manure relative to the uptake of these elements by most crops. It was 

estimated that additions of fertilizer and manure to soils have led to average annual P 

accumulations of 8 Tg yr-1 in agricultural soils of the world (Bennett et al., 2001). Over the years, 

applications of P nutrients have resulted in dramatic increases in the P content of surface soils, 

often greater than those needed for optimum crop production (Sims et al., 2000). In Ontario, P 

buildup in surface agricultural soils has become more severe with the increasing intensification 

of animal production (OMAFRA, 2002a; Bast et al., 2009). It was reported that about 75% of 

agricultural soils tested in Ontario contain high or excessive levels of soil test P (PPI/PPIC/FAR, 

2001). Elevated P levels in agricultural soils may eventually contribute to accelerated P losses, 

resulting in eutrophication of surface waters.  Losses of P from agricultural soils have now been 
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identified as one of the major causes of eutrophication (USEPA, 2000; Boesch et al., 2001). 

In response to impaired water resources, new nutrient management strategies have been 

developed (Sharpley and Moyer, 2000; Ige et al., 2005; Leclerc et al., 2001; Wright et al., 2006; 

Casson et al., 2006; Sharpley et al., 2003). The U.S Department of Agriculture and the 

Environmental Protection Agency proposed a new nutrient management policy, which addresses 

agronomic soil test P recommendations, environmental soil test P thresholds, and a P index to 

rank fields according to their vulnerability to potential P loss (Sharpley et al., 2003). Ontario 

passed the Nutrient Management Act (O.Reg. 267/03) in 2002 which included a P index 

developed for Ontario conditions to assess the risk potential of soil P loss to surface waters. Due 

to insufficient scientific study to support the validity of the P index to limit land application of 

manures and other prescribed materials, the P index was recently removed from this regulation 

pending further study.   

Olsen-P, the current Ontario agronomic soil P test, has been used as a key component of 

Ontario’s P index to set both critical levels for when the P index needs to be utilized and to 

represent contributions of  soil P to potential P loss  for a given soil site. However, its indication 

of environmental risk reflects professional judgment and has not yet been calibrated against 

actual water contamination data. For example, how well the Olsen-P assesses the form and 

amount of soil P loss as related to  the greatest environmental concern, and whether it is an 

effective indicator of potential P loss for all agricultural soils in Ontario are two unanswered 

questions.  

In the last decade, a range of soil test P (STP) and estimations of degree of P saturation 

(DPS) have been suggested to identify risk potential of P losses from agricultural soils to surface 

waters. However, it is uncertain whether the approaches used to identify soil P losses elsewhere 
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could be extrapolated to Ontario conditions as tests designed for a particular set of soil properties 

may give erroneous results if applied to other soils (Sharpley et al., 2004). Therefore, this 

research was conducted to determine an appropriate environmental soil P test approach to serve 

as an indicator of environmental risk of soil P loss under conditions applicable to Ontario 

agriculture.  

1.2 Literature review 

1.2.1 Phosphorus in soil 
The total P concentration in soils is generally in the range between 200 and 5000 mg P 

kg-1 with an average of 600 mg P kg-1 (Lindsay, 1979). In most soils, the source of P is the 

primary mineral apatite, Ca10 (X)(PO4)6, where X represents F-, Cl-, OH-, or CO3
2- (Pierzynski et 

al., 2005). During soil development, apatite P is weathered and gradually transformed to other 

inorganic and organic P forms through precipitation to other secondary minerals or through plant 

and/or microbial uptake (Börling, 2003). The relative amounts of soil P in inorganic and organic 

forms vary greatly from soil to soil with organic P constituting 20 to 80% of the total P in surface 

soils (Brady and Weil, 2007). To date, three groups of organic P compounds have been identified 

in soils, including inositol phosphates, nucleic acids, and phospholipids. Generally, inositol 

phosphates as the most abundant of the known organic phosphorus compounds make up 10 to 

50% of the total organic P (Brady and Weil, 2007). Relative to organic P, inorganic P present in 

soils has been extensively studied and well understood. The particular forms of soil inorganic P 

are closely related to soil pH. In neutral to alkaline soils, a range of Ca phosphates such as 

octacalcium phosphate [Ca8H(PO4)6·5H2O] and hydroxyapatite [Ca5(PO4)3OH] predominate, 

whereas the Fe and Al hydroxyl phosphate minerals, strengite (FePO4·2H2O) and variscite 

(AlPO4.2H2O), are prominent in acid soils (Brady and Weil, 2007). The P in soil solution is at 

dynamic equilibrium state with various solid phases of P present in soils through a range of 
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reversible reactions: dissolution-precipitation, sorption-desorption, and mineralization-

immobilization. In general, maintaining P >0.2 mg L-1 in soil solution is often needed for 

optimizing crop growth (Pierzynski et al., 2005). However, critical levels of P in water, above 

which eutrophication is likely to be triggered, are approximately 0.03 mg L-1 of dissolved P and 

0.1 mg L-1 of total P (Brady and Weil, 2007). It is a challenging task to maximize crop growth as 

well as to minimize environmental risk of soil P loss to surface waters by adopting appropriate 

nutrient management practices.   

1.2.2 Soil P solubility chemistry 

1.2.2.1 Soil P solubility in acidic soils  

The particular types of reactions that fix P in relatively unavailable forms differ from soil 

to soil and are closely related to soil pH (Brady and Weil, 2007). In acid soils, P solubility is 

primarily controlled by Fe and Al in soils (Lindsay, 1979), which has been successfully used to 

predict P sorption capacity of acid soils (Breeuwsma and Silva, 1992；Borling et al., 2001; 

Maguire et al., 2001). Under acid conditions, negatively charged phosphate ions can be attracted 

to positive charges via anion exchange on the surfaces of Al and Fe oxides. Such forms of soil P 

can be desorbed into soil solution by anion exchange with other anions. Another adsorption of P 

occurs mainly through ligand exchange instead of anion exchange on variable charge surfaces 

(Fig. 1.1). In this case, on the surface of Al or Fe hydrous oxide minerals, a H2PO4
- replaces a 

structural hydroxyl to form an inner-sphere complex through an Al-O-P bond, which has low P 

desorption into soil solution relative to adsorbed H2PO4
- by anion exchange. Over time, the 

second oxygen of the phosphate ion may replace a second hydroxyl, forming a ring structure 

with two Al ions. With this step, phosphate ions become less easily desorbed from the surface 

into soil solution. As more time passes, the concentrations of P and associated cations in the soil 
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solution exceed the solubility products (Ksp) of the relevant P compounds, and thus some 

precipitation processes occur (Sato, 2003). Generally, P sorption to soil components involves a 

continuous sequence of adsorption and precipitation process, and it is difficult to distinguish 

adsorption and precipitation reactions from one another.  

 

 

Fig.1.1.The phosphate ion replaces structural hydroxyls to form inner-sphere complex 

with the Al oxide surface. (Modified from Brady and Weil, 2007). 

1.2.2.2 Soil P solubility in calcareous soils  

In calcareous soils, the soil component most commonly associated with P sorption is the 

calcium carbonate (CaCO3) content (Lindsay, 1979).  The CaCO3 content was used by Bertrand 

et al. (2003) to predict P sorption capacity for calcareous soils with CaCO3 content > 1%.  

However, some studies have also shown that P sorption behaviour in calcareous soil may be 

controlled by Fe and Al oxides as well. Leytem and Westermann (2003) pointed out that the 

coatings of metal oxides on the surface of CaCO3 may be prevalent in some calcareous soils, 

which not only hinders precipitation of P-Ca, but also serve as sorption sites. Zhou and Li (2001) 

found that the P sorption capacity of southern Florida calcareous soils is mainly the result of the 

strong affinity of the noncarbonated clay (such as Fe oxide and Al oxide) for P, especially at low 

concentrations of solution P. Regarding the relative roles of carbonates and oxide clays in P 

retention in calcareous soils, von Wandruszka (2006) hypothesized that CaCO3 contributes to 
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most parts of P sorption in calcareous soils with relatively high P concentrations, whereas non-

carbonate clays play a more important part at low P concentrations. 

1.2.3 Manure addition and soil P losses 

It has been well known that continually land-applying manure at rates exceeding crop 

removal can increase soil P to levels that are of environmental concern. In fact, manure 

applications not only increase amounts of P present in soils, but may also result in some changes 

in soil P chemistry, which may further impact risk potential of soil P losses into surface waters.  

1.2.3.1 Manure additions and P mobility 

It was once thought that P is nearly immobile in soils, because of low solubility of P 

compounds and strong adsorption of phosphate anions by mineral constituents such as clays, 

oxides of Fe and Al, and carbonates (Sims et al., 1998). However, research over the last few 

decades has shown that long-term applications of manure facilitate P movement in soils (Sims et 

al., 1998). For example, increased soil Olsen P levels were observed to a soil depth of 1.8 m in 

sandy loam soils amended with manures for over 50 years, in comparison with a depth of 0.9 m 

for soils amended with inorganic P only (Eghball et al., 1996). Manure application based on crop 

N requirement would lead to an increase in soil P content and thus a decrease in P sorption sites 

available for additional P, decreasing P sorption strength of soils. In addition, organic P in 

manures may further enhance P mobility in soil profiles (Anderson and Magdoff, 2005; Eghball 

et al., 1996; Hens and Merckx, 2001). Frossard et al. (1989) and Condron et al. (2005) found that 

some organic P compounds, such as inositol hexaphosphate (IHP), are more mobile in the soil 

than inorganic orthophosphate, while others have shown that organic P represented a significant 

proportion of P present in leachate from manured soils (Lehmann et al., 2005; Chardon et al., 

1997).  
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High mobility of organic P, however, does not always mean that organic P is adsorbed 

loosely by soils relative to inorganic P. For instance, IHP has greater sorption to soils than 

inorganic P (Berg and Joern, 2006; Leytem et al., 2002; Anderson et al., 1974). Ilg et al. (2008) 

gave a possible explanation for the co-existence of both strong sorption of IHP to soils and its 

high mobility in soils. Theoretically, P sorption to soil particles causes the surface charge to 

become more negative and then increases the repulsive forces between the colloids such as 

oxides of Al and Fe. As a result, large amounts of soil colloidal P are mobilized in P-amended 

soils. Since the adsorption of IHP reduced the zeta potential of colloids more effectively than the 

adsorption of inorganic P per mol P, IHP mobilizes significantly more colloids at the same P level 

than inorganic P. This explanation is partly supported by the observations of Hens and Merckx 

(2001) who found 30-60% of dissolved reactive P (DRP) and 85-95% of dissolved unreactive P 

(DUP) was associated with colloidal particles ≥ 0.025 μm in 0.45-μm filtered soil solutions from 

excessively fertilized sandy soils.  

1.2.3.2 Manure carbon (C) and soil P solubility 

Total C concentrations in manure vary between 123 g kg-1 and 470 g kg-1(Sharpley and 

Moyer, 2000; Leytem et al., 2005, 2006).  Such large amounts of organic C added to soils with 

manures may influence potential release of soil P into soil solution. On the one hand, the 

resulting microbial uptake may reduce amounts of soluble P in soil solution following manure 

application, especially where there are low C concentrations before manure addition. Leytem et 

al. (2005) observed the reverse relationship between the increases in soil soluble P and the 

addition of C in manure as well as the linear relationship between microbial P and soil water 

extractable P (WEP). However, microbial uptake may only result in the decrease of soluble P in 

the short term after manures are applied to soils since the microbial pool is small and quickly 
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becomes saturated (Richardson, 1985). On the other hand, manure addition is often found to 

reduce P sorption capacity (PSC) as well as sorption strength (PSS), increasing soluble P 

concentration in soil solution (Siddique and Robinson, 2003; Laboski and Lamb, 2004; Holford 

et al., 1997; Jiao et al., 2007).  For example, Holford et al. (1997) observed that PSS was lower 

after treatment with poultry manure or chicken litter than after treatment with superphosphate 

only. 

Several mechanisms are responsible for the decrease in soil PSC and PSS upon manure 

addition. Firstly, large humic molecules can adhere to the surfaces of clays and metal hydrous 

oxide particles, masking the P-fixation sites and preventing them from interacting with P ions in 

solution (Brady and Weil, 2007). Secondly, organic acids and other organic compounds added in 

the manures or produced in the soil can compete with phosphate ions for positively charged sites 

on the surfaces of clays and hydrous oxides through anion exchange reactions. Jiao et al. (2007) 

observed that 4-year manured soils had 37% more negative surface charge in soil suspensions 

than triple superphosphate-fertilizered soils, suggesting the production and soil adsorption of 

organic anions from added manures. The occurrences of anion exchanges between phosphate and 

dissolved organic anions were supported by Sui and Thompson (2000) who observed that the 

amount of P sorbed to soils linearly correlated well with the net amount of organic C desorbed 

from soils. Holford et al. (1997) also attributed the reduction of PSS to the competition of 

phosphate ions with other organic anions in manure amended soils. Thirdly, certain organic acids 

and similar compounds produced by microbial decay of manure C can entrap reactive Al and Fe 

in stable organic complexes called chelates (Brady and Weil, 2007). Once chelated, these metals 

are unavailable for reaction with P ions in solution. Appelt et al. (1975), however, suggested that 

the complexation of organic acids with Al and Fe from soil minerals can also give rise to new P 
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sorption sites on the complexes where hydroxyl groups are exchanged for P.  This may explain 

why manure addition has been found to increase P sorption capacity (Laboski and Lamb, 2004). 

Holford et al. (1997) found that there was a substantial increase in the contents of total C and Fe 

where animal effluent did not decrease PSC of soils.  

1.2.3.3 Manure Calcium (Ca) impact on soil P forms 

The Ca content in manures typically varies between 21 and 158 g kg-1 on a dry matter 

basis, with poultry manure often containing relative larger amounts (Sato et al., 2005; Ajiboye et 

al., 2007; Cooperband and Good, 2002; Ajiboye et al., 2008; Sharpley et al., 2004). Consequently, 

manure application would be expected to lead to the formation of Ca-P minerals in soils, 

especially in calcareous soils where there is great potential for the formation of complexes 

between organic P compounds and Ca containing minerals (Sharpley et al., 2004; Leytem et al., 

2006). This has been substantiated by X-ray adsorption near-edge structure spectroscopy (Sato et 

al., 2005; Beauchemin et al., 2003). For example, Sato et al. (2005) found that phosphate in an 

unamended soil was mainly associated with Fe compounds while phosphate existed as a 

combination of Fe-P, dibasic calcium phosphate (DCP) and amorphous calcium phosphate (ACP) 

in short-term manured soils, and predominately as Ca-P forms with decreasing solubility such as 

β-tricalcium calcium phosphate (TCP) in long-term manured soils. Adding manure can cause an 

increase in soil pH due to input of large amounts of Ca and the buffering effects of added 

bicarbonates and organic acids with carboxyl and phenolic hydroxyl groups (Sharpley et al., 

2004). As a result, the direct effect of both Ca-P formation and soil pH elevation upon manure 

application may collectively decrease soil P solubility. Sharpely et al. (2004) and Siddique and 

Robinson (2003) found that P solubility of manure-amended soils was inversely related to the 

input of Ca from manure application.  However, Sato et al. (2005) pointed out that a decrease in 
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soil pH would increase the solubility of Ca-bonded inorganic P mineral formed upon manure 

application. Consequently, maintaining a high pH is an important strategy to minimize soluble P 

losses from manure-amended soils (Sato et al., 2005). 

1.2.4 Phosphorus transport 

1.2.4.1 Pathways of phosphorus transport 

Surface runoff has been considered to be the major pathway of soil P loss given that P 

compounds in soils are sparingly soluble and that P is strongly adsorbed to soil particles (Pote et 

al., 1999b; Lehmann et al., 2005). However,  as mentioned previously, continued manure 

application to soils over several decades has created situations whereby leaching of P out of the 

surface horizon has been documented, particularly in organic soils, coarse-textured soils, and 

cracking clay soils with significant preferential flow pathways (Lehmann et al., 2005; Maguire 

and Sims, 2002a; Sims et al., 1998).  For example, it has been reported that subsurface drainage 

water contributed to more than 50% of the total P loss from relatively flat, clay soils of southern 

Ontario (Culley et al., 1983). The influence of manure addition on leaching P loss may be 

attributed to P buildup in surface soils, increased P mobility in soil profile, reduced soil P 

sorption capacity and decreased P sorption strength upon application of manures, as discussed in 

section 1.2.3.  In addition, some studies showed that repeated manure application can improve 

water infiltration (Gilley and Risse, 2000; Miller et al., 2002), which can further promote P 

transport deeper into the soil profile (Pote et al., 1999b).   

1.2.4.2 P forms in transport pathways 

To meet analytical convenience, researchers have operationally defined the forms of P 

present in transporting waters.  For example, Johnston et al. (1997), defined the various forms of 

P in the following manner.  The total P (TP) in flowing water from soils to surface waters 
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consists of “dissolved P” (DP) which passes through a 0.45 μm filter and “particulate P” (PP) 

which is retained on a 0.45 μm filter. The DP is further grouped into dissolved reactive P (DRP), 

which is orthophosphate and readily determined analytically by the molybdate blue reaction 

(Murphy and Riley, 1962), and dissolved unreactive P (DUP), which is the difference between 

DP and DRP. Similarly, PP is also divided into particulate reactive P (PRP) and particulate 

unreactive P (PUP). Generally both DRP and PRP, a part of PP that is in dynamical equilibrium 

with DP are available for algae uptake. These two fractions are often combined to represent the 

readily bioavailable P (BAP) which can promote freshwater eutrophication (Sharpley, 1993). 

The DRP is considered to be immediately available for uptake by aquatic biota, and PRP 

represents a secondary and long-term source of BAP in lakes (Sharpley et al., 1994). Dissolved 

unreactive P is generally assumed to represent organic forms of P; however, this assumption may 

lead to overestimations of organic P as additional components such as polyphosphates can also 

be present in the DUP fraction (Ron Vaz et a., 1993). Indeed, the forms of lost P are far more 

complex than the above statement, because any physical, chemical and biological changes in the 

pathways to surface water may lead to transformation of P forms (Hart et al., 2004). 

1.2.4.3 Current strategies to prevent soil P losses 

Best management practices directed towards mitigating soil P losses to surface waters 

from agricultural soils can generally be grouped into source control and transport management; 

however, most current measures mainly focus on transport management including conservation 

tillage, buffer strips, riparian zones, terracing, contour tillage, cover crops, constructed wetlands, 

and soil drainage (Sharpley et al., 2000). These practices are generally more effective at reducing 

PP losses than DP losses, and some may even increase losses of DP (Hart et al., 2004). For 

example, the Maumee and Sandusky Rivers in agricultural northwest Ohio showed continual 
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decreases in concentrations and loads of both sediments and PP as a result of the successful use 

of agricultural practices mentioned above throughout the period of 1975-2004 (Richards et al., 

2009; Baker, 2009). The DRP export, however, from both rivers has increased since the mid-

1990s. The findings show that these agricultural management practices are not permanent 

solutions to mitigating soil P losses from soil to surface waters. Increasingly the focus of 

research on mitigation of P losses from agricultural land is switching from transport factors to P-

source factors by optimizing fertilizer inputs and timing of application to control dissolved P 

exports (Hart et al., 2004).  

1.2.5 Environmental soil P tests 

1.2.5.1 Routine soil P tests  

A wide variety of agronomic soil P tests (e.g., Olsen-P, Mehlich-3 P, and Bray-1 P) were 

initially established to evaluate soil P status, and to cost-effectively identify soils where P 

fertilization or manuring is required to attain economically optimum crop yields (Sims et al., 

2000). These approaches reflect regional preference, consideration of soil types and efficiency of 

operation. With increasing concerns over impaired water resources by agricultural P losses, the 

demand for using these soil P measurements in water quality protection can be expected to 

increase. Indeed, soils with extremely high STP values have been proven to be more at risk and 

require more intensive management (Sharpley et al., 1994; Sims et al., 2002; Pote et al., 1999a). 

Numerous studies have shown that STP accounted for 60-90% of the variation in dissolved P in 

runoff (Wortmann and Walters, 2006). However, STP may not necessarily correlate well with P 

loss potential or resulting potential for algae growth in surface water bodies, since it was 

designed to extract a P fraction that correlates well with plant uptake or fertilizer P requirement 

(Allen et al., 2006). For example, Mehlich-3 P has been shown to overestimate potential loss of 
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soil P from heavily manured soils due to formation of acid soluble Ca-P in soils following 

manure applications (Sharpley et al., 2004). In general, an environmental soil P test should not 

only determine the amounts of P released from soils to surface water, but also reflect the 

biological availability of that P, as this fraction of soil P most likely to induce eutrophication 

(Sharpley et al., 1994).  

1.2.5.2 Alternative soil P tests for environmental purpose 

Researchers have observed that some alternative soil P tests may better estimate the soil P 

available to algae in aquatic environments since they either better mimic the interaction between 

soil and runoff or leaching flow or better represent the likelihood of P release from soil to runoff 

and leaching water (Vadas et al., 2005). Such tests include extractions with deionized water, a 

weak salt solution such as 0.01 M CaCl2, or iron oxide-impregnated filter paper. Deionized water 

and weak salt solutions have a similar ionic strength to the soil solution, and have been used for 

estimation of P losses in overland flow or leachate (McDowell and Sharpley, 2001a). Sharpley 

(1993) developed and observed that iron oxide-impregnated filter paper P (FeO-P) provides an 

accurate, theoretically sound estimate of readily bioavailable P, and therefore may provide a 

measure of the potentially bioavailable P in flowing water from soils. Routine agronomic tests 

and these environmental tests are usually highly correlated (Atia and Mallarino, 2002; Maguire 

and Sims, 2002a). 

1.2.5.3 Degree of soil P saturation (DPS) 

Levels of soil test P alone might lead to erroneous estimations of soil P loss, particularly 

when different soils are compared, due to differences in the nature of P-adsorbing surfaces. For 

example, Sharpley (1995) showed that two soils with 200 mg Mehlich-3 P kg-1 produced runoff 

water with dissolved reactive P concentration of 0.28 mg/L and 1.36 mg/L. To better predict P 
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loss in such cases, the degree of phosphorus saturation (DPS) has been used as it not only 

considers the quantity of P present in a soil but includes the capacity of soils to retain additional 

P. Soil DPS is generally defined as a function of the amount of P sorbed in the soil relative to the 

P sorption capacity (PSC) of the soil in the following manner: 

DPS (%) = [Sorbed P (mg/kg) ÷ PSC (mg/kg)] ×100 

In the above, sorbed P describes the current amount of P sorbed in a given soil.  Typically the 

sorbed P is difficult to accurately determine (Torrent and Delgado, 2001) and is generally 

evaluated by a certain STP value, such as Olsen-P, Mehlich-3 P, or ammonium oxalate 

extractable P (Sims et al., 2002; Hughes et al., 2000; Maguire and Sims, 2002b; Pautler and Sims, 

2000; Börling et al., 2004). For a certain region, it may be advantageous to use a reliable STP for 

that region to estimate sorbed P, since the STP likely gives a good approximation of sorbed P 

across the soil types found in the region and from a soil testing perspective is likely a method 

that is suitable for commercial laboratories. The PSC of soils varies widely depending on clay 

content, clay mineralogy, organic matter content, exchangeable Al, Fe, and Ca concentrations, 

and soil pH (Tisdale et al., 1993), and is usually determined as the P sorption maximum, obtained 

from P sorption isotherms (i.e., Langmuir equation) （Ige et al., 2005; Sharpley, 1995; Börling et 

al., 2004). However, attaining the isotherms is a time-consuming process and thus unlikely to be 

an economically viable routine soil testing procedure.  

Researchers have developed several quick and reliable methods to evaluate soil PSC. 

Recent studies showed that the sum of oxalate extractable Fe and Al is a good indicator of the 

PSC in a range of acid soils with oxalate extractable P as the intensity factor (Hooda et al., 2000; 

Leclerc et al., 2001; Schoumans, 2000). However, this method is considered unsuitable for 

neutral to calcareous soils (Casson et al., 2006; Ige et al., 2005). As a result, it is questionable 
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that the ammonium oxalate method can be used to determine DPS for Ontario soils because of 

predominance of neutral to calcareous soils in the dominant agricultural areas of the province.  In 

addition, this method is not routinely used for agronomic purposes in Ontario. Nair et al. (2004) 

suggested that in sandy soils of Florida, the sum of Mehlich-3 extractable Al and Fe was a 

convenient indicator of the PSC where the Mehlich-3 extractant is routinely used as the 

agronomic soil test. For Quebec soils, Mehlich-3 Al is currently used as an evaluation of the PSC 

in assessing DPS for the soils in this region (Khiari et al., 2000). Ige et al. (2005) have shown 

that the sum of Mehlich-3 extractable Ca and Mg is an appropriate estimation of soil PSC in 

calcareous soils of Manitoba.  

The soil P sorption index (PSI), determined using a single-point isotherm, was originally 

developed to rapidly estimate the soil P sorption capacity (Bache and Williams, 1971). Recent 

reports (Mozaffari and Sims, 1994; Eghball et al., 1996) have confirmed that PSI was highly 

correlated with adsorption maxima determined from the Langmuir isotherm, and thus can be 

used as a simple estimation of soil PSC. Soil DPS calculated as ratios of STP to PSI or STP to  

the sum of STP and PSI has been evaluated in terms of its effectiveness for identifying the 

potential of soil P losses (Pautler and Sims, 2000; Allen et al., 2006; Casson et al., 2006; Hughes 

et al., 2000; Westermann  et al., 2001; Zhou and Li, 2001).  

1.2.6 Evaluating risk potential of soil P loss in surface runoff 

1.2.6.1 Comparisons between various soil P tests 

Plenty of studies have been conducted to identify the most suitable STP method which 

can be used to effectively predict the soil P losses through runoff. From the theoretical 

perspective, it is not surprising for some researchers to conclude that environmental soil P tests 

are better predictors of soil P losses in runoff than agronomic soil P tests. Based on the reports of 
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Pote et al. (1996, 1999b), soil WEP was consistently highly correlated with DRP concentrations 

in runoff, even when rainfall intensity, slope, and seasonal conditions varied. Similarly, Penn et 

al., (2006) found that soil WEP appeared to be the best soil P test in regard to applying a 

universal regression equation for estimating DRP concentrations in runoff for nine soil types of 

Virginia compared to  Mehlich-1 P, Mehlich-3 P, FeO-P, Mehlich-3 P/(Mehlich-3 Al + Fe), and 

Oxalate P/(Oxalate Al + Fe). Some recent studies, however, have suggested that environmental 

soil P tests as a group are not better than the agronomic tests in describing relationships between 

runoff DRP concentration and STP (Wortmann and Walters, 2006; Vadas et al. 2005). According 

to Pote et al. (1999a), the differences in soil moisture content and the method of drying soil 

samples will tend to produce a greater variation in the concentration of soil P measured by a 

water extraction  than by a Mehlich-3 or Bray-1 extraction. Sorn-Srivichai et al. (1988) found 

that the relative seasonal variation over 12 months was larger for WEP than for Olsen P while the 

variability associated with WEP at each sampling time was comparable with that for Olsen P. 

Hence, agronomic soil P test methods may be more useful for estimating dissolved P in runoff 

because they are more consistent across a wide range of soil, management, or experimental 

conditions.  

As expected, soil DPS has shown greater potential for predicting DRP concentration in 

surface runoff than STP (Schroeder et al. 2004; Sharpley, 1995; Sims et al., 2002). For example, 

Sharpley (1995) found that the linear relationships between runoff DRP concentration and soil 

DPS followed a similar slope throughout all the selected soils while the slopes of runoff DRP 

concentration versus soil Melich-3 P varied with soil types. Vadas et al. (2005) investigated 17 

independent studies, and concluded that for noncalcareous soils, a test for soil P sorption 

saturation (determined by ammonium oxalate extraction) may provide a more universal 
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prediction of dissolved P in runoff than Mehlich-3, Bray-1, or water extractions. 

1.2.6.2 Effects of soil properties on relationships between runoff P loss and STP or DPS 

Relationships between soil P losses in surface runoff and soil P levels are not only related 

to soil P extractants, but are also soil-specific (Sharpley, 1995; Davis et al., 2005; Schroeder et al., 

2004). Generally, soil properties impacting soil PSC tend to influence relationships between soil 

P loss in runoff and soil P measures.  For instance, Cox and Hendrick (2000) observed that the 

slope values of runoff DRP concentration versus Mehlich-3 P were 0.004 for a 5% clay soil and 

0.0014 for a 32% clay soil, reflecting high capacity of clay particles to retain P due to high 

specific surface areas relative to sand particles. Soil PSC was found to be positively correlated 

with hydroxyl-interlayered-vermiculite (HIV) content, and negatively related to kaolinite content 

(Penn et al., 2005). Penn et al. (2005) also observed that soils with a HIV/kaolinite ratio > 0.5 

had a significantly lower concentration of DRP in runoff compared with soils with a ratio <0.5 at 

a given level of soil WEP. For acidic soils, the sum of soil oxalate Al and Fe is often used as a 

good predictor of soil PSC (Schoumans, 2000). Indeed, some researchers also indicated that 

oxalate Al content often plays a more critical role in determining soil PSC than oxalate Fe, which 

can partly explain the finding that soils with an oxalate Fe to Al ratio of 1.5:1 produced higher 

levels of DRP concentration in runoff than soils with the ratio of 1:1 when soils had the same 

levels of soil DPS calculated from the oxalate P extraction (Schroeder et al., 2004). Considering 

significant effects of soil CaCO3 content on soil PSC in calcareous soils, it is reasonable to find 

that total dissolved P concentration in surface runoff was reduced at greater soil CaCO3 levels 

(Schierer et al., 2006).    

Soil pH plays a critical role in determining P solubility, soil PSC, P forms, and the 

relative concentrations of various soil P compounds. All these soil pH effects would collectively 
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contribute to variations in surface runoff P loss at a given level of soil P. Turner et al. (2004) 

found that soil pH partly accounted for differences in DRP concentrations in runoff from soils 

with similar extractable P concentrations. Both Torbert et al., (2002) and Allen et al. (2006) 

suggested that the linear relationship between runoff DRP concentration and soil STP would be 

improved by separate calibrations for calcareous and noncalcareous soils.  

Though some researchers argued that the relationships between STP or DPS and DRP 

losses in surface runoff can be used to estimate potential of soil P loss across a wide range of 

soils (Wright et al., 2006; Vadas et al., 2005; Pote et al., 1999b), more work is need to validate 

the effectiveness of the same regression for all soils (or at least a large group of soils) of a 

particular region due to the soil-specific nature of runoff P loss versus soil STP or DPS. 

