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ABSTRACT

Su¡face soil (0-15 cm) was collected fi'orn 39 fields from agricultural Manitoba

with varying pH, texture and soil test P (STP) values and used in a series of laboratory

simulated rainfall experiments. Soils were packed into soil boxes and placed on a table

with a 5%o slope, where they wele subjected to 75 mm hr-l of simulated rainfall until they

generated 90 minutes ofcontinuous runoff.

Soil test P methods that were evaluated included: Olsen (sodium bicarbonate),

Mehlich 3, Modified Kelowna, and watel. Degree of P saturation was calculated as a

ratio ofSTP to phosphorus sorption capacity estimated using Mehlich 3 extractable Ca

and Mg or single point isothelm methods.

Runoff water was collected at time intervals of0-30, 30-60, and 60-90 minutes

after the initiation of continuous lunoff. Results indicated that STP and total dissolved P

(TDP) in runoff water were strongly related, with Olsen P providing the strongest

relationship with TDP regardless oftextural classification during the initial 30 minutes of

runoff(r2 :0.77) andfor the entire duration ofthe rainfall event Q: = 6.75;.
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1.0 Introduction

In the mid 1970s, researchers began to recognize eutrophication as being the

result ofwith-in lake processes and land-water interactions (Schindler, 1977). Schindler

(1977) showed that elevated concentrations ofphosphorus (P) in paÍicular had the largest

impact on the algal communities. These cyanobacteria generally fix their own nitrogen

and P is the main nutrient limiting growth (Schindl er, 1977). During the 1970s there was

a public effort to eliminate point sources ofP and to stop the flow ofP into waterways.

Prior to this discovery, people thought it was best to attack the resulting algal growth with

herbicides (Schindler, 2006). Afterwards, the removal of P from human waste and

detergents were the main targets for policy changes and improvements were observed in

many lakes.

Point sources ofP loading such as the discharge of municipal wastewater are

relatively easy to identify and manage. However, in watersheds where soils are rich in

nutrients there is a substantial risk ofnon-point source nutrient loading which is difficult

to combat. For example, within Manitoba, agriculture has been identifred as supplying

15% of the P load in Lake Wiruripeg (Lake Winnipeg Stewardship Board, 2006). Of that

15Vo, the majority ofthe P is in the dissolved and readily available form (Glozier et al.,

2006; Sheppard et al., 2006). With agriculture now identified as a source of P loading the

next challenge is to identiff the characteristics of agricultural land and its management

that are contributing to P loss and eventually eutlophication. Source factors include the P

content ofthe soil and the nutrient management practices on that parcel of land such as

the P application rate, timing and type ofP (synthetic fertilizel o¡ manure) that is applied

(Heathwaite et a1.,2005a; Kleinman el a1.,2002). The transpolt mechanisms are usually



accounted for in the P indices that have been developed using an erosion estimator such

as the Revised Universal Soil Loss Equation (Sharpley et al., 2001a) and are usually

erosion or runoff water driven.

Beneficial management practices (BMPs) have been developed to reduce the

impact that agricultural P may have on nearby surface or ground water. A phosphorus

BMP is generally considered to be a practice that minimizes the lisk of aglicultural P

moving into surface or ground water and causing problems with the health ofthat aquatic

system. For example, subsurface placement of manure either through incorporation by

tillage, direct injection of liquid manure, or banded synthetic fertilizer helps to reduce the

amount ofexposure the manure P has to precipitation (snow or rain). Subsurface

placement of fertilizer or manure decreases the exposure ofadded P to runoff and

increases exposure ofP to the soil particles which adsorb the labile P. Such retention of

P by soil particles reduces the risk ofP loss, provided that the area is not subject to water

erosion that could carry P loaded particulate and colloidal material to a nearby stream.

Timing of fertilizer and manure application is also important to reduce potential

impacts. In the Canadian prailies, where soils are frozen and snow covered for the winter

period, timing becomes very crucial. Iffertilizer or manure is surface applied on to soils

too late in the fall and the cold soils have not had a chance to bond with the added P then

this P is left exposed to snow melt in the spring, when 80% ofrunoffoccurs in this region

(Nicholaichuk, 1967). However, spring application ofmanure and fertilizer is generally

limited by time constraints, especially with relatively short growing seasons with little

time to apply manure and seed, Therefore, fall application of fertilizer and manure is

regarded by farmers as a necessity.