Obviously, it would be a good way to effectively estimate soil P losses across all soils of a region 

by including certain soil properties into soil P test approaches. Such studies, however, have been 

rarely reported. Penn et al. (2006) found that WEP would demonstrate great potential as a 

universal environmental soil P test across three Physiographic Regions of Virginia if soil clay 

content was included. 

1.2.6.3 Effects of agricultural management practices on relationships between runoff P 

losses and STP or DPS 

Researchers have always paid high attention to minimizing soil P losses by adopting 

appropriate agricultural management practices. When P fertilizer and/or manure are applied to 

support optimum plant growth, an important strategy to control excessive soil P losses is to avoid 

soil P accumulation by adjusting amounts of applied P based on crop growth requirements for P 

as well as environmental soil test P thresholds.   

Relative to surface application, incorporating P into soils, in conjunction with soil erosion 
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control practices would be preferred to reduce soil P losses especially when rainfalls occur 

immediately or a short time after P applications (Kleinman et al., 2002; Sharpley et al., 1994). 

For instance, Allen and Mallarino (2008) found that on average for the runoff event occurring 

within 24 h of P application, DRP, BAP and TP concentrations in surface runoff were 5.4, 4.7, 

and 2.2 times higher, respectively, for non-incorporated manure than for incorporated manure. 

According to Kleinman et al. (2002), surface application of P results in dramatic, temporary 

increases in water soluble P of surface soils, which is most vulnerable to removal by runoff.  In 

comparison, incorporation would remove added P from the effective depth of the interaction 

between soil and runoff, which ranges between 1.3 and 37.4 mm, depending on soil aggregation, 

percent ground cover, slope, and rainfall intensity (Sharpley, 1985; Kleinman et al., 2002).  

For surface application, the timing of P application may have a vital effect on the 

relationship between STP and P in runoff. Recent manure additions often mask the relationship 

between runoff P concentration and soil P levels (Andraski and Brundy, 2003; Eghball et al., 

2002). In such cases, runoff P losses were closely related to manure P application rate (Allen and 

Mallarino, 2008). Extending the time between manure application and a rain event can 

significantly reduce the potential for P loss in surface runoff because of increasing interaction of 

applied P with soils (Allen and Mallarino, 2008; Kleinman et al., 2002). Eghball et al. (2002) 

found a strong relationship between STP and P in runoff a year after manure application. These 

studies suggested that manure P would need some period of time to become more closely 

associated with the soil at the surface so that it can then be more accurately represented by a soil 

test (Schroeder et al., 2004). Therefore, there is a need to carefully choose the timing of P 

application to reduce potential of P loss from amended soils where surface application of P is 

used. 
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As an essential component of sustainable agriculture, conservation tillage has been 

widely considered to be effective at reducing total P loss due to reduced erosion from arable soils 

(Saavedra et al., 2007; Volf et al., 2007). In most cases, however, dissolved P losses in surface 

runoff tend to increase upon application of conservation tillage, especially after long-term use of 

conservation tillage (Sims and Kleinman, 2005). Increased DRP concentration in surface runoff 

may partly result from an increase in both total P content and the ratio of labile inorganic P 

fractions to total inorganic P in surface soils in conservation tillage systems (Saavedra et al., 

2007). In addition, crop residues may contribute significant quantities of soluble plant nutrients 

to surface runoff in conservation tillage soils (Daverede et al., 2003).  

The DRP concentration in surface runoff is closely related to amounts of water soluble P 

in the surface soil, which is either from freshly added labile P, or from initial soluble P of surface 

soils. Decreasing P solubility by adding chemical amendments containing Fe, Al, and/or Ca to P-

containing materials or soil surface can be an effective way to reduce soluble soil P losses from 

agricultural soils. Multiple studies have demonstrated that land application of alum-treated 

poultry litter decreases extractable P concentrations in litter-amended soils and soluble P 

concentrations in runoff compared with untreated litter application (Warren et al., 2008). 

Favaretto et al. (2006) found that gypsum applied to the soil surface as a Ca electrolyte source 

significantly decreased the concentration and the mass loss of DRP and TP in runoff compared 

with the control. Similarly, Penn and Sims (2002) observed that when added to soils biosolids 

produced with Fe consistently had a relatively low extractable P level and caused a relatively 

small increase in runoff DRP concentration compared to biosolids produced with a biological 

nutrient removal. Currently, the use of alum as a litter treatment is now a recommended BMP in 

some US. States (Sims and Kleinman,  2005).  
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1.2.7 Evaluating risk potential of soil P losses in leachate 

1.2.7.1 Relationships between various environmental soil P measures and leachate P losses 

Current studies have shown that topsoil P concentrations are related to P movement 

below the plough layer and tile flow in most cases. Generally, the relationships between STP or 

DPS and DRP concentrations in leachate are better estimated using a split-line model with a 

change point between the two lines (Heckrath et al., 1995; Maguire and Sims, 2002a; Koopmans 

et al., 2002). The change point has been derived with the purpose to find a critical level in STP or 

DPS, below which soil P losses increased slowly per unit increase in soil STP or DPS, and above 

which soil P losses increased rapidly (McDowell et al., 2001). Heckrath et al. (1995) found that 

the concentration of P in tile drain flow was low when agronomic STP was <57 mg Olsen P kg-1, 

but the concentration of P in tile drains increased rapidly when soil test levels were above this 

value. Similarly, Smith et al. (1998) noted the change point of 70 mg Olsen P L-1 in drainage 

water beyond which DRP concentration increased sharply with increasing Olsen P. As with the 

prediction of runoff P loss, appropriate soil DPS estimations of a particular soil demonstrate 

excellent promise for identifying P risk potential of this soil via subsurface water. In the 

Netherlands, soils are considered to have high risk on groundwater quality when DPS exceeds 

25% based on the molar concentration of P relative to the molar sum of Al and Fe in an acid 

ammonium oxalate extract (Breeuwsma et al., 1995). In the agricultural areas of Delaware, 

Maguire and Sims (2002a) found that DSPM3-2, calculated as the molar ratio of Mehlich-3 

extractable P/(Al+Fe) from intact soil cores, showed a threshold value of 0.2 above which the 

concentration of P in column leachate increased rapidly.  

The change point occurrence between STP or DPS and soil P loss may be related to two 

possible status of P present in soil (Heckrath et al., 1995; Holford et al., 1997; Laboski and Lamb, 
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2004). Holford et al. (1997, 1974) hypothesized that there are both high and low strength 

sorption sites for P in soils, and initially added P tends to be sorbed onto high strength sites. After 

they are saturated (i.e. at higher STP levels), added P starts to occupy low strength sorption sites. 

The P on low strength sites is released easily from soil, and so it is expected that potential of P 

loss from soils greatly increases when STP or DPS increases beyond the threshold (Laboski and 

Lamb, 2004).  

1.2.7.2 Factors influencing soil P losses in subsurface flow  

Though close relationships have been found between P losses in subsurface flow and soil 

STP or DPS, it should be noted that such P losses are also subject to changes in soil texture, soil 

structure, tillage methods, land use, and soil moisture (drying).  Generally, effects of these factors 

on leachate P losses are associated with behaviors of preferential flow in soil profiles. According 

to Coppola et al. (2009), preferential flow generally results from small-scale heterogeneities of 

soils, such as cracks, inter-aggregate (or structural) pores, decayed root channels and other types 

of macropores and coarse micropores. The P concentration in preferential flow water is 

minimally affected by soil conditions since the travel time of P in the preferential flow path is too 

short for P to interact sufficiently with soil components (Akhtar et al., 2003). Also, the PSC of 

the macropore soil is often significantly lower than that of the surrounding soil matrix (Sinaj et 

al., 2002). Therefore, preferential flow pathways would promote P losses by leaching, even when 

general properties of the soil matrix favor P sorption (Heathwaite and Dils, 2000; Simard et al., 

2000).  

Relative to coarse-textured soils, fine-textured soils generally do not pose significant risk 

potential of P by leaching because of extremely low hydraulic conductivity and high capacity to 

adsorb P on surface of soil particles. In some cases, however, clay soils were found to be 
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associated with high P losses in leaching water. For example, Djodjic et al. (1999) reported that 

the average P leaching load for clay columns was 4.0 kg ha-1, compared to only 56 g ha-1 for the 

sand columns. van Es et al. (2004) observed that mean P leaching losses on clay loam plots 

averaged 39 times higher (0.5 mg L-1) than those on loamy sand plots (0.013 mg L-1). 

Preferential flow has been proposed as a major cause for high P losses in clay soils, because of 

the higher clay contents of fine-textured soils and thence the greater likelihood of cracking 

(Simard et al., 2000; Akhtar et al., 2003; Djodjic et al., 1999). In general, soil drying coincides 

with cracking, and thus enhances preferential movement of water and associated P through the 

soil (Turner and Haygarth, 2001).  

Conservation tillage is considered one of the best management practices designed to 

reduce soil erosion and associated total P losses in surface runoff from agricultural land. Also, 

this practice has been found to impact soil P losses in leachate. Gaynor and Findlay (1995) 

observed that conventional, ridge, zero tillage resulted in three-year average ortho-P 

concentrations of 0.24, 0.34, and 0.54 mg L-1, respectively, in tile drainage waters from a 

Brookston clay loam soil used for corn production. An increase of leaching P losses in 

conservational tillage systems may be partly explained by the increasing number of macropores 

upon conservational tillage practices. For a Luvisol, Hangen et al. (2002) noted pronounced 

vertical connectivity and continuity of the macropore network to a maximum depth of 1.2 m 

under conservation tillage practices, while at the conventional tillage plot, continuous 

macropores were observed to soil depths of 0.5 m, but mainly restricted to the ploughed topsoil 

(0-30 cm soil depth). Ehlers (1975) observed that number and percentage volume of earthworm 

channels in the Ap horizon approximately doubled during 4 years of no-tillage practice as 

compared to the tilled plot; these macropores are capable of transporting water down to a 
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maximum depth of 1.8 m. Contradictory to the above discussion, Jiao et al. (2004) did not 

observe significant effects of tillage methods on dissolved P losses via subsurface flow from a 

fine-silt soil.  

Land use (i.e. arable soils, grassland, and fallow soils) may also affect the loss of P via 

subsurface runoff. Under permanent grassland, vertical worm burrows often exist in high 

densities (Stamm et al., 1998). Simard et al. (2000) further pointed out that permanent grasslands 

may trigger preferential flow since under grassland soils the net work of biologically induced 

macropores (root channels and earthworm burrows) is much less disturbed than when annual 

tillage operations are carried out. This statement is in accordance with the observations of 

Leinweber et al. (1999) that the risk potential of soil P losses in subsurface water reduced in the 

order of grassland > arable soils > fallow. Culley et al. (1983) reported that dissolved P 

concentrations in subsurface water from permanent bluegrass sod exceeded those from 

continuous corn and rotational plots. Therefore, though converting cultivated fields to grass is 

usually used to reduce erosion loss and to decrease the contribution of P to surface waters via 

overland flow, such practice would encourage infiltration and may result in rising subsurface P 

loss (McDowell and Sharpley, 2001b). 

Risk potential of P applications on subsurface P transport is related to levels of soil DPS 

in soil profiles and/or preferential flow. In general, P applications do not pose environmental 

concerns by leaching as long as soil P levels remain below the saturation level (van Es et al., 

2004; Butler and Coale, 2005). For instance, applying P-containing materials to soils with native 

Olsen P ranging between 15-62 mg P kg-1 had negligible effect on DRP loss in leachate; however, 

there was a sharp increase in DRP concentration leached from soils with native Olsen P of 92-

134 mg P kg-1 (Siddique et al., 2000). However, when continuous macropores exist in soil 
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profiles, added P would promote P losses by preferential flow even when soil P levels are below 

P saturation status and/or subsoil has high capacity to retain added P (Kleinman et al., 2004;  van 

Es et al., 2004). In case of preferential flow, P leaching patterns tend to show short-term spikes 

soon after rainfall or irrigation starts (van Es et al., 2004; Kleinman et al., 2004; Djodjic et al., 

1999; Chardon and Schoumans, 2007). Therefore, P losses from subsurface flow may be 

underestimated if the sampling strategies do not monitor fast concentration changes in the 

preferential flow (Stamm et al., 1998). Also, since preferential flow pathways have been shown 

to be most important following storm events after a period of drought (Simard et al., 2000), it 

would be wise to avoid P application during soil drying period in order to prevent possible P 

losses through preferential flow.  

Preferential flow tends to have a somewhat unpredictable role in subsurface P transport 

since soils are often exposed to varying field conditions related to the formation of preferential 

flow.  In most cases, however, good relationships between subsurface P losses and soil STP or 

DPS have been found, even when preferential flow exists (Maguire and Sims, 2002a; Heckrath et 

al. 1995). For example, though the soils varied greatly in soil texture, land use, and P 

applications, significantly positive correlations have been found between STP or DPS and 

leachate P losses (Leinweber et al., 1999). It should be noted that preferential flow may also 

mask relationships between P concentration in subsurface waters and soil STP or DPS if it 

dominates (Djodjic et al., 2004; Akhtar et al., 2003). Consequently, it would be wise to identify 

the likelihood of occurrence of preferential flow before risk potential of soil P losses through 

subsurface water are predicted based on soil P status only. In this regard, Akhtar et al., (2003) 

suggested that the soil survey description of soil structure may indicate the potential occurrence 

of macropore flow. For example, a Hudson subsoil is described as a firm, moderately developed 
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very coarse prismatic structure parting to firm, moderate, medium subangular blocky structure, 

among which “firm” indicates that the matrix in the subsoil is dense and may not conduct water 

even at low flow rates, thus water flow can occur only between the structural units, triggering 

preferential flow.  

1.3 Research Objectives 

This study was conducted to evaluate a range of environmental and agronomic soil P tests 

(including the local agronomic STP, Olsen P) as indicators of risk potential of P loss to surface 

waters from Ontario agricultural soils. Specific objectives are to: 

1. Evaluate various soil extractable P and estimations of P sorption saturation as 

indicators of runoff P loss.   

2. Evaluate various soil extractable P and estimations of P sorption saturation as 

indicators of leachate P loss.  

3. Determine relationships between various soil extractable phosphorus and estimations 

of P sorption saturation and their indications on risk potential of soil P loss. 

4. Determine effects of soil P sorption characteristics on risk potential of soil P losses. 

Total P losses into surface waters are closely related to soil sediment losses from 

agricultural lands (Kleinman et al., 2004; Udeigwe et al., 2007; Wall et al., 1996; Culley et al., 

1983). Furthermore, many best management practices (e.g., conservation tillage, buffer strips, 

riparian zones, cover crops, and constructed wetlands) widely adopted across Ontario and other 

places have effectively reduced losses of soil sediments and thus total P from agricultural soils 

(Sharpley et al., 2000; Hart et al., 2004). Therefore, this study focused on estimating risk 

potential of DRP losses from agricultural soils of Ontario, since DRP in transport pathways is 

immediately available for algae growth.  
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1.4 Foreword 

The thesis consists of seven chapters. The first chapter establishes the context of the study, 

presents an overall literature review, and introduces the research objectives to be achieved. 

Chapter 7 provides a brief summary, the general conclusions, and suggests potential future 

studies to improve the risk assessment of P loss from agricultural lands. The remaining five 

chapters constitute the body of the thesis.  

The second and third chapters jointly address the use of a number of STPs and routine 

DPSs for the prediction of DRP concentration in surface runoff (research objective 1). The 

former presents the suitability of various STPs and routine DPSs as indicators of the flow 

weighted mean DRP concentration (DRP30) of runoff water collected during the first 30-min 

runoff period from the simulated rainfall. The latter determines the temporal patterns of runoff 

DRP concentration during a simulated rainfall event and its controlling soil properties (i.e., STP, 

DPS, pH, particle size distribution, organic C). These studies aid in our understanding of how 

soil properties influence the relationships between STP or routine DPS and DRP concentration in 

runoff collected during a specific period of time, and improve predictions of soil P release into 

surface runoff. The second chapter was published in the Journal of Environmental Quality (2010, 

39:1771-1781), and the third chapter was accepted for publication in the Canadian Journal of 

Soil Science.  

The fourth chapter is focused on the suitability of a number of STPs and routine DPSs as 

indicators of DRP concentration in subsurface water (research objective 2).The fifth chapter 

evaluates the relationships between various STPs (including WEP) and routine DPS estimations 

across a much greater range of Ontario soils and their indications on the prediction of soil P 

losses (research objective 3).  
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Chapter six is the final chapter pertaining to research results and it pertains to the 

development of two P sorption parameters based on a more detailed P sorption isotherm and 

examines the suitability of each as an indicator of DRP30 concentration in surface runoff across a 

range of soil types.  
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CONNECTING PARAGRAPH 

 

As reviewed in the first chapter, surface runoff has been often considered to be the major 

pathway of P loss from agricultural soils. Thus, the next chapter examines the suitability of 

various STPs and DPSs as indicators of DRP concentration in surface runoff from Ontario soils.  

In addition, the effects of soil pH, particle size distributions, and organic carbon content on the 

relationships between runoff DRP concentration and STP or DPS are also explored. 
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CHAPTER TWO 

Estimating Dissolved Reactive Phosphorus Concentration in Surface Runoff Water from 

Major Ontario Soils 

2.1 Abstract 

Phosphorus (P) loss from agricultural land in surface runoff can contribute to 

eutrophication of surface water. This study was conducted to evaluate a range of environmental 

and agronomic soil P tests as indicators of potential soil surface runoff dissolved reactive P (DRP) 

losses from Ontario soils. The soil samples (0-20 cm depth) were collected from six soil series in 

Ontario, with ten sites each to provide a wide range of soil test P (STP) values. Rainfall 

simulation studies were conducted following the USEPA National P Research Project protocol. 

The average DRP concentration (DRP30) in runoff water collected over 30 minutes after the start 

of runoff increased (p < 0.001) in either a linear or curvilinear manner with increases in levels of 

various STPs and estimates of degree of soil P saturation (DPS). Amongst the 16 measurements 

of STPs and DPSs assessed, DPSM3-2 (Mehlich-3 P/(Mehlich-3 Al + Fe)) (r2 = 0.90), DPSM3-3 

(Mehlich-3 P/Mehlich-3 Al) (r2 = 0.89), and water extractable P (WEP) (r2 = 0.89) had the 

strongest overall relationship with runoff DRP30 across all six soil series. The DPSM3-2 (Mehlich-

3 P/(Mehlich-3 Al + Fe)) and DPSM3-3 (Mehlich-3 P/Mehlich-3 Al) were equally accurate in 

predicting runoff DRP30 loss. However, if a DPS approach was to be adopted, the DPSM3-3 

would be preferred as its prediction of DRP30 was soil pH insensitive and simpler in analytical 

procedure.  
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2.2 Introduction 

Continued addition of fertilizer and manure in excess of crop requirements has resulted in 

increases in phosphorus (P) content of surface soils, contributing to accelerated P losses and 

eutrophication of surface water (Torbert et al., 2002; Sharpley et al., 1996; Sims et al., 2000). 

This concern has become more severe with the increasing intensification of animal production in 

Ontario (OMAFRA, 2002a; Bast et al., 2009). It was reported that about 75% of agricultural 

soils in Ontario contain high or excessive levels of soil test P (STP) (PPI/PPIC/FAR, 2001). In 

response to impaired water resources, the province of Ontario passed the Nutrient Management 

Act (O.Reg. 267/03) in 2002 which included a P index to assess the risk of soil P loss to surface 

waters from manures and biosolids. The P index, however, was removed as a required 

management tool from this regulation due to insufficient Ontario-based scientific evidence and 

field validation supporting the use of the P index to reduce P losses through recommended 

changes in management. 

Surface runoff has often been considered to be the major pathway for soil P loss (Pote et 

al., 1999b), given that P compounds in soils are sparingly soluble and that P is strongly adsorbed 

to soil particles. As a key component of the P index, an appropriate environmental soil P test 

indicating the potential of runoff P loss from agricultural soils will have to be developed for 

Ontario soils. 

Soil P tests developed for agronomic purposes (e.g., Mehlich-3 P, Olsen P, and Bray-1 P), 

environmental purposes (e.g., water extractable P and Fe-oxide coated filter paper strip 

extractable P), and various estimations of soil P saturation have all been used to estimate runoff 

dissolved reactive P (DRP), a form of P which is immediately available for uptake by the aquatic 

biota (Breeuwsma and Silva, 1992; Sharpley, 1993; Sims et al., 2000; McDowell and Sharpley, 
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2001a). These soil P measures have often been found to be related to runoff DRP concentration 

in either a linear or quadratic manner.  In some cases, this relationship followed a split-line 

function consisting of two segmented linear relationships, with significantly higher slope above 

the change point than below it (Wortmann and Walters, 2006; McDowell and Sharpley, 2001a; 

Allen et al., 2006). For example, Sims et al. (2002) observed a change point value of 0.14 for 

DPSM3-2 (Mehlich-3 P/(Mehlich-3 Al + Fe)) in Delaware, above which DRP concentrations in 

surface runoff increased at a rate that is approximately 180-fold higher than the rate below this 

point.   

When a soil test is used to determine the potential of runoff P losses from agricultural 

soils for a given region, it is expected that the agronomic soil P tests appropriate for the soil 

conditions in this region would work well for this environmental purpose (Sims et al., 2002). For 

example, Mehlich-3 P is widely used in the Mid-Atlantic USA as an agronomic soil P test and it 

also has been extensively evaluated, and found to be accurate as an environmental indicator of 

soil P loss (Sims et al., 2002). This expectation, however, is not always satisfied. An agronomic 

soil P test initially designed to reflect the amounts of P that would be released during the growing 

season, may not necessarily be correlated to soil P losses in surface runoff during a rainfall event 

that may last for a relatively short time period (Allen et al., 2006; Torbert et al., 2002). 

Agronomic extractants of soil P may vary in their accuracy as environmental indicators of P loss 

as well.  For example, Bray-1 P, the primary soil P extractant used for fertilizer P 

recommendations in the Minnesota River basin, was observed to be less accurate for predicting 

runoff DRP loss than Mehlich-3 P and Olsen P (Fang et al., 2002). This difference reflects the 

need to assess the suitability and accuracy of current routine soil P testing approaches before they 

can be used as an environmental tool to protect water quality. The Olsen soil P test has been 
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recommended and widely used as an agronomic soil P test in Ontario. However, its suitability as 

an environmental soil P test for Ontario soils is not known.   

Numerous studies have shown that the relationships between DRP concentrations in 

surface runoff and soil STP or DPS are soil specific and dependent on soil and site characteristics 

(Davis et al., 2005; Schroeder et al., 2004; Cox and Hendricks, 2000; Sharpley, 1995). It is 

impractical to set an environmental soil P test for each soil series found in a particular region. 

Therefore, there have been considerable efforts to find a soil P test applicable to a wide range of 

soils in a given region by including other soil properties and/or site hydrological characteristics 

into soil P test approaches (Sharpley, 1995; Penn et al., 2006; Torbert et al., 2002; Pote et al., 

1999b; Schroeder et al., 2004). Among water extractable P (WEP), Mehlich-1 P, Mehlich-3 P, 

Fe-oxide coated filter paper strip P (FeO-P), and DPSM3-2 measures of soil P, WEP provided the 

most consistent predictions of DRP concentrations in surface runoff from 9 Virginia soils, 

particularly when it was modified by inclusion of soil clay content (Penn et al., 2006). Pote et al. 

(1999b) found that normalized DRP concentrations (dividing runoff DRP concentration by the 

runoff volume) were related to soil WEP in the same linear relationship across three Ultisols. 

Soil pH influences soil P chemistry, including the relative concentrations of various soil P 

compounds, soil P solubility, and soil P sorption capacity, suggesting an important role that soil 

pH can play in influencing the relationship between runoff DRP and soil P measures. Turner et al. 

(2004) indicated that soil pH partially accounts for differences in DRP concentrations in runoff 

from soils with similar extractable P concentrations. Torbert et al. (2002) advocated that grouping 

soils by chemical characteristics (e.g., calcareous vs. noncalcareous) allowed for the 

development of significant predictive equations relating runoff DRP concentration to soil P 

levels. In order to improve the suitability and accuracy  of a soil P test for estimating soil P loss 
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in a given region, research is required to determine the effects of soil properties, especially 

particle size distribution and pH, on the relationships between runoff DRP concentrations and 

soil STP or DPS.  

This study was conducted to determine the relationship between DRP concentration in 

surface runoff and various soil tests for P (including the local agronomic STP, Olsen P) and DPS, 

for the predominant soil series found in the major livestock production areas of Ontario. We also 

examined the influence of soil pH and soil texture on the relationships between runoff DRP 

concentration and STP or DPS. 

2.3 Materials and Methods 

2.3.1 Soil selection, sampling, and preparation 

Six soil series, including the Brookston clay (mixed, mesic Typic Argiaquoll or Orthic 

Humic Gleysol), Perth clay loam (Aquic Hapludalfs or Gleyed Gray Brown Luvisol), Conestogo 

loam (Typic Eutrochrepts or Gleyed Grey Brown Luvisol), Grenville loam (Typic Eutrochrepts 

or Orthic Melanic Brunisol),  Listowel silt loam (Typic Hapludalf or Gray Brown Luvisol), and 

Fox sandy loam (Typic Hapludalf or Brunisolic Gray Brown Luvisol) soils, were selected as 

representative soils in the livestock production areas of Ontario. For each soil series, existing soil 

test data, which were collected from farmers, researchers, and extension professionals, were used 

to select sites covering a wide range of STP concentrations. A total of 10 sites were chosen for 

each soil series. A bulk soil sample of approximately 150 kg was collected from 0-20 cm depth 

for each site in the spring of 2007 before fertilizer, manure, and/or any other amendment 

application and planting. All soil samples were air-dried and passed through a 13-mm sieve after 

careful removal of crop residues and other non-soil materials.  After thoroughly mixing of each 

bulk soil sample, one subsample of about 2 kg was taken and ground to pass through a 2-mm 
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sieve for determination of general soil physical and chemical properties. The remaining soil 

sample was stored for the runoff study. The selected soil chemical and physical properties of the 

60 bulk soil samples are listed in Table 2.1. 

2.3.2 Determination of soil physical and chemical properties 

Soil pH was measured by an electrode after shaking 10 g soil in 10 mL distilled water 

(Thomas, 1996). Soil organic C was determined by using a dry combustion method with a Leco 

CN2000 (Leco Corporation, St. Joseph, Michigan) analyzer (Nelson and Sommers, 1996). 

Particle size distribution was determined using a hydrometer method (Kroetsch and Wang, 2008). 

The soil test P measures and related chemical properties determined were: (i) Olsen P (Sims, 

2000d); (ii) saturated iron-oxide strip extractable P (FeO-P) (Chardon, 2000); (iii) water 

extractable P (WEP) (Self-Davis et al., 2000); (iv) Bray-1 P (Sims, 2000a); and (v) Mehlich-3 P, 

Al, Fe, and Ca (Sims, 2000b). 

A soil P sorption index (PSI) (Sims, 2000c) was used as a simple estimation of soil P 

sorption capacity (Bache and Williams, 1971). A 1.0 g dry soil sample was weighed into a 50-mL 

centrifuge tube and 20 mL of solution containing 75 mg P L-1 in distilled water was added. The 

suspension was shaken for 18 h at room temperature using an end to end shaker.  The samples 

were then centrifuged and filtered through a 0.45-μm filter.  The PSI was then calculated using 

equation [2.1], 

PSI (L kg-1) = X/log C                  [2.1] 

where X= P sorbed (mg P kg-1) (i.e. 75 mg P L-1 – C) × 0.020 L / 0.001 kg); and C = P 

concentration at equilibrium (mg L-1).  

The various DPS values were calculated as follows:  

DPSM3-1a (%) = Mehlich-3 P/PSI × 100      [2.2] 
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DPSM3-1b (%) = Mehlich-3 P/(Mehlich-3 P + PSI) ×100    [2.3] 

DPSM3-2 (%) = Mehlich-3 P/(Mehlich-3 Al + Fe) × 100, on a molar basis  [2.4]  

DPSM3-3 (%) = Mehlich-3 P/ Mehlich-3 Al × 100,   on a molar basis              [2.5] 

DPSM3-4 (%) = Mehlich-3 P / Mehlich-3 Ca × 100, on a molar basis   [2.6] 

DPSOl-a (%) = Olsen P / PSI × 100       [2.7] 

DPSOl-b (%) = Olsen P / (Olsen P + PSI) × 100     [2.8] 

DPSBray-a (%) = Bray-1 P/PSI × 100       [2.9] 

DPSBray-b (%) = Bray-1 P / (Bray-1 P + PSI) × 100     [2.10] 

DPSFeO-a (%) = FeO-P / PSI × 100       [2.11] 

DPSFeO-b (%) = FeO-P / (FeO-P + PSI) × 100     [2.12] 

A saturation factor α, an empirical parameter used to relate total soil P sorption capacity 

to the sum of Mehlich-3 Al and Fe or other P sorption capacity evaluations, has been introduced 

in some studies in order to make different estimated DPS values comparable (Ige et al., 2005; 

Sims et al., 2002). In the current study, however, a saturation factor α was not used in the soil 

DPS calculations, due to a lack of experimental evidence to quantify α relating each P sorption 

capacity evaluation to P sorption capacity.  

All determinations for P were conducted using a Flow Injection Auto-Analyzer 

(QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO) with the ammonium 

molybdate ascorbic acid reduction method of Murphy and Riley (1962). Concentrations of Fe, Al, 

and Ca were determined using an Atomic Absorption Spectrometer (PerkinElmer, CT, USA).  

2.3.3 Surface runoff study 

The surface runoff box studies were conducted following the USEPA National P 

Research Project protocol (National Phosphorus Research Project, 2001). Although packed boxes 
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are least representative of field conditions in terms of hydrology, soil surface, and variability of 

soil physical and chemical characteristics, runoff box studies can give a reasonable estimation of 

DRP loss in surface runoff produced under field conditions (Guidry et al., 2006; Kleinman et al., 

2004). Each runoff box was 100 cm long by 20 cm wide by 7.5 cm deep and had 9 drainage 

holes (5-mm diameter). A nylon membrane was placed on the bottom of the box, followed by 

addition of 5 cm of 13-mm sieved soil. After the desired bulk density was achieved, soils were 

wetted for 24 hours from below by establishing a water table 3.5 cm above the bottom of the soil 

box and allowing water to move into the soil through capillary rise. The bulk densities were 1.40, 

1.30, 1.30, 1.25, 1.25, and 1.15 Mg m-3 for Fox sandy loam, Brookston clay, Conestogo loam, 

Listowel silt loam, Perth clay loam, and Grenville loam soils, respectively. Saturated soils were 

left to drain for 24 h (covered with plastic) until field capacity was achieved. The box was then 

placed at a 5% slope below the rainfall simulator nozzle (TeeJet ½ HH SS 50 WSQ, Spraying 

Systems Co., Wheaton, IL). Surface runoff was collected at the downslope end of the runoff box. 

Simulated rainfall was applied using tap water (0.005 mg P L-1) at an intensity of 75 mm h-1 until 

runoff water was collected for 30 min starting from onset of runoff. Runoff was collected in 

discrete 5-min increments and the runoff volume recorded. There were four replications for each 

soil. 

A 60-mL aliquot of each runoff sample was filtered through a 0.45-μm filter within 12 h 

of collection. Filtered samples were analyzed for dissolved reactive P (DRP) using a Flow 

Injection Auto-Analyzer (QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO) with 

the ammonium molybdate ascorbic acid reduction method of Murphy and Riley (1962).  

2.3.4 Data analysis 

The flow weighted mean DRP concentration (DRP30) of runoff water collected during the 
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30-min period was used to evaluate the relationships between runoff P concentrations and STP or 

DPS. The DRP30 was calculated as follows: 

                       DRP30 = ∑∑
==

×
6

1

6

1
/)(

jj
jjj VVDRP                                                              [2.13] 

where DRPj (j =1, 2, 3,·····, and 6) represents the DRP concentrations of runoff water collected in 

0-5, 5-10, 10-15, 15-20, 20-25, and 25-30 min intervals, respectively; and  

Vj (j=1, 2, 3, ·····, and 6) represents the volume of runoff water collected in 0-5, 5-10, 10-15, 15-

20, 20-25, and 25-30 min intervals, respectively. 

All statistical analyses were performed using the SAS program (SAS Institute Inc. 2002). 

Linear and quadratic regressions were performed using the REG and GLM procedures, 

respectively. Determination of the change point between runoff DRP30 concentration and STPs or 

DPSs were performed using the NLIN procedure. Appropriate regression equations were selected 

based on the criteria of best fit. Linear coefficients (slopes) of relationships between runoff 

DRP30 and concentration of various STPs across soil series were compared using a series of 

contrast statements in the GLM procedure of SAS. Multiple regressions were run using the 

STEPWISE procedure to predict DRP30 concentrations in surface runoff using STP, soil pH, 

particle size distributions, and total organic carbon concentration as independent variables. The 

variance inflation factor (VIF) was used to detect multi-collinearity among the variables before 

performing the multiple regression analysis.  In the multiple equations presented, all variables 

contributed significantly at the 0.01 probability level. 

2.4 Results and Discussion 

2.4.1 Soil characteristics 

The soils, selected to represent the major livestock production areas across Ontario, had a 

wide range of chemical and physical properties (Table 2.1). The soils had sand contents ranging 
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from 288 to 889 g kg-1, silt contents ranging from 60 to 533 g kg-1, and clay contents ranging 

from 45 to 382 g kg-1. The organic carbon concentrations ranged from 10 to 66 g kg-1. The 

concentrations of Olsen P ranged from 3.8 to 152.5 mg P kg-1 soil. Fertilizer P is not 

recommended for grain corn, when soil test P is above 30 mg P kg-1 in Ontario (OMAFRA, 

2002b), indicating that these soils represent a suitable range STP to determine an environmental 

soil P test method.  

The soil pH ranged from 4.2 to 7.6, with 36 soils having pH < 7 and 24 soils having pH > 

7. Among the selected soil series, the Brookston clay (5.6 ≤ pH ≤ 7.0) and Fox sandy loam (4.2 ≤ 

pH ≤ 7.1) had the lowest mean pH of 5.9. Only the Conestogo loam had an average pH > 7.0.  

2.4.2 Surface runoff DRP30

The contents of DRP30 in surface runoff ranged from 0.004 to 0.491 mg P L-1, with an 

average of 0.08 mg L-1. The wide range of DRP30 values in surface runoff reflects the large 

variation in concentrations of soil P. These results are in general agreement with Wortmann and 

Walters (2006), who reported that STP accounted for 60-90% of the variation in dissolved P in 

runoff. Amongst the five STP procedures evaluated, however, some methods were more closely 

related to DRP30 in surface runoff water than the others.  

 and various soil test P 

2.4.2.1 Assessment of soil P tests initially designated for agronomic purpose 

Of the three agronomic soil P tests evaluated, including Mehlich-3, Olsen, and Bray-1, 

special consideration was given to the Olsen P in this study, because it is the recommended 

agronomic soil P test as well as the STP used in the current P index for Ontario. Though Olsen P 

was significantly related to runoff DRP30, the relationship (r2=0.72) was not as strong as that for 

Mehlich-3 P and Bray-1 P for predicting runoff DRP30 (Fig. 2.1). The Olsen P extractant (0.5 M 

NaHCO3, pH=8.5) releases P mainly by enhancing the dissolution of Ca-P minerals present in 
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soils. Correspondingly, this P measurement is best suited to indicate plant available P status for 

calcareous soils (Sims, 2000d).  However, previous studies have shown inconsistent impacts of 

soil pH on the prediction of DRP loss by the Olsen P method.  For example, Fang et al. (2002) 

and He et al. (2006) demonstrated that the Olsen P test would give more accurate predictions of 

runoff DRP concentration than other STPs for the soils typically with pH > 7.  In contrast, the 

observations of Schierer et al. (2006) showed less accuracy of Olsen P compared with Mehlich-3 

P as a predictor of dissolved P concentration in surface runoff from calcareous soils with pH 

levels of 7.8-7.9.   

Bray-1 soil P extractant was designed to remove easily acid soluble P forms, largely Al- 

and Fe-phosphates, and it does not perform very well as an agronomic P test in calcareous soils 

(Sims, 2000a). Our study, however, showed that Bray-1 P could be used to predict runoff DRP30 

concentration as evidenced by the higher r2 value of 0.80, compared to the Olsen P (r2=0.72). 

Other researchers have also observed similar results. For example, Ebeling et al. (2008) found 

that Bray-1 soil P test is an appropriate measurement for predicting crop P needs and for risk 

assessment of P loss in the eastern red soil region of Wisconsin, even though their soil pH values 

typically ranged from 7 to 8. They attributed the accuracy of Bray-1 P in calcareous soils to the 

fact that the carbonate in this region is dolomitic, which reacts much more slowly than calcite, 

and that Bray-1 P extractant is not neutralized during the 5 min extraction time. Their study 

reflects the importance of validating a routine soil P test for its accuracy as a predictor of DRP 

concentration in surface runoff from a given region, because soil properties beyond soil pH alone 

may influence the relationship between DRP in surface runoff and soil P. 

2.4.2.2 Assessment of soil P tests initially designated for environmental purpose 

Of the two existing environmental soil P tests evaluated, WEP was more accurate than 
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FeO-P for predicting DRP30 in surface runoff water and accounted for 89% of variation of DRP30 

in these Ontario soils (Fig. 2.2). Water extractable P also had the strongest relationship with 

DRP30 in runoff water amongst the five STP methods assessed in this study. Our results agree 

with Pote et al. (1999b) and Penn et al. (2006), who reported that WEP had consistently stronger 

relationships with DRP concentrations in surface runoff than other measures of soil P, 

presumably reflecting commonality of water serving as the “extracting” solution in both the 

runoff and WEP procedures.  

The Fe-oxide coated filter paper strip P was also significantly related to DRP30 in surface 

runoff water. The relationship between them was best fitted to a split-line linear model, which 

explained 85% of the overall variation in DRP30 (Fig. 2.2. B).. A change point for soil FeO-P was 

observed at 45.3 mg P kg-1, above which DRP30 concentration increased at a rate that was about 

two times greater than the rate below the change point. Maguire and Sims (2002a) reported a 

change point of 42.6 mg FeO-P kg-1 soil, which was similar to our study. However, in the study 

by Maguire and Sims (2002a), at FeO-P contents above the change point, the rate of increase in 

leachate DRP per unit increase in soil FeO-P was seven times greater than that found below the 

change point. In our study, runoff DRP30 at the change point for the soil FeO-P test value of 45.3 

mg P kg-1 soil  was 0.11 mg P L-1. The USEPA (1986) suggested an upper limit of 0.1 mg total P 

L-1 for protecting water quality of streams. 

2.4.2.3 Soil characteristics on the relationships between STP and runoff DRP

Relationships between STP concentrations and runoff P loss are soil specific (Davis et al., 

2005). However, the overall relationship between runoff DRP concentration and STP for a wide 

range of soils is often used to estimate risk of soil P loss to surface water in a given region. 

Nevertheless, there have been abundant efforts to differentiate soil properties that may influence 

30 
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relationships between STP and soil P loss (Penn et al., 2006; Davis et al., 2005; Pote et al., 

1999b), since such information is essential to further improve the prediction of soil P loss. 

Within each soil series, we conducted the regression analysis relating runoff DRP30 

concentration to soil WEP, and found that this relationship was soil specific (Table 2.2). For the 

Grenville loam soil series, DRP30 concentration in runoff water was not related to soil WEP, 

which may have been resulted from a too narrow range of soil WEP (0.41-1.38 mg kg-1 soil). 

Within each of other five soil series, DRP30 concentration in surface runoff was significantly (P < 

0.001) related to soil WEP, with r2 values ranging from 0.81 to 0.96. The regression slopes varied 

with soil type, following the order of Conestogo loam > Listowel silt loam ≈ Fox sandy loam > 

Brookston clay, while the Perth clay loam had a similar regression slope to those for the other 

four soil types. Our study also showed that the relationships between runoff DRP30 and Olsen P, 

Mehlich-3 P, Bray-1 P, and FeO-P were soil specific (data not shown). 

In order to ascertain the soil properties that impacted the relationship between runoff 

DRP30 concentration and various STPs, multiple regression analyses of runoff DRP30 

concentrations against STP, soil pH, particle size distributions, and organic carbon content were 

performed.  As shown in Table 2.3, soil particle size distribution significantly contributed to the 

equations relating runoff DRP30 concentrations to soil WEP, Olsen P, or FeO-P concentrations, 

while soil pH made significant contributions to all the equations.  In fact, inclusion of soil pH not 

only increased the accuracy of predicting runoff DRP loss using STP, but it has also been shown 

to improve the prediction of plant P uptake by various STP methods, as observed by Bates (1990) 

under Ontario soil conditions. A study conducted by Turner et al. (2004) also supported our 

results that runoff DRP concentration from high-pH soils was greater than expected, based on 

soil P levels alone.  
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Our results showed that coarse-textured soils tended to lose more DRP in surface runoff 

compared with fine-textured soils at a given level of soil WEP, Olsen P, and FeO-P. Other 

researchers have obtained similar observations. Penn et al. (2006) reported that the intercept of 

the regression equations of runoff DRP concentrations versus soil WEP was negatively related to 

soil clay content by assuming that the slopes of runoff DRP concentration versus soil WEP were 

similar across the selected soil series. Cox and Hendrick (2000) reported that the slope of 

dissolved P versus Mehlich-3 P was steeper for the 5% clay soil than that for the 32% clay soil. 

Our study indicates, based on soil pH and texture, that a soil P test technique can be developed to 

assess the risk of soil P loss in surface runoff across a range of soil series. 

2.4.3 Surface runoff DRP30

2.4.3.1 Soil DPS calculated from soil Mehlich-3 extractable P, Al, Fe, and Ca 

 and degree of soil P saturation 

As indicated in Fig. 2.3, the DPSM3-2 [Mehlich-3 P/(Mehlich-3 Al + Fe)] and DPSM3-3 

(Mehlich-3 P/Mehlich-3 Al) each explained 90% variation of runoff DRP30 using linear 

regressions. This is consistent with Sims et al. (2002), who found that DPSM3-2 was more 

accurate than Mehlich-3 P alone in identifying the soils that were at high risk of P loss in runoff. 

Currently, DPSM3-2 and DPSM3-3 have been recommended as agro-environmental soil P testing 

approaches in Delaware, USA and Quebec, Canada, respectively (Sims et al., 2002; Khiari et al., 

2000).  

Similar to the findings reported by Sims et al. (2002) and Khiari et al. (2000), we 

observed a significant linear relationship between DPSM3-2 and DPSM3-3 with a slope value of 

1.20 for the linear equation relating DPSM3-2 to DPSM3-3, which is very similar to those from the 

two published studies (i.e., slope values of 1.13 and 1.17, respectively). In all of these studies, 

Mehlich-3 Fe accounted for about 20% or less of the sum of Mehlich-3 Al and Fe on a molar 
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basis and had little impact on the relationships of DPSM3-2 or DPSM3-3 with runoff DRP. Hence, 

DPSM3-3 and DPSM3-2 had similar predictions of runoff DRP concentrations.  

It has been widely documented that a decrease in soil pH often results in an increase in 

the amounts of Al and Fe present in soils. Mallarino (1997) and Penn et al. (2006) suggested that 

amounts of P extracted by Mehlich-3 extractant are not affected by high soil pH. Therefore, it is 

reasonable to conclude that soil pH may impact the relationships between DRP30 concentrations 

in surface runoff water and DPSM3-2 or DPSM3-3. To have a better understanding of the effect of 

soil pH on these relationships, regressions between runoff DRP30 concentrations and both 

DPSM3-2 and DPSM3-3 were conducted separately for the soils with pH ≤ 7 and pH > 7 (Fig. 2.3). 

The slope of runoff DRP30 versus DPSM3-2 for soils with pH ≤ 7 were significantly greater than 

that for soils with pH > 7, while the slope of runoff DRP30 concentrations versus DPSM3-3 for 

soils with pH ≤ 7 was not different from that for soils with pH > 7. This result is understandable, 

considering that the variations in amounts of both Al and Fe collectively contributed to the 

variations of the relationships between DRP30 and DPSM3-2, while the variations of Fe in soils 

were excluded from the relationships between DRP30 and DPSM3-3. Allen et al. (2006) found a 

smaller slope in the relationship between runoff DRP concentration and DPSM3-2 for the Harps 

soils (pH = 8.0) than for other soils (pH = 6.0-7.1).  As a result, we conclude that DPSM3-2 would 

overestimate DRP losses in surface runoff from alkaline soils compared with acidic soils. Soil 

DPSM3-3 may be preferred to DPSM3-2 as an indicator of runoff DRP30 loss in surface runoff to 

minimize the pH effect on estimations of soil P loss. In addition, DPSM3-3 is analytically simpler 

than DPSM3-2, as only Al needs to be determined, in addition to P, in the Mehlich-3 extractant.  

Sims et al. (2002) observed a change point of DPSM3-2, above which runoff DRP 

concentrations increased very quickly with increased DPSM3-2. However, in our study we did not 
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observe a good fit for the split-line model. Allen et al., (2006) and Penn et al. (2006) also 

observed the linear relationships between runoff DRP concentration and DPSM3-2 or DPSM3-3, 

instead of the split-line fits. The reasons for this discrepancy are not clear. However, it should be 

noted that whether or not a change point exists between soil P loss and soil P status depends on 

many factors beyond STP or DPS (such as adsorption capacity and P sorption strength etc.), the 

ratio of soil to solution during P extraction, climate, as well as the uncertainties involved in 

linking STP or DPS to P losses (Maguire et al., 2005).   

Soil DPSM3-4 has been regarded as a better predictor of soil DPS than DPSM3-2 and 

DPSM3-3 in calcareous soils (Ige et al., 2005; Kleinman and Sharpley, 2002). However, in our 

study the relationships between runoff DRP30 and DPSM3-4 followed a logarithmic function, with 

r2 value of 0.59 (Fig. 2.4), and was less accurate as an indicator of runoff DRP30 loss than either 

DPSM3-2 or DPSM3-3. If only soils with pH > 7 were used, a linear relationship (r2 = 0.61) 

described the change of DRP30 concentration with changing DPSM3-4, suggesting that the 

differences in pH may explain the differences in the responses of runoff DRP30 concentrations to 

the changes of DPSM3-4. In our study, soil pH ranged between 4.2 and 7.6 with an average of 6.8. 

In comparison, soil pH was in the range of 7.3-8.4 in the Kleinman and Sharpley (2002) study 

and in the range of 5.3-8.1 (average of 7.2,) in the Ige et al. (2005) study.    

2.4.3.2 Soil DPS integrating STP with PSI 

Soil DPS values were calculated as ratios of STP/PSI (including DPSM3-1a, DPSOl-a, 

DPSBray-a, and DPSFeO-a) and [STP/(PSI + STP)] (including DPSM3-1b, DPSOl-b, DPSBray-b, and 

DPSFeO-b), respectively.  Compared with the former DPS calculations, as indicated in Figs. 2.5 

and 2.6, the latter led to the improved accuracy of predicting runoff DRP30 concentration by 

adding STP values to the denominators of DPS formulas, in which PSI was used. First, the r2 
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values (ranging between 0.79 and 0.82) of the relationships between runoff DRP30 concentrations 

and [STP/(STP + PSI)] increased relative to those (ranging between 0.74 and 0.80) between 

runoff DRP30 concentrations and STP/PSI. Second, the data points were in clusters on the graphs 

of runoff DRP30 concentrations against STP/PSI, while those of runoff DRP30 against [STP/(STP 

+ PSI)] were more evenly distributed from low to high values. Most data points of DRP30 versus 

STP/PSI formed a cluster of low DPS values. Therefore, the best-fitted equations for the overall 

relationships driven by a few data points of relatively high STP/PSI values can’t accurately 

differentiate risk potential of runoff DRP loss from a statistical perspective, when the data points 

have low STP/PSI values.  

The theoretical foundation of using a ratio of a STP to PSI for estimating DPS is that PSI 

is closely related to P adsorption maxima, and is normally used as a simple estimation of P 

sorption capacity (Bache and Williams, 1971; Mozaffari and Sims, 1994). However, total soil P 

sorption capacity includes the sum of P sorption measured during the laboratory procedure, as 

well as the pre-existing P that was already sorbed to the soil prior to analysis (Börling et al., 

2001). Westermann et al. (2001) observed that as soil test P increases, the PSI decreases for a 

given soil. Therefore, when DPS is calculated as the ratio of a STP to soil PSI, PSI tends to give 

a decreasing denominator with increasing soil P values, which would overestimate DPS and 

result in a linear relationship between the ratio of STP/PSI and runoff DRP concentration, with 

no obvious change point detected (Börling et al., 2001, 2004; Westermann et al., 2001). When 

soil test P concentration is too high and the resulting soil PSI value is too low, the relationship 

between runoff DRP concentration and soil DPS estimated as a ratio of STP to soil PSI could 

yield a negative quadratic coefficient, as observed in this study. This would contradict the 

common concept that the rate of increase in DRP concentration in surface runoff per unit 
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increase of DPS is greater when soil DRP is above the change point than below this point 

(Holford et al., 1974, 1997). Additionally, it should be pointed out that large amounts of P 

present in soils may result in precipitation reactions of P with Al, Fe, and Ca, and consequently 

reduce solubility of soil P minerals, yielding negative quadratic coefficients of runoff DRP 

concentrations versus STP or DPS. Bache and Williams (1971) suggested that the sum of PSI 

and STP can be used to estimate total P sorption capacity from P sorption isotherm, when initial 

P sorbed to soils impacts sorption isotherms. Consequently, some researchers have estimated 

DPS by determining a ratio of a STP to the sum of a STP and soil PSI for identifying the 

potential of soil P losses (Pautler and Sims, 2000; Allen et al., 2006; Casson et al., 2006), which 

avoids overestimating soil DPS.  

For acidic soils, P sorption is primarily controlled by soil Fe and Al (Lindsay, 1979), 

measures of which have been successfully used to predict P sorption capacity (Breeuwsma and 

Silva, 1992; Börling et al., 2001). However, P sorption in calcareous soils may be regulated by 

many mechanisms, including soil contents of CaCO3, Fe and Al oxides, clay, and organically 

complexed metals (Leytem and Westermann, 2003). Consequently, it is difficult to determine soil 

P sorption capacity by measuring one or two soil properties for estimating soil DPS in calcareous 

soils. Soil PSI is closely related to soil P sorption maximum as determined using the Langmuir 

equation; however, this relationship does not distinguish between soil P sorption mechanisms. 

Olsen P usually is recommended as the most appropriate routine P test for calcareous soils. 

Hence, the DPS calculated by integrating Olsen P with soil PSI would be desired in calcareous 

soils (Allen et al., 2006; Zhou and Li, 2001). A good linear relationship was found between soil 

DPSOl-a and runoff DRP concentrations for calcareous soils (Aase et al., 2001; Westermann et al., 

2001). The soil DPSOl-b was also found to be closely related to runoff DRP concentration in a 
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quadratic manner for five typical USA Midwest soils with pH ranging from 6.0 to 8.0 (Allen et 

al., 2006). Meanwhile, Hughes et al. (2000) regarded DPSOl-a as a good predictor of the potential 

for a given soil to release P to water in arable soil with pH ranging from 6.24 to 7.53. As 

previously discussed, although we found a significant relationship between runoff DRP30 

concentrations and DPSOl-b, its accuracy expressed as r2 value (0.79) of the relationship for 

prediction of DRP30 concentration in surface runoff was less than that of DPSM3-2 (r2 = 0.90), 

DPSM3-3 (r2 = 0.89), WEP (r2 = 0.89), FeO-P (r2 = 0.85), Mehlich-3 P (r2 = 0.84), DPSM3-1b (r2 = 

0.82), DPSBray-b (r2 = 0.82), DPSFeO-b (r2 = 0.81), and Bray-1 P (r2 = 0.80).  However, if only 

soils with pH > 7 were used, the results of regression analyses were different. As indicated in 

Table 2.4, the r2 value (0.70) of soil DPSOl-b relating to runoff DRP30 concentrations was the 

second greatest value, only slightly lower than that (r2 = 0.74) of DPSFeO-b. This result would 

support the potential use of a soil DPS estimated from Olsen P and PSI for predicting DRP loss 

in surface runoff from Ontario soils. 

2.5 Conclusions 

Concentrations of runoff DRP increased with increases in levels of STP and various DPS 

estimations in linear or curvilinear manner across six soil series. Olsen P, a common soil P test 

for agronomic calibrations in Ontario, was significantly associated with runoff DRP 

concentrations. However, the accuracy of Olsen P for prediction of DRP in surface runoff water 

was less than that for FeO-P, WEP, Mehlich-3 P, Bray-1 P, DPSM3-2, DPSM3-3, and other DPS 

estimations calculated by integrating STP with soil PSI. Assuming that r2 values of a best-fitted 

model is an important factor measuring the effectiveness of soil P tests as indicators of runoff 

DRP losses, soil WEP, DPSM3-2 and DPSM3-3 showed great promise for predicting runoff DRP 

loss with r2 values of 0.89 or higher across six soil series. Among the three approaches, soil 
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DPSM3-3 can be recommended as an indicator of DRP concentration in surface runoff water, as it 

is soil pH insensitive and simpler in analytical procedure relative to DPSM3-2, and it has potential 

for also being used for agronomic soil P calibration with the same measurement relative to WEP. 

Future research needs to explore the suitability of DPSM3-3 or Mehlich-3 P for prediction of soil 

P availability to crops in Ontario. In addition, the DPSM3-3 approach should also be investigated 

on the field scale to integrate with the effects of soil hydrological properties, soil surface 

conditions, and the management practices (tillage, crop rotation, etc.), so that the relationships 

between DPSM3-3 soil test P and soil attributes can be established.  
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2.6 Tables and Figures 

Table 2.1. Selected properties of the 60 soils used in the rainfall simulation study. 

Soil series   Sand    Clay    Silt     Carbon            pH M3-P†   Olsen P  WEP‡        FeO-P PSI§ 

  g kg-1     mg kg-1  L kg-1 

Brookston 
Clay 

Mean 388 341 271 25.6 5.9 72.5 32.8 4.76 34.3 123.9 
Max 531 382 304 34.2 7 215.4 84.6 14.13 86.7 140.2 
Min 344 271 198 20.5 5.6 8 8.6 0.76 6.1 94.1 
SD¶ 64 35 34 4.7 0.4 73.2 24.3 5.11 26.5 16 

Conestogo 
Loam 

Mean 422 191 386 25.2 7.2 34.6 14 1.61 15.4 186.9 
Max 466 214 426 37.8 7.6 102.4 41.1 4.78 34.8 233.3 
Min 381 169 346 20.1 6.5 6.5 4.5 0.51 4.5 120.2 
SD 29 15 32 5.4 0.3 30.8 11.4 1.43 10.7 41 

Fox Sandy 
Loam 

Mean 751 95 153 21.1 5.9 218.8 60.1 8.97 55.9 93.9 
Max 889 160 231 50 7.1 397.5 152.5 22.45 103.4 221.7 
Min 611 45 60 10 4.2 19.3 8 0.52 12.6 35.5 
SD 95 36 60 15.5 0.9 152.8 48.7 7.73 34 59.7 

Grenville 
Loam 

Mean 552 157 291 42.4 6.8 11.4 7.2 0.94 9.6 268.3 
Max 683 186 363 66.3 7.6 22.9 11 1.38 16.3 338 
Min 451 119 190 31.5 6.3 4.5 3.8 0.41 5.6 217.5 
SD 70 25 52 11 0.4 6.1 2.9 0.33 3.3 40.4 

Listowel 
Silt Loam 

Mean 426 159 415 35.1 7 71.7 27.6 4.23 32.6 200 
Max 477 196 486 42.8 7.3 196.6 78.3 15.65 87.6 243.1 
Min 339 140 357 29 6.8 10.2 8.2 0.98 6.4 121 
SD 49 18 36 4.7 0.2 55.5 21.5 4.39 24.4 37.1 

Perth Clay 
Loam 

Mean 334 225 441 26.2 7 44.8 20.4 2.21 19 194.9 
Max 423 317 533 30.9 7.5 95.4 58.1 5.17 40.6 255.7 
Min 288 168 364 21.4 6.4 14.7 6 0.7 7.5 153.9 
SD 41 46 55 3.3 0.4 23.6 14.4 1.21 9.2 31.1 

† Soil Mehlich-3 P  

‡ Soil water extractable P 

§ Phosphorus sorption index 

¶ Standard deviation of 10 determinations. 
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Table 2.2. Linear relationship between the flow weighted mean of dissolved reactive P 

concentration (DRP30, mg L-1) in runoff collected over 30-min and soil water extractable P (WEP, 

mg kg-1) concentration for each soil series.  

Soil series Regression equations r2† Slope 
comparisons‡ 

Observations 
(n) 

Conestogo loam DRP30 = 0.0263 × WEP + 0.0282 0.95 *** b 40 

Listowel silt loam DRP30 = 0.0199 × WEP + 0.0159 0.96 *** c 40 

Perth clay loam DRP30 = 0.0196 × WEP - 0.00160 0.81 *** abc 40 

Fox sandy loam DRP30 = 0.0181 × WEP + 0.0384 0.91 *** c 39 

Brookston clay DRP30 = 0.0155 × WEP - 0.0127 0.95 *** a 40 

Grenville loam DRP30 = 0.00370 × WEP + 0.0285 0.04 ns  39 
†*** and ns: significant at the p ≤ 0.001 level, and nonsignificant at the p ≤ 0.05 level, 

respectively. 

‡Different lowercase letters indicate significantly different slopes between soil series. 

 



 

52 
 

Table 2.3. Multiple regression equations for prediction of the flow weighted mean of dissolved 

reactive P concentration (DRP30, mg L-1) in runoff collected over 30-min using each of the five 

STPs (mg kg-1), including soil water extractable P (WEP), Mehlich-3 P, Olsen P,  Fe-oxide 

coated filter paper strip P (FeO-P), and Bray-1 P, soil particle size distributions (g kg-1), pH, and 

total organic carbon (C, g kg-1) .  

Regression equations r2 

DRP30 = 0.0184 × WEP + 0.0097 × pH - 0.000221 × clay - 0.00672 0.93 *** 

DRP30 =0.00105 × Mehlich-3 P + 0.028  ×  pH + 0.000944 × C - 0.207 0.89 *** 

DRP30 = 0.00294 × Olsen P + 0.037 × pH + 0.000157 × sand - 0.314 0.80 *** 

DRP30 = 0.00356 × FeO-P + 0.018 × pH - 0.000242 × clay - 0.0902 0.89 *** 

DRP30 = 0.00112 × Bray-1 P + 0.030 × pH - 0.186 0.84 *** 
r2 is the coefficient of determination, n = 238.  

***: significant at the p ≤ 0.001 level. The values of the variance inflation factor (VIF) ranged 

between 1 and 4 for each of the selected variables.  
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Table 2.4. Linear regressions between soil test P or degree of phosphorus saturation (x) and the 

flow weighted mean of dissolved reactive P concentration (y, mg L-1) in runoff collected over 30-

min from soils with pH > 7 (n = 95). 

X Regression equations r2¶ 

DPSOl-b (Olsen-P/(Olsen-P+PSI)) y = 0.526x + 0.0175 0.70 *** 

DPSM3-2 (M3-P†/(M3-Al‡+M3-Fe§)) y = 0.693x + 0.0208 0.60 *** 

DPSM3-3 (M3-P/M3-Al) y = 0.621x + 0.0207 0.61 *** 

Water extractable P (mg kg-1) y = 0.0209x + 0.0199 0.66 *** 

Fe-oxide filter paper strip P (FeO-P, mg kg-1) y = 0.00270x + 0.0113 0.67 *** 

Mehlich-3 P (mg kg-1) y = 0.0009x + 0.0203 0.66 *** 

DPSM3-1b (M3-P/(M3-P+PSI)) y = 0.255x + 0.0171 0.65 *** 

DPSBray-b (Bray-P/(Bray-P+PSI)) y = 0.248x + 0.0242 0.58 *** 

DPSFeO-b (FeO-P/(FeO-P + PSI)) y = 0.622x + 0.00940 0.74 *** 

Bray-1 P (mg kg-1) y = 0.0009x + 0.0284 0.54 *** 

Olsen P (mg kg-1) y = 0.002x + 0.0235 0.59 *** 

† Mehlich-3 P.  

‡ Mehlich-3 Al.  

§ Mehlich-3 Fe.  