One of the transport BMPs that is often recommended to reduce P movement is to

plant vegetative buffer strips along waterways. Buffer strips are most effective at

slowing the movement of particulate P (PP). However, although the total P (TP) load

may decrease, the proportion ofTP that is dissolved may increase and the dissolved P

(DP) is the portion that is the most bioâvailable to cyanobacteria. This is also true for

zero or no till fields that leave the vegetative residues on the surface of the soil, As a

result the proportion ofdissolved P increases in a zero till system far above that of

conventionally tilled soil (Glozier et al.,,2006; Heathwaite el al.,2005a; Shaçpley and

Smith, 1994). Researchers in Alberta have dete¡mined that DP forms the majority of P

lost in runoff and that in most cases >90% of runoff was snowmelt driven (Little et al.,

2007). Sheppard et al. (2006) also found that the majority ofthe P that is mobile during a

snowmelt runoff event is dissolved P and that this P is not generally intercepted by

vegetative buffer stlips since the plants are not yet actively growing and may also be

supplying P to the system.

Particulate phospholus is a significant form ofP loss in areas that are prone to

water erosion; however, the bioavailability ofthat P is generally regarded as lower than

for DP (McDowell and Wilcock, 2007). However, Uusitalo et al. (2003) showed that the

bioavailability ofP that is bound to soil particles can be impofiant in water bodies.

Conversely, Turner et al. (2004a) have demonstrated in systems with calcareous soils that

the pH may never reach the point where P may be solubilized from soil colloids and may

not be available. Most of the BMPs that have been developed have concentrated largely

on reducing PP losses by reducing water erosion. Therefore, in areas where water

erosion is substantial, reducing PP losses will significantly reduce TP losses. Soil



colloids, between 1 pm and 1 nm in diameter (Kretzschmar et al.,1999), may play a

particularly important lole in P retention and loss because oftheir large surface area and

high capacity to adso¡b P due to a large surface area (Heathwaite et al., 2005a;

Kretzschmar et al.,1999; Turner et a1.,2004a). However, these particles are also so

small that they have the ability to stay suspended in the water column for extended

periods of time which adds to their ease oftransport and bioavailability to aquatic

organisms (Kretzschmar et al., 1999). With such a wide range of size, some colloids may

be passing through the 0.45 pm fìlter that is used to operationally define "dissolved" P.

This could mean that true dissolved P is being overestimated (Hudson et al., 2000).

However, there are many other factors that affect the bioavailability ofPP such as soil to

solution ratio and the ability of microorganisms to strip the solbed P (Turner et al.,

2004a); therefore, the desorbability ofthe P on these particles once they enter the stream

is important (Uusitalo et al.,2001).

Environmentally and agronomically available P concentration in the soil as

indicated by soil test P (STP) extLactions has been identified as potentially the most

reliable indication of P available for loss Guidry et aI.,2006; Kleinman et al., 2002;

Kleinman e|a1.,2004; McDowell and Sharpley 2001; McDowell et al., 2000; Pote et al,,

1999b; Torberteia1.,2002; Wrightet aL,2006). Some of the conÌmon agronomic and

environmental STP methods in North America and Europe include: Mehlich, Olsen,

Bray, water, and Modified Kelowna. Soil has a limited capacity to retain P and when thal

capacity is saturated from excessive P application, the risk ofP movement incleases

dramatically. The sources of excess P content in soil comes mainly from the over



application ofsynthetic P fertilizer or fi'om a history of manure application (Turner et al.,

2004a,b); however, application of municipal biosolids also elevates soil P.

There is some debate in the literature as to which method of measuring P in the

soil can be best used to predict P losses. Some researchers recornmend water extractable

P (WEP) or 0.01M CaCIz to best represent the true interaction of rain water with soil to

predict P losses under rainfall (Vadas et al., 2005). These are considered to be

environmental soil P tests and are considered by some researchers to be more accurate

than the agronomic methods for predicting P loss (Pote et aL, 1996), The agronomic

methods are generally stronger extractions such as Mehlich-3 or the Olsen P extraction

that have been developed to mimic the plant soil interactions over an entire growing

season that slowly mobilize the P that is bound to soil particles and not readily available

to a weak extraclant such as rain water.