¶ ***: significant at the p < 0.001 level. 
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Fig. 2.1. Relationship between the flow weighted mean of dissolved reactive P concentration 

(DRP30, mg L-1) in runoff collected over 30-min and routine soil test P concentrations, including 

(A) Olsen P, (B) Mehlich-3 P, and (C) Bray-1 P. ***: significant at the p ≤ 0.001 level, n = 238.  
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Fig. 2.2. Relationship between the flow weighted mean of dissolved reactive P concentration 

(DRP30, mg L-1) in runoff collected over 30-min and (A) WEP (water extractable P) and (B) 

FeO-P (Fe-oxide coated filter paper strip P). ***: significant at the p ≤ 0.001 level, n = 238. 
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Fig. 2.3. Relationship between the flow weighted mean of dissolved reactive P concentration 

(DRP30, mg L-1) in runoff collected over 30-min and (A) soil DPSM3-2 (molar ratio of Mehlich-3 

P to the sum of Mehlich-3 Al and Fe) and (B) DPSM3-3 (molar ratio of Mehlich-3 P to Mehlich-3 

Al). ***: significant at the p ≤ 0.001 level. The same lowercase letters following *** indicate 

insignificantly different slopes between soils with pH ≤ 7 (n = 143) and > 7 (n = 95). In A, the 

trendline of runoff DRP30 versus soil DPSM3-2 for combined data was not displayed. 
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Fig. 2.4. Relationship between the flow weighted mean of dissolved reactive P concentration 

(DRP30, mg L-1) in runoff collected over 30-min and soil DPSM3-4 (molar ratio of Mehlich-3 P to 

Mehlich-3 Ca). The trendline of runoff DRP30 versus soil DPSM3-4 for combined data was not 

displayed. ***: significant at the p ≤ 0.001 level, n = 143 for soil pH ≤ 7 and n = 95 for soil pH > 

7.  
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Fig. 2.5. Relationship between the flow weighted mean of dissolved reactive P concentration 

(DRP30, mg L-1) in runoff collected over 30-min and (A) DPSOl-a as a ratio of Olsen P to soil P 

sorption index (PSI), (B) DPSM3-1a as ratio of Mehlich-3 P to PSI, (C) DPSBray-a as ratio of 

Bray-1 P to PSI, and (D) DPSFeO-a as a ratio of Fe-oxide coated filter paper strip P to PSI. ***: 

significant at the p ≤ 0.001 level, n = 238.
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Fig. 2.6. Relationship between the flow weighted mean of dissolved reactive P concentration 

(DRP30, mg L-1) in runoff collected over 30-min and (A) DPSOl-b as a ratio of Olsen P to the sum 

of soil P sorption index (PSI) and Olsen P, (B) DPSM3-1b as ratio of Mehlich-3 P to the sum of 

PSI and Mehlich-3 P, (C) DPSBray-b as ratio of Bray-1 P to the sum of PSI and Bray-1 P, and (D) 

DPSFeO-b as a ratio of Fe-oxide coated filter paper strip P (FeO-P) to the sum of PSI and FeO-P. 

***: significant at the p ≤ 0.001 level, n = 238. 
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CONNECTING PARAGRAPH 

 

In the last chapter, the suitability of various STPs and DPSs as indicators of runoff DRP 

loss were based on the flow weighted mean of DRP concentration in runoff water collected 

during a specific period of time (i.e., 30 min in this study) starting from the onset of runoff. 

Though this method has often been used to determine an appropriate environmental soil P test, 

the resulting regression-based models also raise some difficulties in predicting runoff DRP 

concentration. For example, these models cannot give insight into temporal changes of runoff 

DRP concentration during rainfall events, and how well they work for predicting runoff DRP loss 

when runoff duration is different from that used by the predictive models. Therefore, the next 

chapter is focused on the determination of the temporal pattern of runoff DRP concentration 

during a simulated rainfall event and the controlling soil properties.  Such knowledge not only 

improves the prediction of runoff DRP loss, but also aids in the understanding of soil properties 

influencing the relationships between STP or DPS and DRP concentration in runoff collected 

during a specific period of time. 
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CHAPTER THREE 

Temporal Patterns of Soil Phosphorus Release to Runoff during a Rainfall Event as 

Influenced by Soil Properties and Its Effects on Estimating Soil P Losses 

 

3.1 Abstract 

The phosphorus (P) released in soil runoff during a rainfall event varies as labile P is 

depleted, and the dynamic pattern can be a function of soil P content and other soil properties. 

This study was conducted to determine temporal pattern of runoff dissolved reactive P (DRP) 

concentration during a simulated rainfall event and the controlling soil properties.  Soil samples 

were collected from six soil types across the province of Ontario, with ten sites for each to 

provide a wide range of soil test P (STP) levels. The instantaneous DRP concentration in surface 

runoff created during the rainfall event could be predicted by time t (min, since the onset of 

surface runoff) through a power function: DRP = αt-β, where α and β were constants representing 

initial potential of soil P release to runoff as DRP at the onset of surface runoff and DRP decrease 

rate with time, respectively. The values of α and β for a given soil could be determined by 

DPSM3-3 (Mehlich-3 P/Mehlich-3 Al) using the following formulas: α = 0.0824 × e 5.89×DPSM3-3   

(r2 = 0.97); and β = 1.22 × (DPSM3-3)2 + 0.186 × DPSM3-3 + 0.143 (r2 = 0.68). The description of 

the temporal pattern of runoff DRP concentration during a rainfall event with the constants 

estimated using DPSM3-3 can aid in the prediction of soil runoff DRP loss. 
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3.2 Introduction 

In the last few decades, surface runoff has been widely considered as a major pathway of 

soil P losses, causing eutrophication of surface water bodies (Pote et al., 1999b; Gérard-Marchant 

et al., 2005). In order to develop beneficial management practices for reducing P losses from 

agricultural soils, risk potential of soil P losses via runoff flow would have to be determined 

effectively. 

Estimates of soil P loss are normally based on relationships between either soil test P 

(STP) or degree of P saturation (DPS) and the flow weighted mean of dissolved reactive P 

concentration (DRP) in runoff water collected during a period of time (e.g., 30 min) starting from 

onset of runoff (Sharpley et al., 2002; Sims et al., 2002; Schroeder et al., 2004). However, the 

resulting regression-based models cannot give insight into temporal changes of runoff DRP 

concentration during rainfall events. McDowell and Sharpley (2003a) described the pattern of 

DRP concentration in  runoff water with time (t, min) after onset of runoff water using a power 

function:  DRP = αt-β, where α and β were constants representing initial potential of soil P release 

to runoff as DRP at the onset of runoff water and DRP decrease rate with time, respectively. 

Under their experimental conditions and due to decreasing runoff DRP concentration with time, 

the regression equation of the flow weighted mean of DRP concentration in 30-min runoff versus 

STP or DPS would overestimate runoff DRP concentration for an event lasting more than 30 min 

and underestimate it for an event lasting below 30 min. Therefore, a good understanding of 

temporal pattern of runoff DRP concentration during a rainfall event is needed for effectively 

estimating potential of soil P losses into surface runoff. 

Numerous researchers have shown that relationships between STP or DPS and runoff 

DRP concentration are soil specific (Cox and Hendricks, 2000; Sharpley, 1995; Schroeder et al., 
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2004; Davis et al., 2005). For example, Andraski and Bundy (2003) found that the slope of 

runoff DRP concentration relative to soil test P level was markedly higher on the silty clay loam 

soil than on the silt loam soil. It has also been observed that close relationships exist between soil 

properties (i.e., soil pH, a ratio of clay to organic C, soil extractable Al by NH4OAc, P adsorption 

index, extractable Fe and Al by Na4P2O7, clay, and total carbon) and the kinetics of soil P 

desorption (Sharpley, 1983; García-Rodeja and Gil-Sotres, 1997; De Smet et al., 1998). Sharpley 

et al. (1981) observed that the release of soil P to runoff water can be adequately described by the 

kinetics of soil P desorption.  As a result, soil physicochemical properties could be used to 

estimate temporal patterns of runoff DRP concentration during a rainfall event. McDowell and 

Sharpley (2003a) observed that initial potential (α) of soil P release to runoff increased with 

increasing P application, while DRP decrease rate (β) with time was negatively correlated with 

the concentration of soil labile carbohydrate. To the best of our knowledge, such information has 

rarely been reported for Ontario soils. 

This study was conducted to determine temporal pattern(s) of runoff DRP concentration 

and controlling soil properties during a simulated rainfall event for Ontario soils. Such 

knowledge would aid in our understanding of soil properties influencing the relationships 

between STP or DPS and DRP concentration in runoff collected during a specific period of time, 

and improve predictions of soil P release into surface runoff.  

3.3 Materials and Methods 

3.3.1 Soil selection, sampling, and preparation 

Six soil types, including Brookston Clay (BC, Orthic Humic Gleysol), Perth Clay Loam 

(PCL, Gleyed Gray Brown Luvisol), Conestogo Loam (CL, Gleyed Melanic Brunisol), Grenville 

Loam (GL, Orthic Melanic Brunisol), Listowel Silt Loam (LSL, Gray Brown Luvisol), and Fox 
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Sandy Loam (FSL, Brunisolic Gray Brown Luvisol), were selected to represent the predominant 

soil types in the major livestock production areas of Ontario. For each soil type, existing soil test 

data from farmers or researchers were used to select sampling sites that provided a wide range of 

soil test P levels. A total of 10 sites were chosen for each soil type. In this paper, each soil sample 

was referred to as Z-i with Z representing soil type (i.e., BC, PCL, CL, GL, LSL, and FSL) and i 

denoting the sampling site number (i.e., 1, 2, 3….).  A bulk soil sample of approximately 150 kg 

(0-20 cm) was collected from each of the selected soil sites before manure and/or fertilizer 

application and planting in the spring of 2007. All soil samples were air-dried and passed through 

a 13-mm sieve after careful removal of crop residues and other non-soil materials.  After 

thoroughly mixing each bulk soil sample, one subsample of about 2 kg was taken, and ground to 

pass a 2-mm sieve for determination of soil properties as described below. The remaining soil 

sample was stored for the runoff box study. The selected soil chemical and physical properties of 

60 bulk soil samples are listed in Table 2.1. 

3.3.2 Determination of soil physical and chemical properties 

Soil pH was measured with a pH meter in a slurry produced by shaking 10 g soil in 10 

mL distilled water (Thomas, 1996), organic C by a dry combustion method (Nelson and 

Sommers, 1996), and particle size distribution by a hydrometer method (Kroetsch and Wang, 

2008). Several soil test methods and related chemical properties were determined as follows: (i) 

Olsen P (Sims, 2000d); (ii) water extractable P (WEP) (Self-Davis et al., 2000); and (iii) 

Mehlich-3 P, Al, and Fe (Sims, 2000b). 

A soil P sorption index (PSI) was used as a simple estimation of soil P sorption capacity 

(PSC) (Bache and Williams, 1971). A 1.0 g soil sample was weighed into a 50-mL centrifuge 

tube and 20 mL of solution containing 75 mg P L-1 in distilled water was added (Sims, 2000c). 
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The suspension was placed on an end to end shaker and shaken for 18 h at room temperature. 

The samples were then centrifuged at 2000 rpm for 30 min and filtered through a 0.45-μm filter. 

The PSI (L kg-1) was calculated as X/log C, where X= P sorbed (mg P kg-1) = (75 mg P L-1 – C) 

× 0.020 L / 0.001 kg) and C = P solution concentration at equilibrium (mg L-1). 

Various measures of DPS were calculated as described in Chapter 2:  

DPSM3-2 (%) = Mehlich-3 P/(Mehlich-3 Al + Mehlich-3 Fe) × 100, on a molar basis 

DPSM3-3 (%) = Mehlich-3 P/ Mehlich-3 Al × 100,   on a molar basis 

DPSOl-b (%) = Olsen P / (Olsen P + PSI) × 100 

All determinations for P were conducted colorimetrically using a Flow Injection Auto-

Analyzer (QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO) with the 

ammonium molybdate ascorbic acid reduction method of Murphy and Riley (1962). 

Concentrations of Fe, and Al were determined using an Atomic Absorption Spectrometer 

(PerkinElmer, CT, USA).  

3.3.3 Rainfall simulation and collection and analysis of surface runoff water 

The surface runoff study was conducted using a rainfall simulation approach to achieve a 

greater degree of control over hydrological and soil surface conditions and to minimize the 

effects of other variables on P release to runoff. The runoff box study was conducted by 

following the USEPA National P Research Project protocol (National Phosphorus Research 

Project, 2001). Each runoff box was 100 cm long by 20 cm wide by 7.5 cm deep and had 9 

drainage holes (5-mm diameter). A nylon membrane was placed on the bottom of a box, 

followed by the addition of 5 cm of 13-mm sieved soil. After packing the soil to the bulk density 

observed in the field, the soils were wetted for 24 hours from below by establishing a 3.5-cm 

water table at the bottom of the simulated soil box and allowing water to move through the soil 
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by capillary rise. Saturated soils were left to drain for 24 h (covered with plastic) until field 

capacity was achieved. The box was then placed at a 5% slope at 2.66 m below the simulator 

nozzle. Surface runoff was collected at the downslope end of the boxes. Therefore, runoff P loss 

was evaluated under a common slope across all selected soils. Simulated rainfall was applied 

using tap water (0.005 mg P L-1) at an intensity of 75 mm h-1, and runoff water was collected for 

30 min starting from the onset of runoff. Runoff water volume was measured in discrete 5-min 

increments. There were four replications for each soil. 

A 60-ml aliquot of runoff sample was filtered through a 0.45-μm filter within 12 h of 

collection, and was analyzed for dissolved reactive P (DRP) using a Flow Injection Auto-

Analyzer (QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO) with the 

ammonium molybdate ascorbic acid reduction method of Murphy and Riley (1962).  

3.3.4 Data analysis 

All statistical analyses were performed using the SAS program (SAS Institute Inc. 2002). 

Linear regression and correlation analysis were performed using REG and CORR procedures, 

respectively. Both power functions describing temporal pattern of DRP concentration in surface 

runoff during a rainfall event and exponential functions describing relationships between soil test 

P levels or degree of soil P saturation and initial potential of soil P release to surface runoff at the 

onset of runoff were determined using NLIN procedure.  

3.4 Results and Discussions 

3.4.1 Soil Characteristics 

The selected soils, representing predominant soil types in the major livestock production 

areas across the province of Ontario, had a wide range of chemical and physical properties (Table 

2.1). Particle size distributions of these soils indicated sand contents ranging from 288 to 889 g 



 

67 
 

kg-1, silt contents ranging from 60 to 533 g kg-1, and clay contents ranging from 45 to 382 g kg-1. 

The organic carbon content was from 10 to 66 mg kg-1. Soil pH was 4.2 to 7.6, with 36 soils 

having pH < 7 and 24 soils having pH > 7.Amongst the selected soil series, the Brookston clay 

(5.6 ≤ pH ≤ 7.0) and Fox sandy loam (4.2 ≤ pH ≤ 7.1) had the lowest mean pH of 5.9. Only the 

Conestogo loam had an average pH > 7.0. The levels of Olsen P varied from 3.8 to 152.5 mg P 

kg-1 soil. Fertilizer P is not recommended for grain corn in Ontario if the Olsen P is above 30 mg 

P kg-1 (OMAFRA, 2002b). Also, current agricultural nutrient management recommendations 

indicate that a P Index should be determined if the level of STP (Olsen P) for a particular farm 

field is above 30 mg P kg-1 soil in Ontario.  

3.4.2 Temporal pattern of runoff DRP concentration  

The temporal pattern of DRP concentration in runoff followed a power function with 

DRP decreasing with time for most soils (Table 3.1), although temporal changes of runoff DRP 

concentration from nine of the 60 soils did not follow the power function or other quantitative 

relationships.  These nine soils typically contained Olsen P < 10 mg P kg-1 soil and produced 

runoff DRP concentration < 0.05 mg P L-1. Presented in Fig. 3.1 are the typical temporal patterns 

of DRP concentration in runoff water from soil GL-8, FSL-10, BC-7, and LSL-1, which had 4.4, 

24.8, 60.9, and 78.3 mg Olsen P kg-1 soil, respectively. The instantaneous DRP concentration in 

surface runoff produced during the rainfall event could be predicted with time t (min, since the 

onset of surface runoff) through a power function: DRP = αt-β, where α and β were constants 

representing initial potential of soil P release to surface runoff as DRP at the onset of runoff and 

DRP decrease rate with time, respectively. Previous studies have also demonstrated a decrease in 

DRP concentrations in runoff water over time during a rainfall event (McDowell and Sharpley, 

2003a; Wright et al., 2006). Pote et al. (1996) attributed the steady decline in runoff DRP 



 

68 
 

concentration to the dilution effect of increasing runoff volumes over time during the rainfall 

event. In many cases, however, runoff volumes produced in our rainfall simulations tended to be 

stable 15 min after the onset of runoff (data not shown), but runoff DRP concentrations still 

showed the decreasing trend. Thus, dilution effects of increasing runoff volume could not fully 

explain the decrease in runoff DRP concentration with rainfall time in our study. Wright et al. 

(2006) pointed out that the decrease in DRP concentrations may have coincided with a decrease 

in the quantity of more soluble forms of P and/or a decrease in P desorption rates as the rainfall 

progressed. However, they did not explain varying initial potential of soil P release to runoff 

water and DRP decrease rate for different soils during a rainfall event. 

Most regression models relating DRP losses in runoff water from agricultural soils to soil 

STP or DPS currently use fixed soil P extraction coefficients or slopes (Sharpley et al., 2002). 

However, this study indicated that runoff DRP concentration decreased with time, and soil P 

extraction coefficients also declined as runoff progressed. For example, the slope of the linear 

relationship between soil WEP and average DRP concentration in runoff water collected in the 

period of 0-5 min was 2.1 times that of the 0-30 min runoff water (for 0-5 min runoff, DRP = 

0.038 × WEP – 0.0021, r2 = 0.87; for 0-30 min runoff, DRP = 0.0183 × WEP + 0.0149, r2 = 0.89). 

Therefore, if a soil P extraction coefficient calculated based on a 30 min runoff event is used to 

estimate DRP losses from a runoff event greater than 30 min, the total runoff DRP loss would be 

overestimated. In contrast, runoff DRP loss would be underestimated if a runoff event was less 

than 30 min.  

3.4.3 Soil properties controlling temporal pattern of DRP concentration 

Data presented in Fig. 3.2 shows that initial potential (α) of soil P release to surface 

runoff could be reliably described by exponential relationships between α and either soil DPSM3-
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2, DPSM3-3, or WEP with similar r2 values (r2 > 0.95) for each relationship. Olsen P did not 

estimate the α value of a given soil as well as the other extractants (i.e., Mehlich-3 or water), but 

dividing Olsen P by the sum of Olsen P and PSI as an estimate of total PSC greatly improved the 

r2 value from 0.44 to 0.81. The results indicate that the rate of α increase per unit increase of STP 

or DPS was greater in soils with high levels of STP or DPS. McDowell and Sharpley (2003a) 

found that the constant α increased with the application of P-containing materials. Also, they 

observed increasing α with increasing soil Olsen P value (McDowell and Sharpley, 2003b). 

Sharpley et al. (1981) reported that the release of soil P to runoff water can be well described by 

the kinetics of soil P desorption, suggesting that soil P desorption theory can aid in understanding 

soil P release to runoff water. Soil P desorption behaviour depends on two discrete P “pools” in 

soils: a fast and a slow desorbing pool (Lookman et al., 1995). The fast desorbing P refers 

primarily to P bound to the reactive surfaces which are in direct contact with the aqueous phase, 

while the slow desorption of soil P is either a result from slow dissolution kinetics or from slow 

diffusion from interior sites inside sequioxide aggregates (Lookman et al., 1995). Once soil P is 

in contact with the solution, a rapid P release from fast desorbing P pool occurs.  As a result, the 

size of the fast P desorbing pool is closely related to the initial amount of soil P released to runoff 

water. Lookman et al. (1995) stated that the relative size of the quickly desorbing P pool 

increased with increasing initial DPS.  Similarly, García-Rodeja and Gil-Stores (1997) pointed 

out that a measure of the amount of initially desorbable P varied with dose of added P. For 

practical purposes, initial amount of soil desorbable P can be represented by estimates of 

available P such as labile, Olsen P, or Bray-1 P (Sharpley, 1983).  

The correlation coefficients between β value and various soil properties indicated that the 

various STPs (soil WEP, Olsen P, and Mehlich-3 P) and DPSs (DPSOl-b, DPSM3-2, and DPSM3-3) 
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had the best positive correlations with β (Table 3.2).  Lookman et al. (1995) assumed that the 

desorption rate from “fast desorbing P pool” or “slow desorbing P pool” is proportional to the 

amount present in the specific pool. In their study, the average P desorption rate in the fast 

desorbing pool was 67 times higher than in the slow desorbing pool. Considering that the relative 

size of the quickly desorbing P pool increased with increasing initial DPS (Lookman et al., 1995), 

it is not surprising to observe that the β value increased with increasing levels of STP or DPS in 

our study. Similarly, García-Rodeja and Gil-Stores (1997) observed that the slope of each kinetic 

equation depended on the dose of added P. 

After the various measures of STPs and DPSs, sand content had the next highest 

correlation with β value. The positive correlation with sand content may be a result of limited 

capacity of sand particles to retain P (Brady and Weil, 2007) or conversely, soil clay and silt 

particles have high specific surface areas, high capacity to retain P to soils, and therefore yield a 

much lower desorption rate and runoff DRP decrease rate during the rainfall event. The negative 

relationship between soil PSI (a simple estimation of soil P sorption capacity) and β was found, 

which is accordance with García-Rodeja and Gil-Stores’s (1997) conclusions that there was 

significant negative correlation between slope and P-fixation index for the zero-order equation, 

the Elovich-type equation, and parabolic-diffusion equation. Also, the negative relationship 

between soil PSI and β may partly explain the negative correlation between soil pH and β, since 

there was a positive relationship between soil pH and soil PSI in these studied soils (Fig. 3.3). 

McDowell and Sharpley (2003a) suggested that degree of soil aggregation may also influence 

the temporal pattern of runoff DRP concentration during a rainfall event, and so the pattern of 

runoff P concentrations with time should be affected more (i.e., higher β value) in soils “poor” in 

organic matter.  In the case of poorly aggregated soils, physical breakdown of the soil aggregates 
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under rainfall drops tends to occur and may increase the rate of P desorption (Sharpley et al., 

1981; McDowell and Sharpley, 2003a). The negative relationship between soil organic carbon 

content and β in our study is consistent with this explanation. 

Of the soil P measures conducted, soil DPSM3-3 would be preferred for the prediction of 

α and β values, due to both the high correlation and the simplicity of determination. The 

regression equations of soil DPSM3-3 (x) against α and β were α = 0.0824 × e 5.89x (r2 = 0.97) and 

β = 1.22x2 + 0.186x + 0.143 (r2 = 0.68), respectively. The predicted runoff DRP concentrations 

using the equation DRP = αt-β and soil DPSM3-3 were compared with runoff DRP concentrations 

observed during the rainfall event (Fig. 3.4). The significant linear relationship between the 

observed and predicted values indicates the potential of the equation DRP = αt-β and soil DPSM3-

3 for predicting the temporal pattern of runoff DRP during a rainfall event.  

The results concerning the effects of soil properties on values of the constants α and β 

may aid in the understanding of the soil-specific nature of relationships between STP or DPS and 

average DRP concentration in surface runoff collected during a specific period of time. For 

example, Andraski and Bundy (2003) found that the slope of average DRP concentration in 60-

min runoff water relative to STP level was markedly higher on a silty clay loam soil than on a silt 

loam soil. The current study indicated that the decrease in runoff DRP concentration with time 

during the rainfall event was less for silty clay loam than silt loam soils. Assuming that these two 

soil types were identical except for texture, runoff DRP concentrations would almost be the same 

at the onset of runoff since initial soil P released to surface runoff mostly depends on labile soil P 

levels. With time, however, DRP concentration in runoff water would decline more quickly from 

silt loam than silty clay loam soils. As a result, average DRP concentrations after 60-min of 

runoff from the silty clay loam soils would be greater (i.e., greater slope of runoff DRP against 
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STP) than from the silt loam soils. Generally, soil STP and DPS, especially soil WEP, DPSM3-2 

and DPSM3-3, had weaker relationships with β than α, suggesting that other soil-specific factors 

(e.g., soil pH and texture) influence β more than α. In other words, the soil-specific nature of 

relationships between runoff DRP concentration and soil STP or DPS primarily comes from 

effects of other soil properties on β value instead of α value. Consequently, the impact of soil pH, 

particle size distribution and organic carbon on runoff DRP concentration increases as a runoff 

event progresses. 

3.5 Conclusions 

The instantaneous DRP concentration in surface runoff created during a simulated rainfall 

event could be predicted by time t (min, since the onset of surface runoff) through a power 

function: DRP = αt-β, where α and β were constants representing initial potential of soil P release 

to surface runoff as DRP at the onset of surface runoff and DRP decrease rate with time, 

respectively. The α and β values of a given soil had relationships with soil P status and other soil 

properties including organic carbon, soil pH, and soil texture, which can be integratively 

represented by soil DPSM3 and WEP. Of the soil parameters estimating potential soil P 

availability examined, DPSM3-3 (x) was preferred for the prediction of α and β values, due to 

both the high correlation and the simplicity of determination (α = 0.0824 × e 5.89x, r2 = 0.97; β = 

1.22x2 + 0.186x + 0.143, r2 = 0.68). 

It should be noted that the temporal patterns of runoff DRP concentration in this study 

were derived from controlled laboratory experiments with bare soil, which precluded 

consideration of non-soil factors that could influence soil P release to runoff. Under natural 

conditions, however, the process of soil P release into runoff not only depends on soil properties, 

but also is influenced by other factors (i.e. climate, landscape, hydrology, vegetation and land 
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management practices). Therefore, future studies are needed to determine if relationships 

between the runoff DRP release kinetics and soil factors can be used to effectively predict soil P 

losses under natural rainfall events at field and watershed scales. 
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3.6 Tables and Figures 

Table 3.1. The values of the constants α (initial potential of soil P release to runoff) and β (DRP 

decrease rate with time during a rainfall event) in the equation of DRP = αt-β, where DRP 

represents instantaneous dissolved reactive P concentration in surface runoff at time t (min, since 

the onset of surface runoff).  

Soil 
type 

Site 
no. α β r2 Soil 

type 
Site 
no. α β r2 

BC 

1 0.0352 0.2498 0.8871 *** 

CL 

3 0.1103 0.0447 0.9888 *** 
2 0.0854 0.1669 0.9959 *** 4 0.2234 0.1282 0.9954 *** 
3 0.0586 0.0725 0.9876 *** 7 0.0699 0.1146 0.9953 *** 
7 0.3558 0.2417 0.9923 *** 9 0.1436 0.1403 0.9979 *** 
8 0.0186 0.1339 0.9903 *** 10 0.0908 0.0658 0.9957 *** 
9 0.4586 0.2552 0.9969 *** 

LSL 

1 0.7632 0.3235 0.99 *** 
11 0.0147 0.1996 0.9681 *** 2 0.2536 0.2132 0.9919 *** 
12 0.0547 0.1739 0.9897 *** 3 0.1556 0.2207 0.9956 *** 
13 0.0077 0.1868 0.9436*** 4 0.0960 0.2671 0.9946 *** 

FSL 

1 0.8231 0.4474 0.912 *** 5 0.0405 0.2022 1.0000 *** 
3 0.2350 0.2181 0.9911 *** 6 0.3530 0.3697 0.9821 *** 
5 2.9361 0.7201 0.9931 *** 7 0.0837 0.1173 0.9890 *** 
6 0.8354 0.4177 0.9773 *** 8 0.0389 0.1032 0.9766 *** 
7 0.0591 0.1434 0.9924 *** 9 0.2013 0.2580 0.9937 *** 
8 0.9167 0.3024 0.9896 *** 10 0.0770 0.1516 0.9938 *** 
9 0.1166 0.1457 0.9843 *** 

PCL 

2 0.0518 0.1746 0.9846 *** 
10 0.3007 0.3333 0.9941 *** 3 0.0353 0.1485 0.9927 *** 
11 0.6448 0.3919 0.9983 *** 4 0.0329 0.1005 0.9935 *** 

GL 

1 0.0548 0.2379 0.9858 *** 5 0.0499 0.0201 0.9710 *** 
2 0.0520 0.1442 0.9773 *** 6 0.0526 0.1211 0.9915 *** 
3 0.0396 0.1069 0.9907 *** 7 0.1647 0.1452 0.9974 *** 
4 0.0603 0.2271 0.9779 *** 8 0.0516 0.0890 0.9876 *** 
5 0.0675 0.1377 0.985 *** 9 0.0688 0.1350 0.9982 *** 
6 0.0507 0.1706 0.9691 *** 10 0.0284 0.0786 1.0000 *** 
7 0.0504 0.1038 0.9887 ***       
8 0.0532 0.2625 0.9774 ***       
10 0.0460 0.1526 0.9826 ***           

 
No quantitative relationships were observed to describe the temporal changes of runoff DRP 

concentration during the rainfall event for nine of the soil samples with soil Olsen P typically < 

10 mg P kg-1. BC: Brookston Clay; CL: Conestogo Loam; FSL: Fox Sandy Loam; GL: Grenville 

Loam; LSL: Listowel Silt Loam; PCL: Perth Clay Loam. *** Significant at p < 0.001, n = 24 for 

all soils except FSL-5 (n =18) and GL-5 (n = 18).
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Table 3.2. Correlation coefficients (r, n = 51) between selected soil properties and the constant β in the equation of DRP = αt-β, where 

DRP represented instantaneous dissolved reactive P concentration in surface runoff at time t (min, since the onset of surface runoff), 

and the constants α and β representing the initial potential of soil P release at the onset of surface runoff and DRP decrease rate with 

time during the rainfall event, respectively. 