Many studies have shown strong relationships between a variety of agronomic

and envilonmental STP methods and soluble reactive P (SRP) in runoff water (Ebeling et

a1.,2003; Fang et al., 2002; Kleinman eTa1.,2004; McDowell et al., 2000; Pote et al.,

1999b; Torbert 2002; Wright et a1.,2006; Wright et a1.,2003). However, there is no

consensus in the literature as to which STP method is best fol estimating SRP or TDP in

runoffwater. Vadas et al. (2005) tried to develop a single extlaction coefficient from the

data tlìat others produced. They cornpared studies that used packed soil boxes and field

plots separately. When the six packed soil box studies were evaluated, there were no

significant differences among the coeflicients for the ten soils used when P was extracted

using Bray-l or Mehlich-3 P. The same was true for the field studies, except for one soil

used by Cox and Hendricks (2000) which had extremely low clay content (5%) and had



only five observation points. Clay content ofthe soil affected the ability ofthe soil to

buffer P loss. In the Cox and Hendricks (2000) study the soil that contained 32%o clay

requiled almost three times more STP as the soil that contained 5/o clay to yield a

concentration of 1 mg L-l in runoff. Vadas et al. (2005) went on to compare

environmental STP methods and found that l7 of the 20 soils showed no significant

difference in the extraction coefficients. The th'ee soils that were different showed no

obvious chemical or physical properties that would have caused them to behave

differently,

Pote et al. (1996) found relationships between SRP in runoff water and

ammonium oxalate, iron oxide strips and water extractable P (WEP), all of which ale

considered to be environmental STP methods. This was also the case with Pote et al.

(1999) and Schroeder et al. (2004) when the data was normalized with the volume of

runoff expressed as a depth of water over the runoff area. The data was normalized in

this fashion because of the drastically different quantities ofrunoffthat were collected

from each of the soils used in the experiment. Convefiing the runoff concentrations to

this P load oriented approach allowed better comparisons between soils that varied in

texture. As a result, Pote et al. (1999) found excellent relationships with SRP in runoff

and STP in soil regardless of what soil test method was used. Conversely, other

researchers found that nolmalizing the data did not significantly change the coruelations

bet\ryeen soil test methods (Davis et al., 2005; Kleinman et a1.,2004; Torbert, 2002). In

fact, Kleinman et al. (2004) found that the variability among soil tests was increased

when P concentrations were converted to P load.



There is also evidence to suggest that STP methods reveal a "change point" whele

the concentration ofP in runoffor leachate water increases sharply with a small increase

in STP (Heckath et al., 1995; McDowell and Sharpley, 2001; McDowell et al., 2000).

McDowell et al. (2000) demonstrated this phenomenon in a variety of soils from New

Zealand, the United Kingdom and the United States; however, the change point was not

observed in every soil. The split line model used in the McDowell study was most

frequently observed with the Olsen P method; however, their study was not conducted

using true runoff, but rather by plotting STP against CaClz extractable P to simulate the

relationship between STP and P in soil solution (McDowell et al.,2000). A similar split

line relationship was observed by Heckath et al. (1995) in the relationship between

percolate P and Olsen P in the plow layer. Conversely, a study done in Albefia with

simulated rainfall runoff showed linear regressions without any change points for all six

of the STP methods evaluated including WEP and Mehlich-3 which have been shown to

exhibit a change point in other studies (Wright et al., 2006).

Due to this lack ofcoherence among traditional environmental and agronomic soil

tests for P some researchers have suggested that the degree ofphosphorus saturation

(DPS) may be a better representation of how well the soil will retain or release P. Degree

ofP saturation has been defined by Casson et al. (2006) as:

t1l DPS (%) = Measurement of P sorbed (mg kg-r) x 100
P sorption capacity (mg kg-r)

As soils become more saturated with P there is greatel potential for the soil solution to

maintain a high concentlation ofavailable P especially ifP rich soil is washed into

wateÌ'ways and then available for desorption (Paulter and Sims,2000). For exarnple,



Pautler and Sims (2000) showed that in the excessive STP range soils had 13% P

available to Fe-oxide strips where in the low STP soil there was only 1% P available and

DPS may account for this change in labile P behaviour.

Some of the methods of determining DPS described in the literature use oxalate

extractable P or Mehlich-3 P as the numerator and oxalate or Mehlich-3 Al plus Fe as the

denominator, as an estimate of P sorption capacity (PSC) (Sharpley, 1995; Sims et al.,

2002), Extractable Fe and Al are used for estimating DPS in acid soils because these are

the ions that are most responsible for P adsorption. These denominator values are

sometimes multiplied by an alpha value (Maguire and Sins 2002b; Sims et a1.,2002).