 Sand Clay Silt Organic 
carbon pH Mehlich-3 P Olsen P WEP† PSI ‡ DPSOl-b§ DPSM3-2 ¶ DPSM3-3 ƪ  

β 0.600 
*** 

-0.385 
** 

-0.547 
** 

-0.318 
* 

-0.378 
** 

0.727 
*** 

0.599 
*** 

0.746 
*** 

-0.488        
*** 

0.730 
*** 

0.787    
*** 

0.794    
*** 

† Soil water extractable P; ‡ Phosphorus sorption index; § Olsen-P/(Olsen-P+PSI); ¶ Mehlich-3 P/(Mehlich-3 Al + Mehlcih-3 Fe); ƪ 

Mehlich-3 P/Mehlich-3 Al. *, **, and *** significant at p < 0.05, p < 0.01, and p < 0.001, respectively.   
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Fig. 3.1. Instantaneous runoff DRP concentration with time for selected soils: GL-8, FSL-10, 

BC-7, and LSL-1 to represent the general temporal pattern of runoff DRP  concentration from 

soils with a wide range of soil test P levels during the rainfall event. Data presented are  the 

means of four replications (± standard deviation). ***: significant at p < 0.001.  
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Fig. 3.2. Effects of (A) soil WEP (water extractable P), (B) DPSM3-2 (a ratio of Mehlich-3 P to 

the sum of Mehlich-3 Al and Fe), (C) DPSM3-3 (a ratio of Mehlich-3 P to Mehlich-3 Al), (D) 

Olsen P, (E) DPSOl-b (a ratio of Olsen P to the sum of soil P sorption index (PSI) and Olsen P), 

and Mehlich-3 P (F) on the constant α value. ***: significant at p < 0.001, n = 51.  
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Fig. 3.3. Relationship between soil pH and soil P sorption index (n = 60). 
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Fig. 3.4. Relationship between predicted runoff concentration based on DRP = αt-β  (α and β were 

calculated from DPSM3-3, at t = 5, 10, 15, 20, 25, and 30 min, respectively) and the observed 

values. ***: significant at p < 0.001, n = 360 soils and each measured runoff DRP concentration 

is a mean of four replicates. 
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CONNECTING PARAGRAPH 

 
 

In the last two chapters, various STPs and DPSs were evaluated in terms of their 

suitability as indicators of runoff DRP cocentration. Concentrations of runoff DRP increased 

with increases in levels of STP and various DPS estimations in linear or curvilinear manners 

across the six studied soil series. Amongst the selected STPs and DPSs, soil WEP, DPSM3-2 and 

DPSM3-3 showed great promise for predicting runoff DRP loss across these soils. Since 

subsurface flow also represents a potential pathway for P loss, the following chapter describes 

the suitability of various STPs and DPSs as indicators of DRP concentration in subsurface water.  
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CHAPTER FOUR 

Estimating Dissolved Reactive Phosphorus Concentrations in Subsurface Flow from 

Ontario Soils 

4.1 Abstract 

Phosphorus (P) movement in subsurface flow from agricultural soils can be a significant 

pathway contributing to eutrophication of surface waters. Our study aimed to evaluate a number 

of environmental and agronomic soil P tests as indicators of dissolved reactive P (DRP) 

concentrations in subsurface flow from Ontario soils. Undisturbed soil columns were collected 

from six major soil series, with ten sites of each to quantitatively cover a wide range of soil test P 

(STP) or degree of P saturation (DPS). Split-line models described the relationships (p < 0.001) 

between leachate DRP concentrations and levels of various STPs and DPSs. Above the change 

points, the increases of DRP concentration per unit increase of STP or DPS were 3 to 21 times 

greater than below. Amongst the tested STPs and DPSs, soil water extractable P (r2 = 0.87), 

DPSM3-2 (Mehlich-3 P/(Mehlich-3 Al+Fe), r2 = 0.87), and DPSM3-3 (Mehlich-3 P/Mehlich-3 Al, 

r2 = 0.86) had the strongest overall relationship with subsurface DRP concentration across all six 

soil series. Given its analytical simplicity, DPSM3-3 can be used as an indicator of DRP loss in 

subsurface flow from Ontario soils with the potential for being adopted for multiple purposes 

providing suitable agronomic estimation of soil P availability. A good agreement was observed 

between the relationships of leachate DRP concentration and 0.01 M CaCl2 P concentration with 

STP and DPS, suggesting that soil 0.01 M CaCl2 P could be used as a surrogate of leachate DRP 

for identifying risk potential of soil P loss via subsurface water. 

 



 

82 
 

4.2 Introduction 

Although overland flow is often considered the major pathway of soil P loss (Lehmann et 

al., 2005; Pote et al., 1999b), subsurface flow may also represent a significant pathway for P loss. 

Long-term, continuous application of chemical fertilizer and manure to soils has created 

situations whereby increased losses of P in subsurface flow has been documented, particularly in 

organic soils, coarse-textured soils, and cracking clay soils with significant subsurface and/or 

preferential flow pathways (Lehmann et al., 2005; van Es et al., 2004; Maguire and Sims, 2002a; 

Miller, 1979). In southwestern Ontario, on relatively level (< 1% slope), tile drained clay soils, 

subsurface drainage water contributed to more than 50% of the total P loss (Culley et al., 1983; 

Zhang et al. 2002).  Localized areas of livestock production in Ontario could promote increases 

in soil P levels through higher manure application rates (OMAFRA, 2002a) which could further 

promote soil P loss through subsurface flow. It is estimated that 1.65 million ha, or 63%, of 

cropland excluding pasture has been tile drained in Ontario (S.V. Ven, personal communication), 

and that an additional 1.5 million ha could benefit from tile drainage within the next 30 years 

(Fraser and Fleming, 2001). In order to mitigate non-point source P losses, knowledge gap would 

have to be bridged in terms of the relationships between soil P status and subsurface P loss from 

Ontario soils. 

Soil P tests developed for agronomic purposes (e.g., Mehlich-3 P, Olsen P, and Bray-1 P) 

and environmental purposes (e.g., water extractable P, 0.01 M CaCl2 extractable P, and Fe-oxide 

coated filter paper strip extractable P) as well as various estimations of degree of soil P saturation 

(DPS) have all been used to estimate leachate dissolved reactive P (DRP) concentration, a form 

of P which is immediately available for uptake by the aquatic biota (Breeuwsma and Silva, 1992; 

Sharpley, 1993; Maguire and Sims, 2002a; McDowell et al., 2002a). Concentrations of DRP in 
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subsurface water are often related to STP or DPS in a nonlinear manner, which may result from 

the close contact of subsurface water with soil components (Koopmans et al., 2002). In most 

cases, such nonlinear relationships can be adequately described by a split-line linear model, 

identifying a change point between leachate DRP concentration and STP or DPS. For instance, 

applying P-containing materials to soils with native Olsen P up to 62 mg P kg-1 had negligible 

effect on DRP loss in subsurface water although there was a sharp increase in leachate DRP 

concentration from the soils with native Olsen P of 92-134 mg P kg-1 (Siddique et al., 2000). The 

change point value can aid in the establishment of the maximum acceptable P concentration or 

DPS for a particular soil, above which significant P losses in subsurface flow can occur and 

appropriate beneficial management practices must be adopted to reduce P losses (Fortune et al., 

2005; Heckrath et al., 1995; Maguire and Sims, 2002a).  

Selection of an environmental soil P test for predicting subsurface DRP losses for a 

particular region reflects consideration of soil properties, regional preference, and operational 

efficiency. A molar ratio of STP to the sum of Al and Fe extracted by acid ammonium oxalate is a 

well established DPS estimation in acidic soils and has been used in the Netherlands to conduct 

risk assessment of soil P loss in drainage water (Breeuwsma and Silva, 1992). However, this 

DPS estimation is considered unsuitable for neutral and calcareous soils (Casson et al., 2006; Ige 

et al., 2005). Even for acidic soils, the acid ammonium oxalate extraction is also unlikely to be 

used widely due to its technical difficulty (i.e., longer shaking time, different reagents, and dark 

environment required during extraction) (Sims et al., 2002; Nair et al., 2004; Maguire and Sims, 

2002b). In comparison, Mehlich-3 P has been widely used as an agronomic soil P test in the Mid-

Atlantic, USA, and Quebec, Canada. Not surprisingly, soil DPSM3-2 (Mehlich-3 P/(Mehlich-3 Al 

+ Fe)) and DPSM3-3 (Mehlich-3 P/Mehlich-3 Al) have been recommended to identify potential 
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risk of soil P loss in these regions due  to the availability of soil test P data as well as the high 

accuracy for predicting subsurface DRP loss (Maguire and Sims, 2002b; Khiari et al., 2000). The 

Olsen P soil test, an agronomic soil P test for neutral and calcareous soils,  and its derivative DPS 

estimation (i.e., DPSOl-b) also have promising potential as an indicator of soil P losses through 

subsurface flow in some areas (Hesketh and Brookes, 2000; Fortune et al., 2005; Allen et al., 

2006; Zhou and Li, 2001). Although the Olsen P test has been recommended and widely used as 

an agronomic soil P test in Ontario, the suitability of Olsen P as an indicator of leachate DRP 

concentration for Ontario soils is not known.   

Generally, determination of relationships between STP or DPS and DRP concentration in 

subsurface flow for a particular region relies on a variety of field and lab experiments (e.g., 

drainage water monitoring and intact soil columns). However, applications of such experimental 

techniques are time-consuming and labour intensive. To provide a cost-saving way to identify 

soil P loss in subsurface water, 0.01 M CaCl2 extractable P has been suggested as a surrogate of 

leachate DRP concentration for determining change points in STP or DPS (McDowell and 

Sharpley, 2001a, Fortune et al., 2005; Hesketh and Brookes, 2000). This argument has been 

supported by the observations that the relationship between soil 0.01 M CaCl2 P and either Olsen 

P or Mehlich-3 P yields an almost identical change point with that between leachate DRP 

concentration and the corresponding STP. However, two questions still remain to be answered 

before soil 0.01 M CaCl2 P concentration can be used as a surrogate of leachate DRP 

concentration to identify an appropriate STP or DPS as an indicator of DRP concentration in 

subsurface water. The first question is whether the change point observed between STP (e.g., 

Olsen P or Mehlich-3 P) level or DPS and 0.01 M CaCl2 P concentration is similar to the change 

point observed between STP or DPS and leachate DRP concentration. The other question is 



 

85 
 

whether the strength of the relationships between STPs or DPSs and soil 0.01 M CaCl2 P 

concentration reflects the relative suitability of various STPs or DPSs for predicting leachate 

DRP concentration.   

The objectives of this study were: 1) to evaluate a number of environmental and 

agronomic soil P tests (including Olsen-P, Ontario’s agronomic STP) and soil DPS estimations as 

potential indicators of DRP concentrations in subsurface flow from the dominant soil series 

found in the major livestock production areas of Ontario; and 2) to estimate the suitability of 

0.01 M CaCl2 extractable P as a surrogate of leachate DRP for identifying an appropriate STP or 

DPS as an indicator of leachate DRP concentration as well as for detecting the corresponding 

change point.  

4.3 Materials and Methods 

4.3.1 Soil selection and sample collection 

Six soil series, including the Brookston clay (mixed, mesic Typic Argiaquoll or Orthic 

Humic Gleysol), Perth clay loam (Aquic Hapludalfs or Gleyed Gray Brown Luvisol), Conestogo 

loam (Typic Eutrochrepts or Gleyed Grey Brown Luvisol), Grenville loam (Typic Eutrochrepts),  

Listowel silt loam (Typic Hapludalf), and Fox sandy loam (Typic Hapludalf or Brunisolic Gray 

Brown Luvisol) soils, were selected as representative soils in the livestock production areas of 

Ontario. For each soil series, existing soil test data (collected from farmers, researchers, and 

extension professionals) were used to select sites covering a wide range of soil test P levels. A 

total of 10 sites were chosen for each soil series. For each site, four undisturbed soil columns 

(15-cm i.d., 20-cm depth) were sampled by driving PVC pipes into the ground before fertilizer, 

manure, or any other amendment application and planting in the spring of 2007.  Great care was 

taken during insertion of the PVC pipes to a soil depth of 20 cm to minimize any possible soil 
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compaction in the columns. At the time of column collection, a composite soil sample of 0-20 cm 

was obtained directly adjacent to soil columns. Each soil sample was well mixed and ground to 

pass a 2-mm sieve for the determinations of soil WEP, 0.01 M CaCl2 extractable P, Olsen P, FeO-

P, Bray-1 P, Mehlich-3 P, Fe, Al, and Ca, and P sorption index (PSI). Composite samples were 

taken from the large field site on which undisturbed soil cores were extracted to determine basic 

soil properties, including pH, particle size distribution, and organic carbon content.  

4.3.2 Determination of soil physical and chemical properties 

Soil pH was measured using the electrode approach after shaking 10 g soil in 10 mL 

distilled water (Thomas, 1996). Soil organic carbon was determined using a dry combustion 

method with a Leco CN2000 (Leco Corporation, St. Joseph, Michigan) analyzer (Nelson and 

Sommers, 1996). Particle size distribution was determined using a hydrometer method (Kroetsch 

and Wang, 2008). Soil test P measures and related chemical properties determined included: (i) 

Olsen P (Sims, 2000d); (ii) saturated iron-oxide strip extractable P (FeO-P) (Chardon, 2000); (iii) 

water extractable P (WEP) (Self-Davis et al., 2000); (iv) 0.01 M CaCl2 extractable P (Self-Davis 

et al., 2000); (v) Bray-1 P (Sims, 2000a); and (vi) Mehlich-3 P, Al, Fe, and Ca (Sims, 2000b). 

A soil P sorption index (PSI) (Sims, 2000c) was used as a simple estimation of soil P 

sorption capacity (Bache and Williams, 1971). Approximately 1.0 g dry soil sample was weighed 

into a 50-mL centrifuge tube, and 20 mL of solution containing 75 mg P L-1 in distilled water 

was added. The suspension was shaken for 18 h at room temperature using an end to end shaker.  

The samples were then centrifuged for 30 min and the supernatant filtered through a 0.45-μm 

filter. The PSI was then calculated using equation [4.1], 

PSI (L kg-1) = X/log C                                         [4.1] 

where X= P sorbed from the equilibrating solution (mg P kg-1) (i.e., (75 mg P L-1 – C) × 0.020 L / 
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0.001 kg); and C = P concentration at equilibrium (mg L-1).  

The various DPS values were calculated as described in Chapter 2:  

DPSM3-1b (%) = Mehlich-3 P/(Mehlich-3 P + PSI) ×100               [4.2] 

DPSM3-2 (%) = Mehlich-3 P/(Mehlich-3 Al + Fe) × 100, on a molar basis               [4.3]  

DPSM3-3 (%) = Mehlich-3 P/ Mehlich-3 Al × 100,   on a molar basis                          [4.4] 

DPSM3-4 (%) = Mehlich-3 P / Mehlich-3 Ca × 100, on a molar basis                         [4.5] 

DPSOl-b (%) = Olsen P / (Olsen P + PSI) × 100                 [4.6] 

DPSBray-b (%) = Bray-1 P / (Bray-1 P + PSI) × 100                 [4.7] 

DPSFeO-b (%) = FeO-P / (FeO-P + PSI) × 100      [4.8] 

All determinations for P were conducted using a Flow Injection Auto-Analyzer 

(QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO) with the ammonium 

molybdate ascorbic acid reduction method of Murphy and Riley (1962). Concentrations of Fe, Al, 

and Ca were determined using an Atomic Absorption Spectrometer (PerkinElmer, CT, USA).  

4.3.3 Subsurface experiment 

The intact soil columns were carefully levelled on both the top and bottom to ensure the 

same soil height.  For leachate collection, a PVC end-cap (with a drainage hole and tube) was 

partially filled with acid-wash sand and fitted to the bottom end of the soil column so that no air 

space existed between the bottom of the soil core and the sand. A nylon membrane was placed at 

the bottom of the end-cap to prevent loss of sand through the drainage outlet. The surface 5 cm 

of soil column was disturbed to avoid soil surface sealing, worm holes, and voids between 

structural units in surface soils.  Prior to the leaching event soil columns were wetted by 

establishing a 15 cm water table at the bottom of the soil columns with tap water (0.005 mg P L-

1), and then left to drain to the water holding capacity for 2 days. Each column was then leached 
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with an equivalent of 5-mm rainfall using double distilled water. Leachate was collected during 

the following 24-h period. A second leaching event was conducted in the same manner as the 

first after an additional 24-h of drainage. To minimize water loss through evaporation the soil 

columns were covered with Parafilm® in which 4 holes were drilled. A 15-ml aliquot of each 

leachate sample was filtered through a 0.45-μm filter within 12 h of collection. The filtered water 

samples were analyzed for DRP using a Flow Injection Auto-Analyzer (QuikChem FIA + 8000 

series, Lachat Instruments, Loveland, CO) with the ammonium molybdate ascorbic acid 

reduction method of Murphy and Riley (1962).  

4.3.4 Data analysis 

Although the two leaching events gave almost identical DRP concentrations in subsurface 

water (DRP-2 = 1.0613 × DRP-1, r2 = 0.91, where DRP-1 and DRP-2 are the DRP 

concentrations in subsurface flow water collected in the first and second event, respectively), the 

second event resulted in greater uniformity of leachate volume (data not shown). Therefore, only 

the results from the second leaching event are included in this chapter.  

Leachate DRP concentrations from the Totten Manure Plot-47 (Brookston clay soil series) 

of Whelan Research Farm located at Essex county were up to 1.0 mg P L-1 in both of the 

leaching events, far greater than expected based on soil test P alone (approximately 30 mg Olsen 

P kg-1 soil). The higher DRP concentration might have resulted from preferential flow that was 

caused by cracks, earthworm holes, and root channels. Where preferential flow dominates, it can 

lead to greater P losses by leaching than would be expected based solely on soil test P levels 

(Djodjic et al., 2004; Akhtar et al., 2003; Heathwaite and Dils, 2000; Simard et al., 2000). In 

addition, soils contaminated by P-containing materials may also result in greater leachate DRP 

losses. In order to better reflect the relationship between leachate DRP concentration and soil 
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STP or DPS, data were ignored from the Totten Manure Plot-47 in this chapter.  

All statistical analyses were performed using the SAS program (SAS Institute Inc. 2002). 

Linear regression analyses were performed using the PROC. REG of SAS. Determination of the 

change point between leachate DRP concentration and STPs or DPSs was conducted using a 

split-line linear modelling approach of PROC. NLIN, as described by Sharpley et al. (2004). 

Multiple regressions were run using the STEPWISE procedure to predict DRP concentrations in 

subsurface water using STP, squared STP, pH, soil particle size distributions, and total organic 

carbon concentration as independent variables. The variance inflation factor (VIF) was used to 

detect multi-collinearity among the variables before performing the multiple regression analysis.  

In the multiple equations presented, all variables contributed significantly at the 0.01 probability 

level. 

4.4 Results and Discussion 

4.4.1 Soil characteristics 

The selected soils had a wide range of chemical and physical properties (Table 4.1). 

Particle size distributions of these soils had sand contents ranging from 288 to 889 g kg-1, silt 

contents ranging from 60 to 533 g kg-1, and clay contents ranging from 45 to 382 g kg-1. Organic 

carbon ranged from 10 to 66 mg kg-1. The levels of Olsen P varied ranging from 3.5 to 164.5 mg 

P kg-1 soil. In Ontario, fertilizer P is not recommended for grain corn when Olsen P is above 30 

mg P kg-1 (OMAFRA, 2002b). The selected soils, thus, represent a suitable STP range to 

determine an environmental soil P test method.  

The soil pH ranged from 4.2 to 7.6, with most of the soils in the neutral or slightly acid 

range. In particular,  the mean values of soil pH for both Brookston clay and Fox sandy loam 

were as low as 5.9, which may partly account for low amounts of Mehlich-3 Ca and high 
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amounts of Mehlich-3 Al and Fe present in these two soils compared with the other soils. 

Generally, soils with higher pH would normally contain greater amounts of extractable Ca, as 

well as decreases in both extractable Al and Fe (Brady and Weil, 2007). The Perth clay loam was 

an exception in the studied soils as it contained relatively large amounts of Mehlich-3 Al, 

although the pH values were in the range of 6.4-7.5.  

A great variation in soil PSI was found, which presumably resulted from the observed 

variations in the controlling soil properties (e.g., soil pH, clay content, Mehlich-3 extractable Al, 

Fe, and Ca, and total organic carbon) (Leytem and Westermann, 2003; Zhang et al., 2005). 

Although there was considerable variability in the data with relatively low correlation 

coefficients (i.e., r2 values < 0.31, data not shown), the soil PSI was negatively correlated to soil 

test P level (Fig. 4.1).  This observation is consistent with that reported by Westermann et al. 

(2001). Bache and Williams (1971) and Fortune et al. (2005) suggested that the sum of PSI and 

STP was a better estimation of soil P sorption capacity (PSC) identified by a P sorption isotherm 

than PSI alone.  Wang et al. (2010) also found that the ratio of STP/(STP + PSI) was more 

accurate for predicting DRP concentration in surface runoff than the ratio of STP/PSI.  Therefore, 

the sum of soil PSI and STP was used as the estimation of soil PSC for calculating soil DPS in 

this study. 

4.4.2 Leachate DRP and various soil test P 

The current results support previous reports (e.g., Koopmans et al., 2002) that P 

concentrations in subsurface flow are often related to STP concentration in a nonlinear manner. 

As indicated in Fig. 4.2, the split-line linear models best described the relationships between the 

concentrations of DRP in subsurface water and soil WEP (r2 = 0.87), FeO-P (r2 = 0.83), Mehlich-

3 P (r2 = 0.77), Bray-1 P (r2 = 0.71), and Olsen P (r2 = 0.64). In contrast, however, 0.01 M CaCl2 
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P was related to leachate DRP concentration in a linear manner with an r2 value of 0.83. Previous 

studies assessing the suitability of either Mehlich-3 P or Olsen P concentration as an indicator of 

DRP in leachate have shown that 0.01 M CaCl2 P concentration can be used as a surrogate of 

DRP concentration in leachate (McDowell and Sharpley, 2001a; Hesketh and Brookes, 2000). 

Based on the r2 values, environmental soil tests, including WEP, 0.01 M CaCl2 P, and FeO-P, 

were superior to agronomic soil P tests (Mehlich-3 P, Olsen P, and Bray-1 P) for predicting 

leachate DRP concentration. This was also confirmed in the study conducted by Maguire and 

Sims (2002a).  

The change points of soil test value against leachate DRP concentration were 36.9 mg P 

kg-1 for Olsen P, 9.6 mg P kg-1 for WEP, 53.9 mg P kg-1 for FeO-P, 101.9 mg P kg-1 for Mehlich-3 

P, and 38.1 mg P kg-1 for Bray-1 P. The leachate DRP concentration at the change points of Olsen 

P, WEP, FeO-P, Mehlich-3 P, and Bray-1 P were 0.09, 0.25, 0.13, 0.10, 0.05 mg P L-1, 

respectively. The USEPA (1986) suggested an upper limit of 0.1 mg total P L-1 for protecting 

water quality of streams.  Based on the value of the change point for soil Olsen P, there is some 

agreement with Ontario’s current agricultural nutrient management guidelines which suggest a 

Phosphorus Index should be determined, if Olsen P concentration for a particular farm field is 

above 30 mg P kg-1 soil. However, Olsen P was less accurate as an indicator of leachate DRP 

concentration (lower r2) than other soil P tests evaluated in our study.   

Great variations have been found in the change point values of STP versus leachate P loss, 

indicating that values of change points are site-specific. Some researchers reported that change 

points of soil Olsen P against P loss in leachate were at 40 mg P kg-1 (Fortune et al., 2005), 57 mg 

P kg-1 (Heckrath et al., 1995), 70 mg P kg-1 (Smith et al., 1998), and 120 mg P kg-1 (McDowell et 

al., 2002b), while those of soil Mehlich-3 P versus leachate P loss were at 181 mg P kg-1 
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(Maguire and Sims, 2002a), 280 mg P kg-1 (McDowell et al., 2002a), and 205 mg P kg-1 

(McDowell and Sharpley, 2001b). Obviously, it would be useful if values of change points can 

be predicted by analyzing some controlling soil properties. Unfortunately, few reports are 

available dealing with the effects of soil physical and chemical properties on the values of 

change points. McDowell et al. (2002b) suggested that soil pH, texture, and organic carbon 

content may partially contribute to the site-specific nature of change points of 0.01 M CaCl2 P 

versus Olsen P. Fortune et al. (2005) observed that values of the change point of 0.01 M CaCl2 P 

versus soil Olsen P can be predicted by soil dithionate extractable Al and soil organic C.  

As shown in the Fig. 4.2 A, four soil columns with the highest Olsen P concentration, 

between 146 and 164 mg P kg-1 soil, yielded lower DRP concentrations in leachate than expected 

based on soil Olsen P concentration. The discrepancy might partially result from the strong 

acidity (approximately pH 4.2) of these soils, which may have reduced soil P solubility in 

downward leaching water. McDowell et al. (2002b) observed that the change point was at 

approximately 120 mg Olsen P kg-1, below which soil 0.01 M CaCl2 P concentration was very 

low (typically < 1 mg P L-1) in soils with a pH < 5.8. For soils with pH > 5.8, however, the 0.01 

M CaCl2 P indicated a breakpoint at a lower Olsen P value (56 P kg-1) and > 3 mg P L-1 0.01 M 

CaCl2 P   for a soil with 120 mg Olsen P kg-1. For very acidic soils (i.e., pH < 5.8), low soil 0.01 

M CaCl2 P concentration  probably reflects  that soil P present as  P-Al and P-Fe complexes 

formed in very acidic soils cannot be effectively extracted by 0.01 M CaCl2 solution, but can be 

extracted by Olsen’s sodium bicarbonate reagent (McDowell et al. 2002b). In fact, these four soil 

columns also produced less DRP concentration in subsurface water than expected, based on soil 

Mehlich-3 P, WEP, Bray-1 P, and FeO-P, respectively.  

In order to classify the effects of soil pH on the overall relationships between leachate 
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DRP concentration and various STPs, multiple regression analyses of leachate DRP 

concentrations against STP, squared STP, soil pH, sand, silt, clay and organic carbon were 

performed (Table 4.2).  It was found that soil pH was the only soil property which made 

significant contribution to all the equations relating leachate DRP concentration with Olsen P, 

Mehlich-3 P, WEP, Bray-1 P, and FeO-P concentrations while contents of various particle sizes 

and organic carbon contributed only to some of these equations to a limited extent. Similar 

results were also reported by Wang et al. (2010) and Bates (1990).  They both found that high-pH 

soils led to higher DRP concentration in surface runoff and plant P uptake under Ontario soil 

conditions, given identical STP content. Ron Vaz et al. (1993) observed that concentrations of 

DRP in soil solution increased with increasing soil pH. Fortune et al. (2005) also found that soil 

solution P concentrations were significantly lower between pH 6.9-7.2 than between pH 7.7-8.1. 

Meanwhile, some researchers have made some efforts to explain the occurrence of low soil 

soluble P in acidic soils. For example, McDowell et al. (2002b) argued that strong acidity of soils 

would lead to the creation of P sorptive surfaces on aluminum precipitates, compared with less 

acidic soils (pH > 5.8) where there was less exchangeable Al to be precipitated. With increasing 

pH, an increase in soil soluble P may be related to a decrease in the P-binding capacity of Fe and 

Al compounds present in soils due to ligand exchange reactions in which hydroxide ions replace 

orthophosphate ions (Christophoridis and Fytianos, 2006).  

4.4.3 Leachate DRP and various DPS estimations 

As shown in Fig. 4.3, both DPSM3-2 and DPSM3-3 were linearly related to DRP 

concentration in leachate in split-line models, with approximately 87% of the variation in 

leachate DRP explained. The change points of DPSM3-2 and DPSM3-3 were found at 0.29 and 

0.35, respectively. Above the change points, the rate of increase in leachate DRP concentration 
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per unit increase in soil DPS increased by 3.2 and 2.9 times, respectively, for both DPSM3-2 and 

DPSM3-3, compared with those below the change points.  For acidic and light-textured soils, 

Khiari et al. (2000) and Maguire and Sims (2002b) found that soil DPSM3-2 and -3 provided 

reliable and unifying criterions for identifying soils which  had a high risk of soil P loss to 

surface water. In the current study, DPSM3-2 and -3 had the closest relationships with leachate 

DRP concentrations amongst all the calculated DPSs, regardless of great variation in soil pH, 

ranging from 4.2 to 7.6 and in soil texture ranging from sandy to clay.  Therefore, it seemed that 

both soil DPSs estimated from the soil Mehlich-3 testing procedure are promising indicators of 

leachate DRP losses from a wide range of Ontario soils. In mineral soils, an excellent linear 

relationship has been found between DPSM3-2 and DPSM3-3, which may explain why both 

DPSM3-2 and DPSM3-3 can give the similar prediction with leachate DRP concentration (Maguire 

and Sims, 2002b; Khiari et al., 2000; Wang et al., 2010).  

DPSM3-4 has been suggested as a better estimator of soil DPS than either DPSM3-2 or 

DPSM3-3 in calcareous soils (Kleinman and Sharpley, 2002; Ige et al., 2005). However, this study 

has shown that DPSM3-4 was less accurate as an indicator of leachate DRP concentration than 

either DPSM3-2 or DPSM3-3, although it was significantly related to leachate DRP concentration 

(Fig. 4.3). The differences in pH may explain the variation in results with respect to the accuracy 

of DPSM3-4 as an indicator of leachate DRP concentration. In our study, soil pH ranged between 

4.2 and 7.6, with an average of 6.8. In comparison, soil pH was in the range of 7.3-8.4 in the 

study conducted by Kleinman and Sharpley (2002) and in the range of 5.3-8.1, with an average 

of 7.2, in the study conducted by Ige et al. (2005).    

The other soil DPSs included DPSOl-b, DPSM3-1b, DPSBray-b, and DPSFeO-b, were each 

determined as a ratio of STP/(STP + PSI).  All of these DPSs were related to leachate DRP 
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concentration in a split-line model which explained 77-80% of the overall variation in leachate 

DRP concentration (Fig. 4.4). Above the change points (0.57, 0.82, 0.81, and 0.50 for DPSOl-b, 

DPSM3-1b, DPSBray-b, and DPSFeO-b, respectively), leachate DRP concentration increased by 4 to 

21 times for each unit increase in DPS compared with those below the change points. In 

comparison with the Olsen P alone, DPSOl-b improved r2 value from 0.64 to 0.80 in terms of 

prediction of DRP concentration in leachate.  However, DPSM3-1b, DPSBray-b, and DPSFeO-b 

slightly improved or decreased the r2 value, compared with their corresponding soil test P alone. 

Integrating Olsen P with soil PSI would have a strong theoretical base for calculating DPS in a 

relatively simple way in calcareous soils (Allen et al., 2006; Zhou and Li, 2001). However, 

DPSOl-b appeared less accurate than either DPSM3-2 (r2=0.87) or DPSM3-3 (r2=0.86) in 

prediction of leachate DRP in the current study.  

Leachate DRP concentrations at the change points for DPSM3-2, DPSM3-3, DPSOl-b, 

DPSM3-1b, DPSBray-b, and DPSFeO-b ranged from 0.33 to 0.40 mg P L-1, which were above the 

0.1 mg P L-1 guidelines established by the USEPA for streams (USEPA, 1986). Moreover, the 

leachate DRP concentration at the change points of DPSM3-2, DPSM3-3, DPSOl-b, DPSM3-1b, 

DPSBray-b, and DPSFeO-b corresponded to almost the same DPSM3-2 value of approximately 0.29, 

which indicates that the determinations of the change points of various DPS estimations versus 

leachate DRP concentrations were independent of the methods of calculating DPSs.   

4.4.4 Relationships between soil 0.01 M CaCl2

As with the relationships of leachate DRP concentration with STP or DPS, those between 

soil 0.01 M CaCl2 P and STP or DPS were also best fitted to split-line linear models with r2 

values of 0.76-0.95 (Table 4.3). Amongst the selected STPs and DPSs, WEP, DPSM3-2, DPSM3-3, 

FeO-P, and DPSOl-b had stronger correlation with either 0.01 M CaCl2 P or leachate DRP 

 P and STP or DPS 
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concentration than the others, whereas Olsen P, Bray-1 P, and DPSBray-b had weaker relationships 

with either 0.01 M CaCl2 P or leachate DRP concentration. It seemed that, to some degree, the 

relationships between 0.01 M CaCl2 P and STP or DPS can be used to evaluate the relative 

suitability of various STPs and DPSs in terms of predicting leachate DRP concentration.  