The alpha value is a satulation factor to account for the percentage ofthe Fe and Al in the

soil that contributes to the adsorption ofP to the soil particles (Ige et a1.,2005a). The

alpha value is generally between 0.4 and 0.6 for noncalcareous soils (Sims et al.,2002).

As an alternative to using Mehlich 3 or oxalate extractable Al and Fe some

researchers have used Langmuir adsorption isotherm values (Casson et al., 2006; Fang et

aI.,2002; Sharpley, 1995). Others have used the P sorption index (PSI) to estimate the

PSC(Poteetal., 1999b). Using these methods of determining DPS has been shown to be

a better estimator ofpotential for P loss than Mehlich-3 P alone because other soil

properties for P retention are taken into account (Sims et a1.,2002). As with STP

methods, DPS measurements have revealed change point behaviour, where the

concentration of P in runoflwater increases rapidly at a thLreshold P saturation (P.u1)

(Maguire and Sims, 2002b; McDowell and Sharpley, 2001; McDowell et a1.,2000; Nair

el a1.,2004). However, theshold values using DPS were not always present in these

studies and sometimes valied greatly with soil.



Manitoba's agricultural soils are rarely acidic and generally have very low

quantities ofFe and Al; therefore, these ions are not the primary factors responsible for P

retention. In calcareous soils, Ca and Mg are present in high concentrations and are the

main ions responsible for P retention (lge et a1.,2005b). Thelefore, sorne researchers

have hypothesized that the extractable Ca + Mg might be used for estimating DPS in

calcareous soils, in the same fashion as extractable Fe + Al is used in acidic soils (Ige et

a1.,2005a; Kleinman and Sharpley 2002). lge et al. (2005b) and Kleinman and Sharpley

(2002) have demonstrated that oxalate extractable Al + Fe provides a poor estimate of

PSC in alkaline soils. In contrast, using Mehlich-3 (M3) extractable Ca + Mg to estimate

PSC in DPS calculations provided a relatively reliable estimate ofpotential for P release

to water (Ige et aL,2005a, b; Kleinman and Sharpley 2002). Kleinman and Sharpley

(2002) showed that using a latio of M3-P to M3 Ca had a strong linear relationship with

P.u¡ estimated using a Langmuir sorption maximum (12 = 0.84), suggesting that M3-P may

be suitable for predicting P loss from alkaline soils,

An additional challenge in calculating DPS is accounting for P existing in soil

when estimating PSC. This challenge is especially significant in soils with high

concentrations of P. For example, Akin¡emi et al. (2007) showed that the DPS methods

originally developed by Ige et al. (2005b) were not accurate in soils that received

frequent applications of livestock manure. Therefore, Akinremi's gloup modified their

DPS equations to account for the "native" P present in the soil by adding the measured P

into the estimate of PSC. Accounting for native P when estimating PSC resulted in DPS

values that did not exceed 100%; a ploblem that occuned when using original DPS

equations on soils with a history of manure additions. Pautler and Sims (2000) and



Kleinman and Sharpley (2002) also incorporated STP into their estimate ofPSC and P'u¡,

respectively.

Most studies where P concentrations in soil and runoff are well correlated have

been conducted with a rainfall simulator under field or laboratory conditions (Cox and

Hendricks, 2000; Davis et aI,2005; Kleinman et a1.,2004; Sch¡oeder et a1.,2004:

Sharpley and Moyer,2000; Wright et aL,2006). Packed soil boxes in laboratory

conditions have been used to minimize any variability there may be between simulation

replicates in the soil or in the rainfall simulations themselves (Kleinman ef a1.,2004).

Wright et al. (2003) found that P concentration in runoffloss increased when the runoff

was measured under field conditions as opposed to packed soil boxes. One reason for the

relatively low concentration ofP in runoff from laboratory studies is the high rate of

rainfall required to generate runoffin disturbed soils. The incleased runoff is also a relic

ofthe soil boxes being sieved and packed without any ofthe natural preferential flow

channels that may exist in field conditions (Kleinman et a1,,2004). Along with the

increased flow the composition ofthe runoff may be affected slightly with the use of

packed soil boxes. Little elal. (2007) thought that the use ofpacked soil boxes may

cause total phosphorus to have an elevated proportion made up from particulate P (PP).

In some cases the cornposition ofTP from packed soil boxes could be made up of98-

99% PP (Fang et a1.,2002; Kleinman et a1.,2004). However, despite there being

differences between packed soil boxes and in field rainfall simulations Kleinman et al.

(2004) showed that either can be used with good success for predicting P loss in runoff.

In summary, many studies have been conducted on acidic soils high in Fe and Al

to show how various STP or DPS rnethods can be used to predict runoffP losses,

l0



However, little research has been conducted on predicting runoffP losses fi'om soils that

are neutral to alkaline with relatively high clay content. Therefore, the objective for our

study was to detelmine the relationship between a variety of STP and DPS methods and P

in runoff and leachate fol typical neutral to alkaline soils in agricultural Manitoba.

With this objective in mind, simulated rainfall experiments were conducted on

packed soil boxes using a selection ofsoils with a range ofphysical and chemical

properties commonly found in southem agricultural Manitoba soils.

1l
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Dissolved Phosphorus Concentrations and Loads Lost from
Manitoba Soils under Simulated Rainfall

2.0 Abstlact

Simulated rainfall studies with packed soil boxes were conducted to determine

relationships between total dissolved P (TDP) in runoff water and several measures of

soil test phosphorus (STP) and degree ofP saturation (DPS), Suface soil (0-15 cm) was

collected from 39 fields from agricultural Manitoba with varying pH, texture and STP

values and used in a series oflaboratoly simulated rainfall experiments. STP methods

that were evaluated included: Olsen (sodium bicarbonate), Mehlich 3, Modified

Kelowna, and water. Degree of P saturation, measured as a ratio of STP to an estimate of

phosphorus sorption capacity using Mehlich 3 extractable Ca and Mg or single point

isotherms, was also calculated and related with TDP. Runoff water was collected at time

intervals of0-30, 30-60, and 60-90 minutes after the initiation ofcontinuous runoff.

Results indicated that STP and TDP in runoff water were strongly related, with Olsen P

providing the stlongest relationship with TDP regardless oftextural classification during

the initial 30 minutes ofrunoff(2 = 0.77) and for the duration ofthe rainfall event (r2 =

0.7s).
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2.1 Introduction

Agronomically insignificant amounts ofphosphorus (P) have been shown to cause

substantial negative effects on aquatic life in freshwater due to eutrophic conditions

(Schindler, 1977). As a result, the non-point sources and pathways for P losses from

agricultural fields have been the focus ofextensive research over the last two decades

(Pautler and Sims,2000). Many of the studies have concentrated on estimating the

amount of P in the system that is susceptible to loss and the mechanisms by which that P

is transported into water bodies. Site specific indices have been developed to help

identify high risk areas using a combination ofthese source and transpoft factors

(Lemunyon and Gilbert, 1993). Soulce factors that have been identified are rate of P

applied, placement, timing of the P and the amount of existing P in the soil (Kleinman

and Sharpley 2002). All of these influence the availability of P to transport factors and

ultimately loss.

The two forms P that can be transfened from the field into surface water are

dissolved P (DP) and particulate P (PP). Particulate P is attached to soil particles and will

move only if the soil particle is mobilized; i.e. lost due to erosion processes. Dissolved P

may be a combination oftruly soluble P that is opelationally defined as P that will pass

through a 0.45 pm filter and fine colloidal P that is not truly dissolved but may pass

through a 0.45 pm filter. Dissolved P remains soluble or suspended in soil solution and

can be carried away in very slow moving water (Haygarth and Sharpley, 2000; Haygarth

et al., 1997). Dissolved P can be fuilher separated into molybdate reactive P (Murphy

and Riley, 1962) which is also known as soluble reactive P (SRP) and non-reactive P,

most of which is generally assumed to be organic P (Haygarth and Sharpley, 2000).
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Soluble reactive P is assumed to be the most biologically available (Haygarth et al.,

1997).

Soils that have been identified as having the greatest risk to loss are usually soils

that have high agronomic soil test phosphorus (STP) values (Pautler and Sims, 2000). As

a result, high STP values often con'espond with high P concentrations in runoff water

(Davis et aL,2005; Fang et al., 2002; McDowell and Sharpley, 2001; McDowell et al.,

2000; Pote et al., 1996; Schroeder et a1.,2004). However, there is no consensus in the

literature as to which STP method provides the most accurate prediction ofP loss.