With the exception of soil Bray-1 P, the change points of 0.01 M CaCl2 P versus Olsen P, 

Mehlich-3 P, WEP, and FeO-P were linearly related to those of leachate DRP versus these STPs 

with the r2 value of 0.9999 (Fig. 4.5). In the case of either Olsen P or Mehlich-3 P, the current 

study supports the fact that both soil 0.01 M CaCl2 P and subsurface DRP concentration have the 

similar change points for each STP (McDowell and Sharpley, 2001a, Fortune et al., 2005; 

Hesketh and Brookes, 2000). Similarly, except for DPSBray-b, a linear relationship was also found 

between the change points of leachate DRP and 0.01 M CaCl2 P obtained from the calculated 

DPSs (Fig. 4.6). However, the values of the change points of leachate DRP versus DPSs were 

greater than those of 0.01 M CaCl2 P versus DPSs. In effort to explain the difference in the 

change points between Bray-1 P or DPSBray-b and the other selected P measures, it should be 

pointed out that the Bray-1 soil P extractant performed unsatisfactorily for identifying soil P 

status in calcareous soils (Kuo, 1996), while most Ontario soils are neutral and calcareous.  

As discussed above, the overall relationship of 0.01 M CaCl2 P with each of the soil P 

measure (except for Bray-1 P and DPSBray-b) resembled that of leahchate DRP in the current 

study. However, greater variation in soil 0.01 M CaCl2 P concentration could be explained by 

STP or DPS than that in leachate DRP concentration, as represented by the r2 values in Table 4.3 

and Fig. 4.2, 4.3, and 4.4. The differences in the r2 values may reflect that DRP concentrations 

were influenced more by experimental environments and operations, such as initial soil moisture, 

preferential flow, and rainfall intensity, in the leaching experiments than in the extraction of soil 
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P with 0.01 M CaCl2. During soil P extraction in the laboratory, effects of experimental 

environments and operations were controlled to a maximum extent on P measurements by  

drying soil, sieving soil through a 2-mm sieve and using a relatively simple and standardized P 

extraction procedure. It clearly appeared that soil 0.01 M CaCl2 extractable P can be used as a 

surrogate of leachate DRP concentration to identify an appropriate STP or DPS and the 

corresponding change point for predicting leachate DRP concentration.   

4.5 Conclusion 

The measurements of STP or DPS could be used accurately to estimate DRP 

concentration in subsurface water for a wide range of predominant agricultural soils in the major 

livestock production areas of Ontario. Split-line models adequately described the relationships 

between the concentration of DRP in subsurface water and STP or DPS in the order of WEP (r2 = 

0.87), DPSM3-2 (r2 = 0.87), DPSM3-3 (r2 = 0.86), FeO-P (r2 = 0.83), DPSOl-b (r2 = 0.80), DPSFeO 

(r2 = 0.79), DPSM3-1b (r2 = 0.79), DPSBray-b (r2 = 0.77), Mehlich-3 P (r2 = 0.77), Bray-1 P (r2 = 

0.71), and Olsen-P (r2 = 0.64). Above the change points, the rate of DRP concentration increase 

in leachate per unit increase of STP or DPS was remarkably greater than below these change 

points. As the soil P test for agronomic calibrations in Ontario, Olsen P was significantly related 

with leachate DRP concentrations, but with less effectiveness than most of other soil P measures 

determined. DPSM3-3 is recommended as an indicator of DRP loss in subsurface flow, because it 

is analytically simple and has potential for being adopted for multiple purposes of the same 

determination, including agronomic prediction of soil P availability.  

The relationships between various STP or DPS and 0.01 M CaCl2 P resembled those 

between these P measures and leachate DRP concentration. Thus, soil 0.01 M CaCl2 P extraction 

can provide a cost-saving method to identify an appropriate environmental soil P test and the 
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corresponding change point for  predicting the potential risk of DRP loss in subsurface water. 

The current study showed the relationships between DRP concentration in subsurface 

water and various STPs and DPSs in controlled laboratory experiments. Future study is needed 

to evaluate and further calibrate these relationships at field and watershed scales, and quantify 

the relative contribution of original soil P, applied P, tillage, vegetation, landscape, and soil 

hydrology to subsurface P loss. Such information would provide theoretical bases for 

comprehensively assessing potential of soil P loss in subsurface water and further identifying 

appropriate BMPs for mitigating P loss. 
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4.6 Tables and Figures 

Table 4.1. Selected properties of the soils used in the leaching experiments (partially adopted 

from Wang et al. 2010). 

Soil series   Sand    Clay    Silt     Carbon            pH Olsen P M3-P¶   M3-Al†   M3-Fe€   
M3-
Caƪ   PSI‡   

    g kg-1     mg kg-1     L kg-1 

Brookston 
Clay 

Mean 388 341 271 25.6 5.9 34.8 66.8 619 310 2377 137 

Max 531 382 304 34.2 7.0 112.9 262.7 721 415 3857 178 

Min 344 271 198 20.5 5.6 5.1 7.7 507 235 1468 80 

SD§ 64 35 34 4.7 0.4 30.8 71.4 60 58 612 28 

Conestogo 
Loam 

Mean 422 191 386 25.2 7.2 13.7 28.3 475 125 2811 189 

Max 466 214 426 37.8 7.6 44.1 84.5 572 163 3991 255 

Min 381 169 346 20.1 6.5 3.5 3.9 337 97 1820 109 

SD 29 15 32 5.4 0.3 10.2 24.2 58 19 575 46 

Fox 
Sandy 
Loam 

Mean 751 95 153 21.1 5.9 63.6 212.7 593 229 1477 94 

Max 889 160 231 50.0 7.1 164.5 407.7 876 364 3049 232 

Min 611 45 60 10.0 4.2 7.3 13.6 399 117 605 34 

SD 95 36 60 15.5 0.9 47.0 153.0 136 79 952 61 

Grenville 
Loam 

Mean 552 157 291 42.4 6.8 10.4 8.6 411 153 3502 258 

Max 683 186 363 66.3 7.6 19.1 18.3 549 215 5067 330 

Min 451 119 190 31.5 6.3 4.8 3.3 209 120 1532 188 

SD 70 25 52 11.0 0.4 4.4 5.3 86 27 1085 43 

Listowel 
Silt Loam 

Mean 426 159 415 35.1 7.0 30.0 46.9 534 159 2813 208 

Max 477 196 486 42.8 7.3 94.6 152.7 754 194 3931 251 

Min 339 140 357 29.0 6.8 5.7 7.0 316 121 2322 145 

SD 49 18 36 4.7 0.2 21.7 37.8 143 23 475 29 

Perth Clay 
Loam 

Mean 334 225 441 26.2 7.0 22.4 47.1 648 158 3498 188 

Max 423 317 533 30.9 7.5 80.7 140.2 790 281 6722 254 

Min 288 168 364 21.4 6.4 5.9 10.2 452 116 2404 156 

SD 41 46 55 3.3 0.4 19.2 33.1 80 40 1091 26 
¶ Soil Mehlich-3 P, † Mehlich-3 Al, € Mehlich-3 Fe, ƪ Mehlich -3 Ca, ‡ Phosphorus sorption index, § Standard 

deviation of 10 determinations. 



 

100 
 

Table 4.2. Multiple regression equations for predicting dissolved reactive P concentration (DRP, mg L-1) in subsurface water using 

each of the five STPs (mg kg-1), including soil water extractable P (WEP), Mehlich-3 P, Olsen P,  Fe-oxide coated filter paper strip P 

(FeO-P), and Bray-1 P, the corresponding squared STP, soil particle size distributions (g kg-1), pH, and total organic carbon (C, g kg-1) .  

Regression equations R2 
DRP = 0.00243 × (WEP)2 + 0.0101 × WEP + 0.0387 × pH - 0.2440 0.89 *** 
DRP =4.97 × 10-6 × (Mehlich-3 P)2 + 6.82 × 10-4 × Mehlich-3 P + 3.56 × 10-4 × clay + 0.0852 × pH - 0.633 0.82 *** 
DRP = 0.00565 × Olsen P + 0.0650 × pH + 3.43 × 10-4 × sand - 0.00242 × carbon - 0.571 0.67 *** 
DRP = 1.14 × 10-4 × (FeO-P)2 - 0.0025 × FeO-P + 0.0544 × pH + 7.25 × 10-5 × sand - 0.360 0.84 *** 
DRP = 4.65 × 10-6 × (Bray-1 P)2 + 0.00144 × Bray-1 P + 0.103 × pH + 6.71 × 10-4 × clay + 0.00233 × carbon - 0.903 0.79 *** 
R2 is the coefficient of determination.  

***: significant at the p ≤ 0.001 level. The values of the variance inflation factor (VIF) ranged between 1 and 4 for soil particle size 

distributions, pH, and total organic carbon, and between 9 and 16 for STP and squared STP, n = 236.  
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Table 4.3. Relationships between soil 0.01 M CaCl2 P concentration (y, mg P kg-1) and soil test P 

concentration (x, mg P kg-1) or degree of P saturation (x, a ratio value). 

STP/DPS Change points Below change points Above change points r2 
Olsen  P (mg kg-1) 40.4 y = 0.0096x + 0.0875 y = 0.109x - 3.92 0.76*** 
Mehlich-3 P (mg kg-1) 100.7 y = 0.0012x + 0.167 y = 0.0370x - 3.43 0.93*** 
WEP¶ (mg kg-1) 14.3 y = 0.406x - 0.413 y = 1.80x - 20.6 0.95 *** 
Bray-1 P (mg kg-1) 61.0 y = -0.0002x + 0.193 y = 0.0347x - 1.94 0.89 *** 
FeO-P† (mg kg-1) 55.5 y = 0.0178x - 0.0122 y = 0.238x - 12.2 0.94 *** 
DPSM3-2€ 20.1 y = 7.66x - 0.042 y = 41.7x - 6.86 0.95 *** 
DPSM3-3ƪ  23.2 y = 6.67x - 0.0488 y = 31.4x - 5.77 0.94 *** 
DPSOl-b‡ 40.9 y = 4.84x - 0.144 y = 34.3x - 12.2 0.94*** 
DPSM3-1b§ 73.4 y = 3.72x - 0.209 y = 56.6x - 39.0 0.88 *** 
DPSBray-b ǂ  58.3 y = 2.88x - 0.0464 y = 27.7x - 14.5 0.82 *** 
DPSFeO-bζ 35.7 y = 5.39x - 0.149 y = 30.0x - 8.93 0.90 *** 
¶ Soil water extractable P, † Fe-oxide coated filter paper strip P, € Mehlich-3 P/(Mehlich-3 Al + 

Mehlich-3 Fe), ƪ Mehlich-3 P/Mehlich-3 Al, ‡Olsen P/(Olsen P + PSI), §Mehlich-3 P/(Mehlich-

3 P + PSI), ǂ Bray-1 P/(Bray-1 + PSI), and ζ FeO-P/(FeO-P + PSI). *** indicates that r2 is 

significant at p < 0.001, n = 236. 
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Fig. 4.1. Relationship between soil Olsen P and P soprtion index (PSI) (n = 60). 
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Fig. 4.2. Relationships between the dissolved reactive P (DRP) concentration in subsurface water 

and (A) Olsen P, (B) Mehlich-3 P, (C) Bray-1 P, (D) WEP (water extractable P), (E) FeO-P (Fe-

oxide coated filter paper strip P), and (F) 0.01 M CaCl2 extractable P. *** indicates that r2 is 

significant at p < 0.001, n = 236. 
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Fig. 4.3. Relationships between the dissolved reactive P (DRP) concentration in subsurface water 

and (A) soil DPSM3-2 (a molar ratio of Mehlich-3 P to the sum of Mehlich-3 Al and Fe), (B) 

DPSM3-3 (a ratio of Mehlich-3 P to Mehlich-3 Al), and (C) DPSM3-4 (a molar ratio of Mehlich-3 

P to Mehlich-3 Ca). *** indicates that r2 is significant at p < 0.001, n = 236. 
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Fig. 4.4. Relationships between the dissolved reactive P (DRP) concentration in subsurface water 

and (A) DPSOl-b as a ratio of Olsen P to the sum of soil P sorption index (PSI) plus Olsen P, (B) 

DPSM3-1b as ratio of Mehlich-3 P to the sum of PSI plus Mehlich-3 P, (C) DPSBray-b as ratio of 

Bray-1 P to the sum of PSI plus Bray-1 P, and (D) DPSFeO-b as a ratio of Fe-oxide coated filter 

paper strip P (FeO-P) to the sum of PSI plus FeO-P. *** indicates that r2 is significant at p < 

0.001, n = 236. 
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Fig. 4.5. Relatonships between the change points of soil test P (STP, including Olsen P, Mehlich-

3 P, water extractable P, and Fe-oxide coated filter paper strip P) versus leachate dissolved 

reactive P (DRP) concentration and  those of these STPs versus 0.01 M CaCl2 P. *** indicates 

that r2 is significant at p < 0.001. 
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Fig. 4.6. Relatonships between the change points of degree of P saturation (DPS, including 

DPSM3-2 as a ratio of Mehlich-3 P to the sum of Mehlich-3 Al and Fe, DPSM3-3 as a ratio of 

Mehlich-3 P to Mehlcih-3 Al, DPSOl-b as a ratio of Olsen P to the sum of soil P sorption index 

(PSI) and Olsen P, DPSM3-1b as a ratio of Mehlich-3 P to the sum of PSI and Mehlich-3 P, and 

DPSFeO-b as a ratio of Fe-oxide coated filter paper strip P (FeO-P) to the sum of PSI and FeO-P) 

versus leachate dissolved reactive P (DRP) concentration and  those of these DPSs versus 0.01 M 

CaCl2 P. *** indicates that r2 is significant at p < 0.001. 
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CONNECTING PARAGRAPH 

The previous chapters show that soil WEP had the strongest overall relationship with 

DRP concentration in surface runoff and leachate across all six soil series.  In fact, many other 

researchers also advocate that soil WEP can be used as a surrogate of runoff DRP concentration 

to evaluate the suitability of various STPs and DPSs as indicators of soil P losses. Therefore, soil 

WEP extraction provides a time- and labour-saving tool for evaluating the suitability of various 

STPs and DPS as indicators of runoff P loss. The following chapter evaluates the relationships 

between various STPs or DPSs and soil WEP over a much large range of soil types. Such 

analyses would provide a good start to understanding the relationships between various STP or 

DPS and soil P loss into surface waters at the level of the whole Ontario region. In addition, a 

comparison between these results and the results from the runoff study can show how consistent 

various STPs and DPSs are in predicting soil P losses across Ontario, and indicate if there is a 

need to conduct further field/indoor rainfall simulation study with more soils. 
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CHAPTER FIVE 

Agronomic and Environmental Soil Phosphorus Tests as Predictors of Potential 

Phosphorus Loss across Ontario Soils 

5.1 Abstract 

There has been an increased research interest worldwide towards developing appropriate 

environmental soil P testing approaches for identifying soils sufficiently high in P to be of 

concern to water quality. The objectives of this study were to evaluate the relationships between 

various soil test P (STP) measures, and to assess the suitability of these STPs and the derived 

DPSs as indicators of soluble P losses (assessed as water extractable P (WEP)) from Ontario soils. 

A total of 391 soil samples (0-20 cm) were collected across Ontario to represent diverse physical 

and chemical properties of Ontario soils. Significant relationships were generally found between 

the tested STPs. Amongst all measured STPs and DPSs, soil Fe-oxide coated filter paper strip P 

(FeO-P) and DPSOl-b (Olsen-P/(Olsen-P + PSI)) had the strongest relationships with soil WEP 

concentration (r2 values of 0.88 and 0.82, respectively) suggesting their high potential as 

indicators of soil P losses for Ontario soils. As the soil P test for agronomic calibrations in 

Ontario, Olsen P was also significantly related with WEP concentrations with reasonable 

accuracy (r2 = 0.72). Although soil DPSM3-2 (Mehlich-3 P/(Mehlich-3Al + Mehlich-3 Fe)) and 

DPSM3-3 (Mehlich-3 P/Mehlich-3 Al) were promising indicators of soil P losses from acidic and 

neutral soils, both of them may be inappropriate DPS estimations in calcareous soils, especially 

when soils have high P concentration. 
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5.2 Introduction 

Intensive livestock operations in developed countries over the last few decades has led to 

production of large and localized volumes of high-phosphorus manure (Sharpley et al., 2004; 

Maguire et al., 2007; Sims et al., 2000). Animal manures are commonly applied to meet the 

nitrogen requirements for crop growth, a practice that has resulted in phosphorus (P) build-up in 

soils due to the lower ratio of N to P in manure relative to plant uptake by most crops (Leytem et 

al., 2006; Brady and Weil, 2007). In Ontario, about 75% of agricultural soils contain high or 

excessive levels of soil test P (PPI/PPIC/FAR, 2001). Research has demonstrated that an 

elevation in soil P levels is directly related to the increase in soil P losses and thereby 

contributing to eutrophication of surface water (Sims et al., 2000; Sharpley et al., 1996). As a 

result, there has been an increased research effort worldwide towards developing appropriate 

environmental soil P tests for identifying soils that are at risk of P losses causing concerns to 

water quality.  

Some agronomic soil P tests (e.g., Olsen-P, Mehlich-3 P, and Bray-1 P), either alone or as 

an important component of the P index, have been recommended for identifying risk potential of 

soil P loss (Sims et al., 2000). Such P tests, however, were developed to assess  the amounts of P 

that would be available to a crop during the growing season, and may not necessarily reflect soil 

P losses during a rainfall event which often lasts for a relative short time (Allen et al., 2006; 

Torbert et al., 2002). Soil water extractable P (WEP), Fe-oxide coated filter paper strip P (FeO-P) 

and various soil P saturation estimations have been proposed to represent risk potential of soil P 

losses due to their strong theoretical foundations for fulfilling risk evaluation (Sharpley, 1993; 

Breeuwsma and Silva, 1992; Pote et al., 1999b).   

Selection of an appropriate environmental soil P test for a region should rely on a variety 
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of field experiments (i.e., watershed monitoring and field runoff plots) and/or indoor rainfall 

simulations with runoff boxes and intact soil columns (Guidry et al., 2006; Kleinman et al., 

2004). However, such experimental techniques are time-consuming and labour intensive. Of the 

various STPs methods available, studies have shown that soil WEP is the most consistently and 

highly correlated with dissolved reactive P (DRP) concentrations in surface runoff (Pote et al., 

1999b; Penn et al., 2006; Wang et al., 2010). This is probably due to the fact that the extracting 

solution for WEP is the closest to the rainfall water in terms of the ability of releasing P from soil 

components (Penn et al., 2006). Therefore, the strength of the relationships between agronomic 

STP or the derived DPS and WEP may to some degree reflect the suitability of these soil P 

measures as indicators of soil P loss. In fact, many researchers use soil WEP as a surrogate of 

soil P losses to evaluate the suitability of various STPs and DPSs as indicators of soil P losses 

(Khiari et al., 2000; Nair et al., 2004; Ige et al., 2005). In order to identify a scientifically sound 

environmental soil P test for a given region, the relationship between various STPs or DPSs and 

soil WEP should be evaluated across a sufficiently large population of soils from the area.  The 

most promising methods should be further assessed with field and/or indoor simulation studies at 

a relative small scale. Such analyses would provide a good start in understanding the 

relationships between various STP or DPS and soil P loss into surface water at the level of the 

whole region. A comparison between analyses of a large population of soils and results from 

field and/or indoor study at relatively small scale may show how suitable various STPs and DPSs 

are for predicting soil P losses across this region. Moreover, the comparison would further show 

if there is a need to conduct further field/indoor rainfall simulation study with a wider range of 

soils.  

Ideally, soil P test could effectively identify soil P status for risk evaluations as well as for 
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agronomic use under local conditions. Therefore, in a given region, some forms of STP and DPS 

may be preferred when assessing the risk of P loss from soils, if they also provide relevant 

agronomic information as well. Alternatively, some predominantly environmental soil P tests 

may also be suitable agronomic tests. However,  there is little information available regarding the 

accuracy of various STPs and DPSs for identifying crop needs for P nutrient under given local 

soil conditions. To a certain degree, relationships between various STPs, including current 

agronomic STP(s), and DPSs may aid in understanding the accuracy of these STPs and DPSs for 

predicting crop demands for P nutrient, which would benefit developing a suitable agri-

environmental soil P testing method for local soils. There have been some reports of close 

relationships between soil Mehlich-3 P, Olsen P, Bray-1 P, and FeO-P (Menon et al., 1997; 

Kleinman et al., 2001; Wolf and Baker, 1985; Atia and Mallarino, 2002). For example, Bates 

(1990) found that soil Olsen P was significantly correlated with other STPs following the order 

of Mehlich-3 P, Bray-2 P, and Bray-1 P for 88 Ontario soils. Continuous manure additions, 

however, not only increase P levels in surface soils but also change soil P chemistry  (i.e., 

increasing pH and changes in P forms present in soils) which suggests a need to re-evaluate the 

suitability of various soil P testing methods and their relationships in soils with long period of 

manure application (Sharpley et al., 2004).  

The objectives of this study were (i) to evaluate the relationships between various STPs 

(i.e., soil Olsen P, Mehlich-3 P, Bray-1 P, and FeO-P), and (ii) to assess the suitability of these 

STPs and DPSs as indicators of soil P losses based on their relationships with soil soluble P 

(WEP).  

5.3 Materials and Methods 

A total of 391 soil samples (0-20 cm) collected across Ontario were analyzed in this study.  

Amongst them, 60 soil samples were used for the runoff rainfall simulations, as described in Chapter 

http://www.google.ca/url?q=http://www.omafra.gov.on.ca/&ei=_BnZSoqsGsSg8AaYseW2BQ&sa=X&oi=spellmeleon_result&resnum=1&ct=result&ved=0CAcQhgIwAA&usg=AFQjCNG7JlL_WT6WnWLIfQngHQaoSsnbzg�
http://www.google.ca/url?q=http://www.omafra.gov.on.ca/&ei=_BnZSoqsGsSg8AaYseW2BQ&sa=X&oi=spellmeleon_result&resnum=1&ct=result&ved=0CAcQhgIwAA&usg=AFQjCNG7JlL_WT6WnWLIfQngHQaoSsnbzg�
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two and three and Wang et al. (2010). The other soil samples were collected across Ontario by 

Ontario Ministry of Agriculture, Food and Rural Affairs and the A&L Canada Laboratories Inc. 

These soil samples covered most agricultural areas of Ontario and provided a wide range of STP, 

pH, textural class, and organic carbon. All soil samples were air-dried, ground to pass a 2-mm 

sieve, and analyzed as follows.     

5.3.1 Determination of soil physical and chemical properties 

Soil pH was measured using the electrode approach after shaking 10 g soil in 10 mL 

distilled water (Thomas, 1996). Soil organic carbon was determined using a dry combustion 

method with a Leco CN2000 (Leco Corporation, St. Joseph, Michigan) analyzer (Nelson and 

Sommers, 1996). Particle size distribution was determined using a hydrometer method (Kroetsch 

and Wang, 2008).  Soil test P measures and related chemical properties determined included: (i) 

Olsen P (Sims, 2000d); (ii) saturated iron-oxide strip extractable P (FeO-P) (Chardon, 2000); (iii) 

water extractable P (WEP) (Self-Davis et al., 2000); (iv) 0.01 M CaCl2 extractable P (Self-Davis 

et al., 2000); (v) Bray-1 P (Sims, 2000a); and (vi) Mehlich-3 P, Al, and Fe (Sims, 2000b). 

A soil P sorption index (PSI) (Sims, 2000c) was used as a simple estimation of soil P 

sorption capacity (Bache and Williams, 1971). Approximately 1.0 g dry soil sample was weighed 

into a 50-mL centrifuge tube, and 20 mL of solution containing 75 mg P L-1 in distilled water 

was added. The suspension was shaken for 18 h at room temperature using an end to end shaker.  

The samples were then centrifuged for 30 min and the supernatant filtered through a 0.45-μm 

filter. The PSI was then calculated using equation [5.1], 

PSI (L kg-1) = X/log C                                         [5.1] 

where X= P sorbed from the equilibrating solution (mg P kg-1) (i.e., (75 mg P L-1 – C) × 0.020 L / 

0.001 kg); and C = P concentration at equilibrium (mg L-1).  
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The various DPS values were calculated as described in Chapter 2:  

DPSM3-1b (%) = Mehlich-3 P/(Mehlich-3 P + PSI) ×100                                          [5.2] 

DPSM3-2 (%) = Mehlich-3 P/(Mehlich-3 Al + Fe) × 100, on a molar basis               [5.3] 

DPSM3-3 (%) = Mehlich-3 P/ Mehlich-3 Al × 100,   on a molar basis                        [5.4] 

DPSOl-b (%) = Olsen P / (Olsen P + PSI) × 100                                                         [5.5] 

DPSBray-b (%) = Bray-1 P / (Bray-1 P + PSI) × 100                                                  [5.6] 

DPSFeO-b (%) = FeO-P / (FeO-P + PSI) × 100                                                           [5.7] 

All determinations for P were conducted using a Flow Injection Auto-Analyzer 

(QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO, USA) with the ammonium 

molybdate ascorbic acid reduction method of Murphy and Riley (1962). Concentrations of Fe 

and Al were determined using an Atomic Absorption Spectrometer (PerkinElmer, CT, USA).  

5.3.2 Data analysis 

All statistical analyses were performed using the SAS program (SAS Institute Inc. 2002). 

Quadratic regression analyses between various soil extractable phosphorus and measurements of 

degree of soil phosphorus saturation were performed using the PROC. GLM of SAS. Quadratic 

equations are shown only when the quadratic term was significant (P ≤ 0.05); otherwise, linear 

regression analyses were performed using the PROC. REG of SAS. The determinations of 

change points between soil extractable P concentrations and soil FeO-P were identified by split-

line models using the PROC. NLIN of SAS, as described by Sharpley et al., (2004).  
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5.4 Results and Discussion 

5.4.1 General soil properties 

The soils selected for the study had a wide range of chemical and physical properties 

(Table 5.1). Particle size distributions of these soils ranged from 79 to 902 g kg-1, from 10 to 626 

g kg-1, and from 25 to 624 g kg-1 for the contents of sand, silt, and clay, respectively. The organic 

carbon content ranged from 10 to 66 g kg-1. The soil pH ranged from 4.2 to 7.6, although most of 

the soils were in the neutral or slightly acid range. The levels of soil Olsen P varied from 2 to 269 

mg P kg-1 soil, with the median value of 22 mg P kg-1 soil. Fertilizer P is not recommended if the 

Olsen P is above 30 mg P kg-1 for grain corn in Ontario (OMAFRA, 2002b). These results 

indicate that the selected soils represent a suitable range to evaluate an environmental soil P test 

method.  

5.4.2 Relationships between various STPs 

As shown in Fig. 5.1, the relationships between soil Olsen P, Mehlich-3 P, Bray-1 P, and 

FeO-P were adequately described by quadratic equations with r2 values ranging from 0.68 to 

0.95, with the strongest correlation occurring between soil Mehlich-3 P and Bray-1 P. Others 

have reported linear relationships between Mehlich-3 P and Bray-1 P with r2 values of 0.94-0.99 

(Kleinman et al., 2001; Ebeling et al., 2008; Mallarino and Atia, 2005; Lucero et al., 1998; 

Ketterings and Flock, 2005; Atia and Mallarino, 2002). Differences between the current results 

and those previously reported are likely due to the range of soil test P levels studied. The 

reported studies tested soils with Mehlich-3 P < 400 mg P kg-1 soil, while the current study 

included values up to 644 mg P kg-1 soil. Considering the distribution of our data points (Fig. 5.1 

A) excluding the two data points with Mehlich-3 P values of 614 and 644 mg P kg-1 soil from the 

regression resulted in only a significant linear relationship (Mehlich-3 P = 1.10 × Bray-1 P + 8.49, 
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r2 = 0.95), as the quadratic coefficient was not significant (p=0.05).  The linear relationship 

between Mehlich-3 P (≤ 440 mg P kg -1 soil in the current study) and Bray-1 P reflects the 

similarities in the principle mechanism of P extraction of these two extracting solutions (Sims, 

2000b).  

After the relationship between Mehlich-3 P and Bray-1 P, the strength of the correlations 

between various STPs followed the order of Mehlich-3 P versus FeO-P (r2 = 0.85), Olsen P 

versus FeO-P (r2 = 0.80), Mehlich-3 P versus Olsen P (r2 = 0.77), FeO-P versus Bray-1 P (r2 = 

0.76), and Olsen P versus Bray-1 P (r2 = 0.68). Menon et al. (1997) reviewed the studies on the 

use of soil FeO-P and found that soil FeO-P correlates significantly with Bray-1 P and Mehlich-3 

P in acid soils and Olsen P in calcareous soils, indicating that FeO-P test would give promising 

results, when applied to soils with diverse chemical and physical properties (Kleinman et al., 

2001). Considering typically neutral and calcareous soils in Ontario and potentially less 

neutralization of Mehlich-3 P extracting solution by soil CaCO3 (Kuo, 1996; Tran et al. 1990; 

Sims, 2000b) a good relationship between FeO-P and Olsen P or Mehlich-3 P in the current study 

would be expected.  The relationship between soil Olsen P and Bray-1 P was the weakest 

amongst all measured STPs, because Olsen P test was originally designed for calcareous soils 

and Bray-1 P test is an indicator of soil P status in acid and neutral soils (Sims, 2000a, and 

2000d).  Variations in soil texture may partly contribute to the poor relationship between Olsen P 

and Bray-1 P (Wolf and Baker, 1985).  

Overall, the results of this study are in accordance with previous reports. Kleinman et al. 

(2001) compared a variety of soil P extraction methods on 24 soils with a wide range of soil 

properties (e.g., soil pH from 4.2 to 8.6), and observed that the relationship between soil FeO-P 

and Olsen P or Mehlich-3 P was stronger than that between Olsen P and Bray-1 P. Wolf and 
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Baker (1985) found that the strength of the relationships followed the order of Olsen P versus 

Bray-1 P < Olsen P versus Mehlich-3 P < Mehlich-3 P versus Bray-1 P. Atia and Mallarino (2002) 

also observed the strongest relationship between Mehlich-3 P and Bray-1, and the poorest 

between Olsen P and Bray-1 P, with the relationship of Mehlich-3 P versus Olsen P in between.  

5.4.3 Relationships between soil WEP and STPs 

Amongst all the measured STPs, FeO-P was the best predictor of the soil WEP 

concentration, with up to 88% of the variation in soil WEP explained by a split-line linear model 

(Fig. 5.2). A change point in the relationship between soil FeO-P and WEP was observed, with 

the soil WEP concentration increasing at a rate that was about two times greater when the soil 

FeO-P concentration was greater than 40.4 mg P kg-1. Even after the 60 soils used in the runoff 

study of Wang et al. (2010; Chapters 2, 3 and 4) were removed from the data set, the regression 

analysis with the other 331 soils gave practically the same results (when FeO-P < 40.7 mg P kg-1, 

WEP = 0.133 × FeO-P - 0.521; when FeO-P ≥ 40.7 mg P kg-1, WEP = 0.251 × FeO-P - 5.34; r2 = 

0.87). In comparison, a change point of 45.3 mg P kg-1 in FeO-P concentration was observed 

against runoff DRP concentration with an r2 value of 0.85 as well as a similar change in relative 

slope above the change point in a study including 60 Ontario soils (Wang et al., 2010).  Our 

results suggest that the relationship between soil FeO-P and WEP resembled that between soil 

FeO-P and runoff DRP concentration for Ontario soils (Fig. 2.2B and Fig. 5.2A). Consequently, 

the relationship between soil WEP and FeO-P would appear to be a cost-effective tool for 

determination of a change point in FeO-P related to runoff DRP concentration. Pote et al. (1996) 

reported high accuracy of soil FeO-P for predicting runoff DRP concentration.  In addition, FeO-

P also showed promising potential for predicting DRP concentration in subsurface water from 

Ontario soils, as showed in the Chapter 4. Meanwhile, Maguire and Sims (2002a) reported a 
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change point of 42.6 mg P kg-1 in FeO-P concentration above which leachate DRP concentration 

increased greatly with increasing FeO-P with r2 value of 0.80. 

In Ontario, fertilizer P is not recommended if the Olsen P is above 30 mg P kg-1 for grain 

corn (OMAFRA, 2002b). Within the responsive range of STP values (< 30 mg Olsen P kg-1), 

FeO-P had the second strongest correlation with Olsen P, only next to DPSOl-b (Table 5.2). To 

some degree, such results suggest that FeO-P may also have potential to be used to identify crop 

requirement for P. After reviewing a series of studies, Menon et al. (1997) suggested that in 

calcareous soils FeO-P method was as good as Olsen P for predicting crop response to P 

fertilization. The accuracy of FeO-P method for predicting crop response to P in Ontario remains 

to be determined under field conditions and if warranted, soil test calibrations would be required 

before FeO-P could be used as an agronomic soil test. 

After FeO-P, the Olsen P and Mehlich-3 P had the next best relationship with soil WEP 

concentration through linear relationships both with an r2 value of 0.72 (Fig. 5.2). Soil Bray-1 P 

was significantly related to soil WEP concentration at p < 0.001, but with the least r2 value 

amongst the four tested STPs. Similarly, Bates (1990) observed that soil Bray-1 P had the 

weakest correlation with plant P uptake from 88 Ontario soils amongst soil Olsen P, Bray-1 P, 

Mehlich-3 P, Bray-2 P, and AB-DTPA P.  

Khiari et al. (2000) suggested 9.7 mg WEP kg-1 soil as an environmental threshold value, 

above which soils may pose great risk potential of soil P loss to surface waters. Pöthig et al. 

(2010) reported that the environmental threshold WEP concentration ranged between 5 and 10 

mg kg-1. As described in the chapter 4, a change point above which DRP concentration in 

subsurface water increased greatly was observed at 9.6 mg kg-1 in WEP concentration for 

Ontario soils. Hence, the environmental threshold WEP concentration for Ontario soils can be 



 

119 
 

assumed to be 9.6 mg kg-1 to a certain degree. According to the regression equations in Fig. 5.2, 

the STP concentration corresponding to 9.6 mg WEP kg-1 soil is 76.2 mg kg-1 for Olsen P, 59.8 

mg kg-1 for FeO-P, 222 mg kg-1 for Mehlich-3 P, and 193 mg kg-1 for Bray-1, respectively. In 

Ontario, fertilizer P is not recommended if the Olsen P is above 30 mg P kg-1 for grain corn 

(OMAFRA, 2002b). At 30 mg Olsen P kg-1 soil, the corresponding STP value is 3.8 mg kg-1 for 

WEP, 29.7 mg kg-1 for FeO-P, 93.3 mg kg-1 for Mehlich-3 P, and 76.3 mg kg-1 for Bray-1 P (Figs. 

5.2C and 5.1C, D, and F). Therefore, the environmental threshold STP value is greater than the 

corresponding STP upper limit recommended for grain corn under Ontario conditions on the 

premise of 9.6 mg WEP kg-1 as an appropriate threshold STP concentration. 

5.4.4 Relationships between soil DPSM3-2 or DPSM3

Though significant linear relationships existed between WEP and DPSM3-2 or DPSM3-3 

across all the soils, soil pH significantly influenced these relationships (Fig. 5.3). For soils with 

pH < 7, soil DPSM3-2 and DPSM3-3 each could be used to predict soil WEP concentrations with 

high accuracy, which is consistent with the previous reports that soil DPSM3-2 and DPSM3-3 

showed promising potential as indicators of soil P losses into surface waters from neutral and 

acidic soils (Khiari et al., 2000; Sims et al., 2002; Maguire and Sims, 2002b). For soils with pH ≥ 

7, however, WEP concentration was typically lower than that observed for soils with pH < 7 at 

similar levels of DPS, especially at high values of DPSM3-2 or DPSM3-3. After the 60 soil 

samples used for the simulated runoff study of Wang et al. (2010) were excluded from the 

current study’s data set, the regression analysis with the other 331 soils also disclosed similar 

results: when soil pH < 7, WEP = 49.5 × DPSM3-2 – 0.747, r2 = 0.85, or WEP = 41.7 × DPSM3-3 

– 0.582, r2 = 0.85; when soil pH ≥ 7, WEP = 24.5 × DPSM3-2 + 0.261, r2 = 0.71, or WEP = 15.6 

× DPSM3-3 + 0.898, r2 = 0.66.  In a rainfall simulation study including 60 soils of 6 major 

-3 and WEP  
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Ontario soil types, Wang et al. (2010) found that soil DPSM3-2 and DPSM3-3 gave reliable and 

accurate predictions of runoff DRP concentrations although pH values of the tested soils ranged 

between 4.2 and 7.6. However, it should be noted that DPSM3-2 and DPSM3-3 values of the tested 

soils with pH ≥ 7 were low (DPS M3-2 < 15%, or DPSM3-3 < 17%) in the indoor runoff study. If 

the high-pH soils with DPSM3-2 >15% or DPSM3-3 > 17% were excluded in the current study, the 

resulting regression equations of WEP = 48.7 × DPSM3-2 -0.711 with r2 value of 0.86, or WEP = 

41.0 × DPSM3-3 – 0.505 with r2 = 0.86, are very similar to the conclusions from the runoff study. 

The current results agree with Wandruszka (2006), who stated that the role of calcium carbonate 

in P retention of calcareous soils is significant only at relatively high P concentrations, and non-

carbonate clays play a more important part at lower P concentrations. As a result, it is likely that 

true impact of soil pH on the relationship between soil DPSM3-2 or DPSM3-3 and soil P loss is 

less for low-P soils than for high-P soils.  

Soil pH not only influences the relationship between soil DPSM3-2 or DPSM3-3 and WEP 

concentration, but also impacted the relationships between soil DPSM3-2 or DPSM3-3 and the 

other STPs. Given the strong correlations between DPSM3-2 and DPSM3-3 (i.e., DPSM3-3 = 1.302 

× DPSM3-2 – 0.0125, r2 = 0.97 in the current study), both DPS measures were significantly 

related to STP values in the similar way and thus only the relationships between soil DPSM3-2 

and various STPs are presented. As shown in Fig. 5.4, significantly linear relationships were 

observed between soil DPSM3-2 and various STPs across all the evaluated soils. Maguire and 

Sims (2002a) reported that DPSM3-2 was significantly correlated with FeO-P and Mehlich-3 P 

with r2 values of 0.93 and 0.91, respectively. However, it is obvious that soil pH had major 

effects on the relationships between soil DPSM3-2 and various STPs in the current study. 

Compared to soils with pH < 7, soils with pH ≥ 7 had greater  DPSM3-2 values at a given soil P 
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level. When soil pH changed from < 7 to ≥7, the slope values (each regression equation was 

significant at p < 0.001) increased from 0.0009 to 0.0018, 0.0026 to 0.0037, 0.001 to 0.0024, and 

0.0037 to 0.0068, for soil DPSM3-2 against Mehlich-3 P, Olsen P, Bray-1 P, and FeO-P, 

respectively. In general, an increase in soil pH is often related to a decrease in the amounts of Al 

and Fe as well as an increase in Ca (and possibly Mg) present in soils. Soil DPSM3-2 only 

accounts for the contributions of amorphous Fe and Al to the soil total P sorption capacity, 

leaving the sorption capacity associated with Ca and Mg unaccounted for. Consequently, soil 

DPS value tends to be overestimated by DPSM3-2 in high-pH soils, leading to the greater slopes 

of soil DPSM3-2 against various STPs for the soils with pH ≥ 7 in ou r study. The variations in the 

slope values between soil DPSM3-2 and STPs in the current study are consistent with the report 

of Allen and Mallarino (2006). In their study, they observed the slope values of soil DPSM3-2 

against Mehlich-3 P, Olsen P, and Bray-1 P ranged between 0.0011 and 0.002, 0.0022 and 0.0047, 

and 0.001 and 0.0016, respectively, across 11 trials.  

In summary, soil DPSM3-2 may be an unreliable DPS estimation for predicting soil P loss 

in high pH soils with high P concentrations.  Its potential for agronomic under similar soil 

conditions can also be questioned (Allen and Mallarino, 2006).  Since Ontario soils encompass a 

wide range of soil pH (i.e., soil pH 4.2-7.6 in the current study), one should be cautious of the 

accuracy of soil DPSM3-2 for predicting risk of soil P losses from some Ontario soils with pH ≥ 7.  

5.4.5 Relationships between soil DPSSTP

 The DPSOl-b had the strongest correlation with soil WEP and was predicted by a 

quadratic equation with an r2 value of 0.82 (Fig. 5.5). Relative to soil Olsen P alone, adding the 

PSI with soil Olsen P greatly improved the prediction of soil WEP concentrations, suggesting it 

is a promising potential indicator of soil P losses into surface waters. In contrast, DPSM3-1b, 

 and WEP  
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DPSBray-b, and DPSFeO-b slightly improved or decreased the r2 value compared with their 

corresponding soil test P alone. After the 60 soil samples used for the simulated runoff study of 

Wang et al. (2010) were excluded from the data set, the regression analysis with the other 331 

soil samples also gave similar results (data not shown). Wang et al. (2010) reported that amongst 

the selected 4 STPs Olsen P was the only one which could improve the accuracy of predicting 

DRP concentration in surface runoff by introducing PSI. The results of this study support the 

argument made by Allen and Mallarino (2006) and Zhou and Li (2001), who pointed out that 

adding Olsen P with soil PSI would be a desired DPS estimation in calcareous soils, since Olsen 

P is usually recommended as the most appropriate routine agronomic P test for these soils. 

Assuming that the environmental threshold WEP concentration for Ontario soils is 9.6 mg kg-1, 

the corresponding threshold DPSOl-b value is equal to 42% according to the regression equation 

of Fig. 5.6A, above which soil P loss potential increases greatly compared to below.  

Many researchers have reported that the fertilizer P requirement of crops is not only 

dependent on amount of soil test P, but also related to soil P sorption properties (Mehadi et al., 

1990; Turan et al., 2009; Samadi, 2003). For instance, Mehadi et al. (1990) reported that soils 

with higher adsorption maximum were found to require more fertilizer P than soils with lower 

adsorption maximum. Therefore, it may be necessary to determine if the value of DPSOl-b can 

reflect crop requirement for P with higher accuracy than Olsen P alone if DPSOl-b is adopted as 

an appropriate environmental soil P test for Ontario soils.   

5.5 Conclusions 

Across all the tested Ontario soils, the strength of the correlations between various STPs 

followed the order of Mehlich-3 P versus Bray-1 P (r2 = 0.95) > Mehlich-3 P versus FeO-P (r2 = 

0.85) > Olsen P versus FeO-P (r2 = 0.80) > Mehlich-3 P versus Olsen P (r2 = 0.77) > FeO-P 
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versus Bray-1 P (r2 = 0.76) > Olsen P versus Bray-1 P (r2 = 0.68). Significant relationships were 

observed between soil WEP concentrations and various STPs and DPS estimations. Soil FeO-P 

showed promising potential as an indicator of P losses for Ontario soils regardless of their 

diverse properties. Above the change point of 40 mg FeO-P kg-1, soil WEP increased at a rate 

that is about two times greater than that below the point. As the soil P test for agronomic 

calibrations in Ontario, Olsen P was also significantly related with WEP concentrations with 

reasonable accuracy (r2 = 0.72). Integrating Olsen P with PSI greatly improved the prediction of 

soil WEP concentration, giving the second best relationship with soil WEP concentrations (r2 = 

0.82) amongst all the tested STPs and DPSs. The current study shows that the Olsen P and the 

derived DPS may have potential to evaluate soil P loss potential from Ontario soils. Although 

soil DPSM3-2 and DPSM3-3 could be used to predict soil WEP concentrations with high accuracy 

for soils with pH < 7, but both of them may give an unreliable prediction of soil WEP 

concentration for alkaline soils, especially when soils also have high P concentration. The 

comparisons between the current study and either the runoff study (Wang et al., 2010, Chapter 2 

and 3) or the leaching study (Chapter 4) indicate a need to conduct further indoor rainfall 

simulation and field study with a wider range of soils, especially with alkaline soils.  
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5.6 Tables and Figures 

Table 5.1. Selected properties of the tested soils in the current study. 

  Sand  Clay  Silt  OCƪ    pH   PSI‡    M3P¶   M3Al†   M3Fe€  Olsen P  FeOPŧ  WEP£  

 g kg-1    L kg-1  mg kg-1 
Max 902 624 626 66.3   7.6   363   644 1705 532 269 139 29.8 
Min 79 25 10 10.0  4.2  36  4 111 55 2 4 bd 
Mean 485 195 320 27.4  6.4  154  86 686 183 30 28 3.8 
Median 453 175 331 26.3  6.6  147  53 614 165 22 21 2.0 
SD§ 203 108 138 8.5   0.7   62   89 279 66 30 22 4.5 
ƪ Organic carbon, ‡ Phosphorus sorption index, ¶ Soil Mehlich-3 P, † Mehlich-3 Al, € Mehlich-3 Fe, £ Soil water extractable P, 

and § 

The calculations of OC concentration were based on 197 soil samples, and the others were based on 391 soil samples.

Standard deviation. 
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Table 5.2 Correlation coefficients (r) between Olsen P concentration (current agronomic soil P test in Ontario, < 30 mg P kg-1) and 

various estimations of degree of P saturation and other soil test P concentration (n = 263). All the r values are significant at p < 0.001. 

  DPSOl-b† FeO-P‡ DPSM3-1b¶ Mehlich-3 P DPSM3-2ƪ DPSBray-b€ DPSM3-3£ DPSFeO-b§ Bray-1 P 

Olsen P 0.846 0.754 0.748 0.727 0.716 0.699 0.687 0.657 0.644 
†Olsen-P/(Olsen-P + P sorption index (PSI)), ‡ Fe-oxide filter paper strip P, ¶ Mehlich-3 P/( Mehlich-3 P + PSI), ƪ Mehlich-3 P/( 

Mehlich-3 Al + Mehlich-3 Fe), € Bray-P/(Bray-P + PSI), £ Mehlich-3 P / Mehlich-3 Al, and § FeO-P/(FeO-P + PSI).
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Fig. 5.1. Relationships between the levels of various soil test P (A: Mehlich-3 P versus Bray-1 P; 

B: Fe-oxide coated filter paper strip P (FeO-P) versus Mehlich-3 P; C: FeO-P versus Olsen P; D: 

Olsen P versus Mehlich-3 P; E: FeO-P versus Bray-1 P; F: Bray-1 P versus Olsen P). *** 

indicates that r2 is significant at p < 0.001, n = 391. 
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Fig. 5.2. Relationships between soil WEP (water extractable P) concentration and the 

concentration of (A) FeO-P (Fe-oxide coated filter paper strip P), (B) Mehlich-3 P, (C) Olsen P, 

and (D) Bray-1 P. *** indicates that r2 is significant at p < 0.001, n = 391. 

 



 

128 
 

 

Fig. 5.3. Relationships between soil WEP (water extractable P) concentration and (A) soil 

DPSM3-2 (a molar ratio of Mehlich-3 P to the sum of Mehlich-3 Al and Fe), and (B) DPSM3-3 (a 

molar ratio of Mehlich-3 P to Mehlcih-3 Al), n = 300 for the equation of soil pH < 7, and 91 for 

that of soil pH ≥ 7.
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Fig. 5.4. Relationships between soil DPSM3-2 (a molar ratio of Mehlich-3 P to the sum of 

Mehlich-3 Al and Fe) and concentrations of (A) Olsen P, (B) Mehlich-3 P, (C) Bray-1 P, and (D) 

FeO-P (Fe-oxide coated filter paper strip P). *** indicates that r2 is significant at p < 0.001, n = 

391.
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Fig. 5.5. Relationships between soil WEP (water extractable P) concentration and (A) DPSOl-b as 

a ratio of Olsen P to the sum of soil P sorption index (PSI) and Olsen P, (B) DPSM3-1b as a ratio 

of Mehlich-3 P to the sum of PSI and Mehlich-3 P, (C) DPSBray-b as a ratio of Bray-1 P to the 

sum of PSI and Bray-1 P, and (D) DPSFeO-b as a ratio of Fe-oxide coated filter paper strip P 

(FeO-P) to the sum of PSI and FeO-P. *** indicates that r2 is significant at p < 0.001, n = 391. 
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CONNECTING PARAGRAPH 

The previous chapters examined the suitability of various STPs and routine DPSs for 

predicting soil P loss potential in surface and subsurface runoff.  Though some of these soil P 

measures could provide the prediction of soil P loss potential with reasonable accuracy, the 

relationships of DRP concentration in surface water and subsurface water with STPs and DPSs 

were influenced by soil properties, such as pH, particle size distributions, and organic carbon 

content. The following chapter introduces two P sorption parameters derived from P sorption 

isotherm, each of which could give consistent prediction of DRP concentration in surface water.  
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CHAPTER SIX 

Universal Predictors of Dissolved Reactive Phosphorus Concentration in Surface Runoff 

Water from Major Ontario Soils 

6.1 Abstract 

The dependence of runoff dissolved reactive phosphorus (DRP) loss on soil test P (STP) 

or routine estimations of the degree of P saturation (DPS) varies with soil types. This study 

aimed to develop universal predictors of the flow weighted mean DRP concentration (DRP30) of 

runoff water collected during the 30-min period from a wide range of Ontario soils. The bulk soil 

samples (0-20 cm depth) were collected from six soil series that had a wide range of STP values. 

Runoff rainfall simulation studies were conducted following the USEPA National P Research 

Project protocol. In the P sorption study, the equation (
kC

kC
Q

QQs

+
=

+
1max

0 ) was used to describe 

the relationship between equilibrium P concentration (C, mg L-1) in solution and the amount of P 

sorbed or desorbed by soil (Qs, mg kg-1), where Qmax is P sorption maximum (mg kg-1), k 

represents P sorption strength (L mg-1), and Q0 (mg kg-1) is the pre-existing P that was already 

sorbed to the soil prior to analysis. This study demonstrated that soil DPSsorp [(Q0 + QD)/Qmax] 

was linearly related to runoff DRP30 concentration with the same slope value across a wide range 

of soil series; the P buffering capacity (PBC0) at C = C0 yielded the same change point of 

approximately 0.29 L mg-1 below which runoff DRP30 concentration decreased greatly with 

increasing PBC0 than above; here C0 and QD (a negative value) represent the equilibrium P 

concentration in the solution and amount of P desorbed into 0.03 M KCl solution during shaking, 

respectively, when no P was added into 0.03 M KCl solution. Both DPSsorp and PBC0 showed 

great promise as universal indicators of runoff DRP30 concentration.  
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6.2 Introduction 

Agricultural phosphorus (P) losses have been well documented as a major contributor to 

eutrophication of surface waters (USEPA, 2000; Boesch et al., 2001). As a result, scientific effort 

has been made to identify risk potential of P losses from agricultural soils (Sharpley et al., 2003; 

Sims et al., 200; Sims and Kleinman, 2005). Currently, the P index approach is widely used to 

rank fields’ vulnerability to potential P loss based on collective contributions of multiple factors 

(e.g., soil P status, P application, land use, land slope, tillage methods, and cover crops etc.) 

(Sharpley et al., 2003).  Amongst all these factors, P status of a given soil plays a critical role 

determining the risk potential of a soil for P loss, especially for DRP loss, a form of P which is 

immediately available for uptake by the aquatic biota (Sharpley et al., 1994).  

Surface runoff has often been considered to be the major pathway for soil P loss (Pote et 

al., 1999b), given that P compounds in soils are sparingly soluble and that P is strongly adsorbed 

to soil particles. Currently, various soil P tests (e.g., Mehlich-3 P, Olsen P, Bray-1 P), have been 

suggested as indicators of runoff DRP concentration (Pote et al., 1999b; Sims et al., 2000; 

Sharpley et al., 2003),  however, most of the commonly-used P extractants are dependent on soil 

characteristics (Kuo et al., 1988). Hence, the relationships between STP concentrations and 

runoff DRP loss are often soil specific in nature (Davis et al., 2005; Sharpley, 1995). This poses a 

great challenge for using an overall relationship of runoff DRP concentration versus STP to 

identify risk of soil P loss in surface runoff across a wide range of soils.  

The degree of P saturation (DPS) has received widespread interest for estimating soil P 

losses, because it not only considers amounts of sorbed P in a soil but takes into account total 

amounts of P sorption sites present in this soil. Sharpley (1995) observed that the slope values of 

runoff DRP concentration against Mehlich-3 P ranged between 1.6 and 7.2, while a single 
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relationship could be used to describe the dependence of runoff DRP concentration on soil DPS 

values. Routine DPS estimations, however, may also be affected by soil type as their calculations 

often involve total or extractable amounts of P, Al, Fe, or Ca. For example, the molar ratios of 

Mehlich-3 extractable P to the sum of Mehlich-3 Al and Fe or to Mehlich-3 Al alone provided 

reliable and unifying criterions for identifying risk potential of P loss for acidic and light-textured 

soils (Sims et al., 2002; Khiari et al., 2000), while the molar ratios of Mehlich-3 P to Mehlich-3 

Ca showed promising for the prediction of P losses in calcareous soils (Ige et al., 2005; 

Kleinman and Sharpley, 2002).  

There have been considerable efforts to find a universal indicator for predicting DRP loss 

in surface runoff (Penn et al., 2006; Davis et al., 2005; Pote et al., 1999b; Penn et al., 2005), but 

limited success has been achieved. A P sorption isotherm can be constructed by shaking a known 

quantity of the soil in a series of solutions with different initial P concentrations. Theoretically, a 

P sorption isotherm has promising potential as a universal predictor of DRP concentration in 

surface runoff across a wide range of soil types because it not only accounts for effects of soil 

physical-chemical characteristics on P release into water, but reflects the dynamic nature of P 

sorption-desorption behaviors between the solid and solution phases (McDowell et al., 2002a; 

Dou et al., 2009). However, there is a need to find parameters that can provide a universal link 

between runoff DRP loss and P sorption isotherm across a wide range of soil types.  

Among the equations developed for describing a P sorption isotherm, Langmuir equation 

has been preferred because it can give estimations of P sorption maximum and sorption strength 

(PSS), both of which are closely related to potential of soil P release into surface runoff (Dou et 

al., 2009). The P buffering capacity (PBC) of soils can be expressed as the slope of P sorption 

isotherm, representing the tendency of soils to maintain their original solution P concentration in 
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the event of the inflow of higher P concentrations (Zhang et al., 2009; Bache and Williams, 

1971). The P sorption maximum is widely used to estimate P sorption capacity (PSC) for 

calculating soil DPS.   Some researchers have suggested that both soil PSS and PBC are much 

more robust soil characteristics that may provide a more direct measure of potential soil P release 

to water than PSC and the existing STP level (Kuo et al., 1988; Holford et al., 1997; Laboski and 

Lamb, 2004; Bache and Williams, 1971). However, few studies have been conducted to link 

runoff DRP loss and PSS or PBC.  

The objectives of this study were to examine the P sorption parameters obtained from the 

P sorption isotherm described by the appropriate Langmuir equation modifications, and to 

evaluate the usefulness of these P sorption parameters as universal indicators of DRP 

concentration in surface runoff water across a wide range of soils. 

6.3 Materials and Methods 

6.3.1 Soil selection and surface runoff study 

The soil selection and laboratory rainfall simulations were described in the study of Wang 

et al. (2010) and Chapter 2. In short, the soil samples (0-20 cm depth) were collected from six 

representative soil series in the major livestock production areas of Ontario, with ten sites each to 

provide a wide range of soil test P (STP) values. These soil series included the Brookston clay 

(mixed, mesic Typic Argiaquoll or Orthic Humic Gleysol), Perth clay loam (Aquic Hapludalfs or 

Gleyed Gray Brown Luvisol), Conestogo loam (Typic Eutrochrepts or Gleyed Grey Brown 

Luvisol), Grenville loam (Typic Eutrochrepts),  Listowel silt loam (Typic Hapludalf), and Fox 

sandy loam (Typic Hapludalf or Brunisolic Gray Brown Luvisol) soils. All soil samples 

(appropriately 150 kg each) were air-dried and passed through a 13-mm sieve after careful 

removal of crop residues and other non-soil materials.  After thoroughly mixing of each bulk soil 
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sample, one subsample of about 2 kg was taken and ground to pass a 2-mm sieve for 

determination of general soil physical and chemical properties. The remaining soil sample was 

stored for the runoff study.  

The surface runoff box studies were conducted following the USEPA National P 

Research Project protocol (National Phosphorus Research Project, 2001). Each runoff box was 

100 cm long by 20 cm wide by 7.5 cm deep and had 9 drainage holes (5-mm diameter). A nylon 

membrane was placed on the bottom of the box, followed by addition of 5 cm of 13-mm sieved 

soil. After the desired bulk density was achieved, soils were wetted for 24 hours from below by 

establishing a water table 3.5 cm above the bottom of the simulated soil box and allowing water 

to move through capillary rise. Saturated soils were left to drain for 24 h (covered with plastic) 

until field capacity was achieved. The box was then placed at a 5% slope below the simulator 

nozzle (TeeJet ½ HH SS 50 WSQ, Spraying Systems Co., Wheaton, IL). Surface runoff was 

collected at the downslope end of the runoff box. Simulated rainfall was applied at an intensity of 

75 mm h-1 until runoff water was collected for 30 min. Runoff was collected in discrete 5-min 

increments and the runoff volume was recorded. There were four replications for each soil. 

A 60-mL aliquot of each runoff sample was filtered through a 0.45-μm filter within 12 h 

of collection. Filtered samples were analyzed for dissolved reactive P (DRP) using a Flow 

Injection Auto-Analyzer (QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO) with 

the ammonium molybdate ascorbic acid reduction method of Murphy and Riley (1962).  

6.3.2 Determination of soil physical and chemical properties 

Soil pH was measured using the electrode approach after shaking 10 g soil in 10 mL 

distilled water (Thomas, 1996). Soil organic carbon was determined using a dry combustion 

method with a Leco CN2000 (Leco Corporation, St. Joseph, Michigan) analyzer (Nelson and 
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Sommers, 1996). Particle size distribution was determined using a hydrometer method (Kroetsch 

and Wang, 2008). The determined soil P tests included Olsen P (Sims, 2000d) and water 

extractable P (WEP) (Self-Davis et al., 2000). 

The P sorption isotherm was determined by shaking 1.0 g of soil in 25 mL of 1 of 9 P 

solutions (containing P 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, and 0.6 mmol L-1, respectively) end-

over-end for 24 hours. The P solutions were prepared by dissolving KH2PO4 in 0.03 M KCl. 

After equilibration, the samples were then filtered through a 0.45-μm filter. The filtrate was 

analyzed for P as previously described for runoff DRP concentration. Sorbed P was inferred from 

the difference between the concentration of soluble P added in the initial solution and the 

concentration of P in the solution at equilibrium. All isotherms are performed in duplicate.  

6.3.3 Langmuir equation modifications 

A P sorption isotherm can be described by the following equation 

                        
kC
kCQT +

=
1
Qmax                                                            [6.1] 

Where QT is the total amount of P sorbed by the soil (mg kg-1), C is P concentration in the 

equilibrium solution (mg L-1), Qmax is P sorption maximum (mg kg-1), which is often used as an 

estimation of P sorption capacity (mg kg-1, PSC), and k represents P sorption strength (L mg-1, 

PSS).  In the above equation, QT is considered to include P that was already sorbed to the soil 

prior to analysis (Q0) and P sorbed/desorbed from/into the equilibrating solution (QS). In our P 

sorption study, P desorption reactions occurred, especially for some soils with high P 

concentration. Substituting Q0+Qs for QT and rearranging gives the following equation: 

                                            0
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1
Q

kC
kCQQs −

+
=                                                           [6.2] 

The following equation was then derived: 
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kC

kC
Q

QQs

+
=

+
1max

0                                                            [6.3] 

In the case of no P added into 0.03 M KCl equilibrating solution, we designated the 

equilibrium P concentration in the solution and amount of P desorbed into 0.03 M KCl solution 

during shaking as C0 and QD (a negative value), respectively. In this study, soil DPS was 

estimated using the following equations: 
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At the point of C0, the corresponding P buffering capacity (PBC0) was calculated as 

follows: 
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Equation 6.5 was developed by McDowell et al. (2002a) to estimate the potential for P loss in 

subsurface flow. In their study, PBC0 was regarded as an estimate of P sorption strength.  

6.3.4 Data analysis 

The flow weighted mean DRP concentration (DRP30) of runoff water collected during the 

30-min period was used to evaluate the relationships between runoff P concentrations and soil 

DPSsorp or PBC0 values. DRP30 was calculated as follows (Wang et al., 2010): 

                       DRP30 = ∑∑
==

×
6

1

6

1
/)(

jj
jjj VVDRP                                                               [6.6] 

where DRPj (j =1, 2, 3,·····, and 6) represent the DRP  concentrations of runoff water collected in 

0-5, 5-10, 10-15, 15-20, 20-25, and 25-30 min intervals, respectively; and  

Vj (j=1, 2, 3, ·····, and 6) represent the volume of runoff water collected in 0 -5, 5-10, 10-
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15, 15-20, 20-25, and 25-30 min intervals, respectively. 

All statistical analyses were performed using the SAS program (SAS Institute Inc. 2002). 

The P sorption parameters (i.e., Qmax, k, and Q0) were determined using the NLIN procedure of 

SAS based on Equation 6.2. Linear regressions between runoff DRP30 concentration and DPSsorp 

values were performed using the REG procedures and the corresponding slopes and the 

intercepts were compared using a series of contrast statements in the GLM procedure of SAS. 

Determination of the change point between runoff DRP30 concentration and PBC0 were 

performed using the NLIN procedure.  

6.4 Results and Discussion 

6.4.1 Soil characteristics 

The soils, selected to represent the major livestock production areas across Ontario, had a 

wide range of chemical and physical properties (Table 6.1). The soils had sand contents ranging 

from 288 to 889 g kg-1, silt contents ranging from 60 to 533 g kg-1, and clay contents ranging 

from 45 to 382 g kg-1. The organic carbon concentrations ranged from 10 to 66 g kg-1. The soil 

pH ranged from 4.2 to 7.6, with 36 soils having pH < 7 and 24 soils having pH > 7. Amongst the 

selected soil series, the Brookston clay (5.6 ≤ pH ≤ 7.0) and Fox sandy loam (4.2 ≤ pH ≤ 7.1) had 

the lowest mean pH of 5.9. Only the Conestogo loam had an average pH > 7.0.  

In the current study, the status of P in soils varied greatly, as indicated by the values of 

Olsen P, PSC, PSS, PBC0, and DPSsorp (Table 6.1). The Olsen P concentration ranged from 3.8 to 

152 mg P kg-1 soil, PSC ranging from 87 to 381 mg P kg-1, PSS ranging from 0.11 to 0.81 L mg-1, 

PBC0 ranging from 0.09 to 0.81 L mg-1, and DPSsorp ranging from 0 to 27.7%. Also, these soil P 

parameters differed between the selected soil series. For instance, Fox sandy loam soils had the 

lowest average values of soil PSC, PSS, and PBC0 as well as the highest average Olsen P 
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concentration and DPSsorp, while the Grenville loam soils were the opposite.  

6.4.2 Evaluating DPSsorp as a universal indicator of runoff DRP30

For Grenville loam soil series, the relationship between soil DPSsorp and runoff DRP30 

concentration was insignificant at p = 0.05. The poor performance of DPSsorp as an indicator of 

runoff DRP30 loss likely resulted from a very narrow range of soil DPSsorp (between 0 and 2.1%). 

Within each of other five soil series, however, DRP30 concentration in surface runoff was 

significantly (P < 0.001) related to soil DPSsorp, with r2 values ranging from 0.82 to 0.97. As 

indicated in Table 6.2, the regression slopes were not different at p = 0.05 between these 5 soil 

series, while the values of the intercepts were significantly different at p = 0.05. Wang et al. 

(2010) and Penn et al. (2006) found that the intercept of the regression equations of runoff DRP 

concentrations versus soil WEP concentration was negatively related to soil clay content by 

assuming that the slopes of runoff DRP concentration versus soil WEP were similar across the 

selected soil series. In the current study, the relationship between soil clay concentration and the 

intercept values was not significant, but the intercept values did tend to decrease with increasing 

clay concentration (Fig. 6.1). This study further supports the observation that coarse-textured 

soils tends to lose more DRP in surface runoff compared with fine-textured soils at a given level 

of soil P (Wang et al., 2010; Penn et al., 2006).  

 concentration 

Considering the differences between the formulas for calculating DPSsorp and routine 

DPS estimations, it is no surprise that DPSsorp could be used to universally estimate DRP30 

concentration in surface runoff across a wide range of soils, while routine DPS values failed for 

this purpose. Routine DPS estimations are generally calculated using the amount of certain forms 

of soil extractable P,  such as Olsen-P, Mehlich-3 P, or ammonium oxalate extractable P, as an 

estimate of the quantity of P sorbed to the soil (Sims et al., 2002; Hughes et al., 2000; Maguire 
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and Sims, 2002b; Pautler and Sims, 2000). However, the STP extraction methods can be biased 

by the selective nature or unsuitable use of the extractant and the inability to account for soil 

characteristics (McDowell et al., 2002a). In comparison, P sorption isotherms not only account 

for effects of soil physical-chemical characteristics on P release into water, but reflects the 

dynamic nature of P sorption-desorption behaviour between the solid and solution phases 

(McDowell et al., 2002a; Dou et al., 2009). Also, relative to STP extractants, the P desorption 

into weak electrolyte solution (0.03 M KCl solution in this study, for example) can better mimic 

surface runoff water, and thus may better estimate the values of sorbed P and PSC suitable for 

describing P release process from agricultural soils to surface runoff. 

In the 0.03 M KCl solution with no P added, P desorption reactions should dominate over 

P sorption reactions, yielding a QD value that is negative. Therefore, the sum of Q0 and QD better 

represents the amount of P sorbed by the soil in the equilibrating solution than Q0 alone when the 

initial P concentration is zero in the solution.  Generally, P concentration in surface runoff is very 

low. In this regard, it can be considered that surface runoff water is similar to the case of the 

equilibrating solution with no P added to the initial solution. For a given soil with the pre-

existing P amount Q0 as in our sorption study, therefore, the ratio of  (Q0 + QD)/Qmax is more 

appropriate as an estimate of soil DPS in natural conditions than Q0/Qmax. The amount of QD not 

only depends on amount of Q0, but is closely related to the nature of the surrounding solution 

(e.g., ionic strength, background P concentration, and pH) and soil properties related to soil P 

solubility (Dou et al., 2009; Graetz and Nair, 2000). The formula [KC0/(1 +KC0)] of DPSsorp does 

reflect the effects of soil properties, the solution, and interactions between them on the values of 

DPSsorp by including the k value and C0 concentration.  
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6.4.3 Comparing DPSsorp with DPSM3-2, DPSM3-3, and WEP as indicators of runoff DRP30

As a universal indicator of runoff DRP30 concentration, DPSsorp had a strong linear 

relationship with runoff DRP30 (DRP30 = 1.79 × DPSsorp + 0.0137, r2 = 0.89) across the 6 selected 

soil series. Based on the r2 value, the strength of this overall relationship is as strong as between 

runoff DRP30 concentration and DPSM3-2, DPSM3-3, or WEP (Chapter 2). In order to determine if 

DPSsorp can improve the prediction of runoff DRP30 concentration compared to DPSM3-2, DPSM3-

3, or WEP, the absolute value of the difference of observed DRP30 concentration and predicted 

DRP30 concentration based on these four P measures was calculated (Table 6.3) and referred to as 

ABS. In general, a smaller ABS value means that the predicted DRP30 is closer to the observed 

value than a larger one. As shown in Table 6.3, DPSsorp had the smallest mean of ABS value 

among DPSsorp, DPSM3-2, DPSM3-3, and WEP, suggesting that DPSsorp is the most accurate 

predictor of DRP30 concentration in surface runoff from a range of soil series.  

 

concentration 

Table 6.4 provides another perspective showing how DPSsorp improves the prediction of 

runoff DRP30 concentration compared to DPSM3-2, DPSM3-3, and WEP. Ideally, the relationship 

between observed DRP30 concentration and predicted DRP30 concentration is expected to be of a 

linear form with the slope value of 1.00 and the intercept of zero as well (predicted DRP30 = 

observed DRP30).  Within Grenville loam soil series, the relationship between observed DRP30 

concentration and predicted DRP30 concentration was insignificant due  to the very narrow range 

of either observed DRP30 concentration or predicted DRP30 concentration. Within each of other 

soil series, the slope values of the linear relationship between predicted DRP30 and observed 

DRP30 ranged from 0.787 to 1.12 for DPSsorp, from 0.69 to 1.46 for DPSM3-2, from 0.677 to 1.40 

for DPSM3-3, from 0.635 to 1.34 for WEP. The narrower range of the slope values also shows 
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that DPSsorp tends to give a more uniform and reliable prediction of runoff DRP30 concentration 

across a range of soil series than others.   

6.4.4 Evaluating PBC0 as a universal indicator of runoff DRP30 

It was observed that the split-line linear models best described the overall relationship 

between concentration of DRP30 in surface runoff water and soil PBC0 (r2 = 0.73), as shown in 

Fig. 6.2. Below the change point of 0.29 L mg-1, runoff DRP30 concentration decreased at a rate 

that was approximately 72-fold higher than the rate above this point. McDowell et al. (2002a) 

reported that the relationship between PBC0 and DRP concentration in subsurface flow was also 

well fitted to a split-line model. Meanwhile, they pointed out that PBC0 could provide a universal 

prediction of leachate DRP concentration across a wide range of soils.  

concentration 

Within each soil series, the range of PBC0 values is not large enough to determine the 

change point in the current study. However, it appears that all the data points of each soil series 

follow the overall pattern of runoff DRP30 versus PBC0 (Fig. 6.2). In order to ascertain the effects 

of soil properties on the relationship between PBC0 and runoff DRP30 concentration, the six soil 

series were divided into two groups, each of which had a similar range of PBC0 values. For BC, 

CL, and FSL soil series, the change point value (0.29 L mg-1) of runoff DRP30 concentration 

versus PBC0 was almost equal to that (0.30 L mg-1) for GL, LSL, and PCL soil series (data not 

shown). Similarly, if the regression analyses were conducted within BC, FSL, and GL soil series 

and within CL, LSL, and PCL soil series, respectively, the change point values were 0.29 and 

0.30 L mg-1, respectively. Soil PBC varies with P concentration in the equilibrium solution, as 

shown by the slope value of P sorption isotherm. Theoretically, soil PBC0 can better estimate 

solution P concentration resistance to P additions in natural conditions, because the equilibrium 

solution of no P added may better mimic soil solution or surface runoff water than other sorption 
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solution including extra P in them.  According to McDowell et al. (2002a), the corrected soil P 

sorption strength (referred to PBC0 in our study) can better account for the effects of 

management practices (e.g., application of manures or fertilizer and different cropping histories) 

on soil P loss. Summarily, soil PBC0 also shows promising potential to work as a universal 

predictor of runoff DRP30 concentration across a wide range of soils.  

6.5 Conclusions 

This study demonstrated great promise of DPSsorp and PBC0 for universally predicting 

DRP30 concentration in surface runoff across a wide range of Ontario soils. Across the selected 

soil series, DPSsorp was linearly related to runoff DRP30 concentration with a common slope of 

approximately 1.79; PBC0 yielded a common change point of approximately 0.29 L mg-1 below 

which runoff DRP30 concentration decreased greatly with increasing PBC0 than above. Both 

parameters can better account for collective contributions of original soil P concentration, soil P 

solubility, and interactions between soil P and soil solution or runoff water on P release to water.  

This study will help in the prediction of soil P loss in surface runoff.  First, DPSsorp 

discloses the linkage between the DPS definition (sorbed P/PSC) and both soil soluble P 

concentration and PSS, and provides a scientifically sound method to predict risk potential of 

soil P loss in surface runoff. Second, the findings are not intended to deny the use of STP method 

or routine DPS estimations for identifying risk potential of soil P loss in surface runoff, but they 

do provide alternative methods to estimate soil P loss potential when simpler environmental soil 

tests (e.g., STP and routine DPS estimates) are either not applicable or yield uncertain results 

(McDowell et al., 2002a). For example, when the tested soils vary greatly in soil physical and 

chemical properties, especially in soil pH, DPSsorp or PBC0 may be preferred for accurately 

estimating risk potential of DRP loss in surface runoff.  
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6.6 Tables and Figures 

Table 6.1. Selected properties of the 60 soils used in the rainfall simulation study. 

Soil series   Sand    Clay    Silt     Carbon            pH Olsen 
P  PSC†   PSS‡ PBC0§ DPSsorp¶ 

  
 g kg-1  

 
mg kg-1 L kg-1 % 

Brookston 
Clay 

Mean 388 341 271 25.6 5.9 32.8 225 0.284 0.269 3.70 
Max 531 382 304 34.2 7.0 84.6 303 0.375 0.367 11.26 
Min 344 271 198 20.5 5.6 8.6 186 0.109 0.090 0.18 
SD# 64 35 34 4.7 0.4 24.3 35 0.088 0.095 3.89 

Conestogo 
Loam 

Mean 422 191 386 25.2 7.2 14 261 0.375 0.361 2.28 
Max 466 214 426 37.8 7.6 41.1 306 0.552 0.543 6.25 
Min 381 169 346 20.1 6.5 4.5 217 0.209 0.186 0.08 
SD 29 15 32 5.4 0.3 11.4 33 0.114 0.118 1.94 

Fox Sandy 
Loam 

Mean 751 95 153 21.1 5.9 60.1 149 0.241 0.204 9.23 
Max 889 160 231 50 7.1 152.5 284 0.425 0.411 27.65 
Min 611 45 60 10 4.2 8 87 0.148 0.117 1.18 
SD 95 36 60 15.5 0.9 48.7 68 0.078 0.089 7.92 

Grenville 
Loam 

Mean 552 157 291 42.4 6.8 7.2 289 0.586 0.577 0.91 
Max 683 186 363 66.3 7.6 11 346 0.807 0.807 2.08 
Min 451 119 190 31.5 6.3 3.8 227 0.292 0.285 0.00 
SD 70 25 52 11 0.4 2.9 41 0.183 0.184 0.73 

Listowel 
Silt Loam 

Mean 426 159 415 35.1 7.0 27.6 288 0.319 0.290 5.68 
Max 477 196 486 42.8 7.3 78.3 375 0.566 0.551 19.47 
Min 339 140 357 29 6.8 8.2 257 0.163 0.141 1.25 
SD 49 18 36 4.7 0.2 21.5 33 0.117 0.126 5.36 

Perth Clay 
Loam 

Mean 334 225 441 26.2 7.0 20.4 277 0.365 0.352 1.91 
Max 423 317 533 30.9 7.5 58.1 381 0.464 0.453 4.77 
Min 288 168 364 21.4 6.4 6 219 0.255 0.231 0.19 
SD 41 46 55 3.3 0.4 14.4 44 0.059 0.063 1.31 

† P sorption capacity. 

‡ P sorption strength. 

§ P buffering capacity in the equilibrium solution when no extra P was added before shaking. 

¶ Degree of P saturation. 

# Standard deviation of 10 determinations. 
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Table 6.2. Linear relationship between the flow weighted mean of dissolved reactive P 

concentration (DRP30, mg L-1) in runoff collected over 30-min and degree of soil P saturation 

(DPSsorp, a ratio value) for each soil series.  

  Regression equations r2 Slope 
comparisons‡ 

Intercept 
comparisons‡ 

Brookston clay DRP30 = 1.97 × DPSsorp - 0.0120 0.90 *** a a 

Conestogo loam  DRP30 = 1.86 × DPSsorp + 0.0282 0.88 *** a bc 

Fox sandy loam DRP30 = 1.70 × DPSsorp + 0.0440 0.84 *** a bc 

Listowel silt loam DRP30 = 1.63 × DPSsorp + 0.00689 0.97 *** a a 

Perth clay loam DRP30 = 1.81 × DPSsorp + 0.00723 0.82 *** a ac 

Grenville loam DRP30 = 0.260 × DPSsorp + 0.0297 0.10 ns     
†*** and ns: significant at the p ≤ 0.001 level, and nonsignificant at the p ≤ 0.05 level, 

respectively. 

‡The same lowercase letters in the columns of both slope comparisons and intercept comparisons 

indicate insignificantly different slopes and intercepts, respectively, between soil series. 

n = 39 for Fox sandy loam and Grenville loam, and 40 for other soil series. 



 

147 
 

Table 6.3. The absolute values of the differences between observed DRP30 (mg L-1, the flow 

weighted mean of dissolved reactive P concentration) and predicted DRP30 (mg L-1) based on 

DPSsorp (a ratio value, estimated from P sorption isotherms), DPSM3-2 [Mehlich-3 P/(Mehlich-3 

Al + Fe)], DPSM3-3 (Mehlich-3 P/Mehlich-3 Al), and WEP (mg kg-1, water extractable P).  

Soil series DPSsorp DPSM3-2 DPSM3-3 WEP 
Brookston Clay 0.0252 0.0196 0.0219 0.0411 
Conestogo Loam 0.0165 0.0240 0.0242 0.0263 
Fox Sandy Loam 0.0411 0.0353 0.0356 0.0381 
Grenville Loam 0.00879 0.00945 0.00829 0.00584 
Listowel Silt Loam 0.0179 0.0184 0.0191 0.0141 
Perth Clay Loam 0.0104 0.0224 0.0206 0.0151 

     Mean 0.0200 0.0216 0.0217 0.0235 
For DRP30, n was 39 for Fox sandy loam and Grenville loam, and 40 for other soil series. 

Predicted DRP30 concentration was calculated based on the following equations (Chapter 2 and 

the current chapter): 

DRP30 = 1.79 × DPSsorp + 0.0137, r2 = 0.89 

DRP30 = 0.903 × DPSM3-2 + 0.00871, r2 = 0.90 

DRP30 = 0.749 × DPSM3-3 + 0.0113, r2 = 0.89 

DRP30 = 0.0183 × WEP + 0.0149, r2 = 0.89 
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Table 6.4. The slope values of the linear relationships (predicted DRP30 = slope × observed 

DRP30,  P < 0.001) between observed DRP30 (mg L-1, the flow weighted mean of dissolved 

reactive P concentration) and predicted DRP30 (mg L-1) based on DPSsorp (a ratio value, estimated 

from P sorption isotherms), DPSM3-2 [Mehlich-3 P/(Mehlich-3 Al + Fe)], DPSM3-3 (Mehlich-3 

P/Mehlich-3 Al), and WEP (mg kg-1, water extractable P).  

Soil series DPSsorp DPSM3-2 DPSM3-3 WEP 
Brookston Clay 1.00 1.03 1.07 1.34 
Conestogo Loam 0.787 0.690 0.677 0.635 
Fox Sandy Loam 0.889 0.986 0.986 0.901 
Listowel Silt Loam 1.12 0.778 0.755 0.909 
Perth Clay Loam 1.06 1.46 1.40 1.18 

     Combined soils 0.939 0.942 0.941 0.936 
Grenville loam soil series was excluded because the range of either observed DRP30 

concentration or predicted DRP30 concentration is not large enough to have a significant linear 

relationship between them.  

For DRP30, n was 39 for Fox sandy loam and Grenville loam, and 40 for other soil series. 

Predicted DRP30 concentration was calculated based on the following equations (Chapter 2 and 

the current chapter): 

DRP30 = 1.79 × DPSsorp + 0.0137, r2 = 0.89 

DRP30 = 0.903 × DPSM3-2 + 0.00871, r2 = 0.90 

DRP30 = 0.749 × DPSM3-3 + 0.0113, r2 = 0.89 

DRP30 = 0.0183 × WEP + 0.0149, r2 = 0.89 
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Fig. 6.1. Relationship between the average clay content and the intercept of the linear relationship 

between the flow weighted mean of dissolved reactive P concentration (DRP30, mg L-1) in runoff 

collected over 30-min and degree of soil P saturation (DPSsorp) for each of five soil series (excluding 

Grenville loam soil series due to insignificant relationship between DPSsorp and runoff DRP30 

concentration). 
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Fig. 6.2. Relationship between the flow weighted mean of dissolved reactive P concentration 

(DRP30, mg L-1) in runoff collected over 30-min and P buffering capacity (PBC0). n= 238 for the 

split-line relationship (SE = 0.00760 mg L-1). *** indicates that r2 is significant at p < 0.001. 
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CHAPTER SEVEN 

Summary, Conclusions and Future Studies 

7.1 Summary 

In response to an immediate need to identify and develop an appropriate environmental 

soil P test for Ontario soils, this study was conducted to evaluate the suitability of various STPs 

and DPS estimations as indicators of P loss from Ontario soils to surface waters. In order to 

fulfill the research objective, controlled laboratory experiments were conducted to simulate 

surface runoff and leaching events to establish relationships between various soil P measures and 

DRP concentration for predominant soil series found in the major livestock production areas of 

Ontario. The research was focused on the DRP form of P loss in surface and leaching water as it 

is immediately available for uptake by aquatic biota. The research study was comprised of five 

studies as follows: 

The first study (Chapter two) examined the relationships between DRP concentration in 

surface runoff and various STPs and routine DPS estimations. Based on regression coefficients, 

amongst the 16 measurements of STPs and routine DPSs assessed, DPSM3-2 (Mehlich-3 

P/(Mehlich-3 Al + Fe), r2 = 0.90), DPSM3-3 (Mehlich-3 P/Mehlich-3 Al, r2 = 0.89), and WEP (r2 

= 0.89) had the strongest overall relationship with runoff DRP30 concentration across all six soil 

series. Next to these three measures the FeO-P concentration explained 85% of the overall 

variation in DRP30 concentration and followed a split-line linear model. Olsen P, a common soil 

P test for agronomic calibrations in Ontario, was significantly associated with runoff DRP 

concentrations, but with less the accuracy than most of the other tested P measures. In 

comparison, a DPS based on Olsen P and PSI (P sorption index) could give an improved 

prediction of runoff DRP30 (r2 = 0.80). The overall relationships between runoff DRP30 
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concentrations and STPs and DPSs could be used to estimate risk of soil P loss to surface water, 

but it should be noted that the relationships between runoff DRP concentrations and the tested 

STPs or DPSs were influenced by soil properties, especially pH. 

The second study (Chapter three) was the extension of the first study and aimed at 

determining temporal pattern of runoff DRP concentration during a simulated rainfall event and 

the controlling soil properties. An understanding of such information is needed for further 

improving the prediction of the potential of soil P losses into surface runoff. The instantaneous 

DRP concentration in surface runoff created during the rainfall event could be predicted by time t 

(min, since the onset of surface runoff) through a power function: DRP = αt-β, where α and β 

were constants representing initial potential of soil P release to runoff as DRP at the onset of 

surface runoff and DRP decrease rate with time, respectively. A value of α at a given soil could 

be accurately described by soil WEP, DPSM3-2, and DPSM3-3 in exponential functions with the r2 

value of up to 0.97, while β value was positively related to soil sand content and values of STP 

and DPS, and negatively correlated to PSI, pH, and contents of soil clay, silt, and total organic 

carbon. The values of α and β for a given soil could be determined by DPSM3-3 using the 

following formulas: α = 0.0824 × e 5.89×DPSM3-3   (r2 = 0.97); and β = 1.22 × (DPSM3-3)2 + 0.186 × 

DPSM3-3 + 0.143 (r2 = 0.68).  

The third study (Chapter four) was conducted to evaluate various STPs and routine DPS 

estimations as indicators of DRP concentrations in subsurface flow from Ontario soils. Split-line 

models adequately described the relationships between concentration of DRP in leaching water 

and STP or DPS in the order of WEP (r2=0.87), DPSM3-2 (r2=0.87), DPSM3-3 (r2=0.86), FeO-P 

(r2=0.83), DPSOl-b (r2=0.80), DPSFeO-b (FeO-P/(FeO-P + PSI), r2=0.79), DPSM3-1b (Mehlich-3 

P/(Mehlich-3 P + PSI), r2=0.79), DPSBray-b (Bray-1 P/(Bray-1 P + PSI), r2=0.77), Mehlich-3 P 
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(r2=0.77), Bray-1 P (r2=0.71), and Olsen-P (r2=0.64). Above the change points, the rate of DRP 

concentration increase in leachate per unit increase of STP or DPS was greater than below these 

change points. The relationships between various STP or DPS and 0.01 M CaCl2 P resembled 

those between STP or DPS and leachate DRP concentration, indicating that soil 0.01 M CaCl2 P 

could be used as a surrogate of leachate DRP for identifying risk potential of soil P loss via 

subsurface water. As with the observations in the first study, the overall relationships between 

leachate DRP concentrations and STPs or DPSs were influenced by soil properties, especially pH.  

As a complimentary component to the first and third studies (each dealing with 60 

representative soil samples), the fourth study (Chapter five) evaluated the  relationships between 

various STPs and routine DPS estimations as indicators of DRP loss potential to surface waters 

across a much greater range of soil types.  In this study, a total of 391 soil samples were 

examined to evaluate the relationships between various STPs and DPS estimations and WEP 

concentration.  As observed in studies 1 and 2, the WEP could be used as a suitable surrogate of 

soil P loss in runoff waters for developing an appropriate environmental soil P test for a 

particular region. This study indicated  that once again soil DPSM3-2 and DPSM3-3 could be used 

to predict soil WEP concentrations with high accuracy for soils with pH < 7, but both 

measurements would overestimate soil P losses from soils with pH  ≥ 7, especially when soil 

DPSM3-2 or DPSM3-3 were of high values (i.e., DPSM3-2 > 15%, or DPSM3-3 > 17% in this study). 

Such conclusions did not contradicted to those from the first and third studies because the 60 soil 

samples used in these two studies had low values of DPSM3-2 and DPSM3-3. In comparison, soil 

FeO-P and DPSOl were the most promising indicators of P losses across the 391 soil samples, 

where soils with pH > 7.0 were more prevalent.  

The first four studies suggested that some STPs and routine DPS estimations can be used 
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to estimate risk of soil P loss to surface waters based on the overall relationships with soil P loss 

measures. However, it should be realized that these relationships generally vary with soil 

properties, such as soil pH, particle distributions, and organic C contents. Hence, there is a need 

to develop a universal indicator of soil P loss across various soil types. In the P sorption study, 

the fifth study introduced the equation (
kC

kC
Q

QQs

+
=

+
1max

0 ) to describe the relationship between P 

concentration (C, mg L-1) in the equilibrium solution and the amount of P sorbed or desorbed by 

soil (Qs, mg kg-1), where Qmax is P sorption maximum (mg kg-1), k represents P sorption strength 

(L mg-1), Q0 (mg kg-1) is the pre-existing P that was already sorbed to the soil prior to analysis. 

The study demonstrated that soil DPSsorp as a ratio of (Q0 + QD)/Qmax was linearly related to 

runoff DRP30 concentration with the same slope value across a wide range of soil series; the P 

buffering capacity (PBC0) at C = C0 yielded the same change point of appropriate 0.29 L mg-1 

below which runoff DRP30 concentration decreased greatly with increasing PBC0 than above; 

here C0 and QD (a negative value) represent the equilibrium P concentration in the solution and 

amount of P desorbed into 0.03 M KCl solution during shaking, respectively, when no P was 

added into 0.03 M KCl solution. The universal performance of both DPSsorp and PBC0 as 

indicators of soil P loss does not deny the use of STP or routine DPS methods for predicting 

runoff DRP loss because they are usually simpler to determine than P sorption isotherm. 

However, both P sorption parameters provide alternative methods to estimate soil P loss potential, 

especially when the STP or routine DPS methods are either not applicable or yield uncertain 

results. 

7.2 Conclusions 

The results of the five studies agreed with each other, suggesting potential of a 

scientifically sound environmental soil P test for predicting soil P loss in surface runoff as well as 
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leaching flow from Ontario soils. Our major conclusions are as follows: 

• Amongst the assessed STPs and routine DPS estimations, DPSM3-2, DPSM3-3, and WEP 

had the strongest overall relationship with DRP concentration in surface runoff and 

leaching water across Ontario soils if none of the tested soils are alkaline with a high DPS 

value (e.g., DPSM3-2 >15%, or DPSM3-3 > 17% in our study). 

• If the tested soils included alkaline soils with high values of DPSM3-2 or DPSM3-3, soil 

FeO-P and DPSOl-b would be better for predicting P loss regardless of their diverse 

properties. In this case, both DPSM3-2 and DPSM3-3 tended to overestimate P losses from 

alkaline soils with high DPS values compared to soils with pH < 7. 

• As the soil P test for agronomic calibrations in Ontario, Olsen P was significantly related 

with DRP concentration in surface runoff and subsurface water, but with less accuracy 

than most of other soil P measures determined 

• Soil characteristics, such as pH, particle distributions, and organic C concentration, 

impact the relationships between various STPs or routine DPS estimations and soil P loss. 

However, some STPs and routine DPS estimations, in most cases, are still preferred to 

predict soil P loss because they are simple and convenient to determine in most soil 

testing laboratories.   

• Soil DPSsorp and PBC0 calculated from P sorption isotherm can provide a uniform and 

reliable prediction of soil P loss across a wide range of soil types. Therefore, these two P 

measures provide alternative methods to predict soil P loss when simpler environmental 

soil P tests are either not applicable or yield uncertain results.  

• The instantaneous DRP concentration in surface runoff created during the rainfall event 

could be predicted by time t (min, since the onset of surface runoff) through a power 
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function: DRP = αt-β, where α and β were constants representing initial potential of soil P 

release to runoff as DRP at the onset of surface runoff and DRP decrease rate with time, 

respectively. The values of the constants α and β were closely related to STP or DPS.  

7.3 Future Studies 

This study revealed the relationships between various soil P measurements and P losses in 

surface runoff and subsurface runoff water by adopting controlled laboratory simulation studies. 

In order to further improve the prediction of soil P loss to surface waters and develop BMPs for 

mitigating P loss as well as for optimizing crop growth, future work should focus on assessing 

soil P loss at a field- and/or watershed-scale. On the basis of the observations in the current study, 

therefore, the following specific studies are suggested.  

• Determine relative contributions of surface runoff and leaching water to export of soil P 

into surface waters and the controlling factors, both of which would help assign a sound 

weighting factor for each indicating its seriousness of soil P loss potential and develop 

suitable BMPs applicable to local conditions for mitigating P loss; 

• Calibrate the relationships between various STPs or DPS estimations and soil P loss at 

field and watershed scales, and quantify the relative contribution of original soil P, 

applied P, tillage, vegetation, landscape, and soil hydrology to soil P loss, which would 

provide theoretical bases for comprehensively assessing soil P loss potential and further 

identifying appropriate BMPs for mitigating P loss; 

• Explore the suitability of a unified soil P measure for the accurate prediction of soil P 

availability to crops as well as soil P loss potential to surface waters in Ontario, since a 

unified agro-environmental soil P test is more convenient, cost-effective, and labor-

saving to use for both agronomical and environmental purposes;  
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• Determine the changes in P concentration in surface runoff and sub-surface flow along 

the P transport pathways from agricultural soils to surface waters, which helps estimate 

amounts of soil P which can reach surface waters during transport;  

• Determine the effects of anthropogenic activities, soil P biogeochemistry and the 

resulting effects on soil P loss, which would improve understanding P cycling in 

terrestrial systems and help develop BMPs for mitigating P loss. 
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