Several agronomic STP methods have shown strong relationships with P in runoffwater.

Among the STP methods evaluated are Mehlich-1, Mehlich-3, Olsen, Bray-1, Kelowna,

and Modified Kelowna (Fang et al., 2002, McDowell et al., 2000; Pote et al., 1999b; Pote

el aL,1996; Torbert et a1.,2002;Yadas et a1.,2005l, Wright et a1.,2006). Some

researchers have theorized that STP methods that have been developed for agronomic

measurements ofavailable P are not an accurate indicator of P that will be susceptible to

loss in runoff. Agronomic soil tests are genelally more aggressive than rain or snowmelt

water would be and are made to simulate the nutlient mining ability exhibited by plant

roots. Based on this, less aggressive, environmental methods have been developed which

include deionized water or water extractable P (WEP) (Pote er al., 1996; Pote et al.,

1999b) as well as using dilute salt concentrations such as 0.01M CaCl2 (McDowell et al.,

2000) to simulate the ionic strength ofsoil solution.

Depending on the type ofsoil being used, all ofthe extraction methods mentioned

previously have shown strong relationships with either total dissolved P (TDP) or soluble

reactive P (SRP). For example, in a study done in Alberta with packed soil boxes,
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researchers found 12 values of 0.74,0.93, and 0.96 for the linear regression relationship

between TDP in runoff and WEP, Mehlich 3-P and Modified Kelowna tests, r'espectively

(Wright et al., 2006). In the U.S., Pote et al. (1996) also found that STP concentrations

accounted for >70%o of the variation in runoffP concentrations. The Bray-1 analysis is a

good predictor of runoff P in acid soils (Pote et al., I 996) but not in soils that are

calcareous (Fang et al., 2002). Mehlich-3, however, has been used successfully in

calcareous soils. The Olsen-P method is also a reliable predictor in these conditions

(Fang et a1.,2002; Guidry eT a1.,2006; Kleinman and Sharpley, 2002). Mehlich-3 may be

a good predictor in calcareous soils but may overestimate P losses from soils that have a

history of manure application (Kleinman and Sharpley, 2002).

Simulated rainfall experiments under laboratory conditions help to minimize

extenuating variables that may affect runoff in field experiments. Soils are inherently

variable and even when two soils have been packed to similar bulk densities, differences

in runoff will occur. Because of differences in hydrology from packed soil boxes, some

researchers have found it beneficial to normalize the data and use P loads expressed as a

depth of runoff rather then concentration in runoff (Pote et al., 1999b; Schroeder et al.,

2004). Normalizing by catcllnent area can also plovide a strong relationship with STP

methods (Kleinman eL aL,2004). After this conversion ofrunoffP concentration to a

mass of P lost expressed as a depth ofrunoff, both Pote et al. (1999b) and Sclu'oeder et al.

(2004) showed strong linear relationships with WEP and runoff P. However, Kleinman

et al. (2004) found that using runoffdepth was a poor indicator ofP loss and normalizing

by catchment area provided the strongest regressions with SRP and STP.
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It has been argued that STP does not take into consideration the phosphorus

sorption capacity (PSC) of the soil; as a result, the concept ofdegree ofP saturation

(DPS) was developed. To account for the ability of individual soils to retain P as well as

the soil's concentration ofavailable P, a typical general equation for DPS is defined by

Casson et al. (2006) as:

DPS (%) = Soil P concentlation (me ke-') x 100
P Sorption Capacity (-g kg-t)

Generally, DPS values less than 25-40 % for most soils have been accepted and shown to

be a low risk for P losses (Pautler and Sims,2000). For sandy soils, this threshold may

be lower, due to the limited PSC and has been reported as low as 16-20%o lor Florida soils

(Nair et al., 2004). Some methods for determining PSC ernploy a P sorption index or

Langmuir models to estimated sorption maximum (Sn,"*) (Pautlel and Sims 2000).

However, most common methods for detelmining PSC in Nor1h Amelica use Mehlich-3

(M3) or oxalate (Ox) extractable Fe and Al (Kleinman and Sharpley, 2002; Maguire and

Sims,2002b; Nair et aI.,2004; Pautler and Sims 2000; Pote et al., 1996) because these

are the ions that are most effective in retaining P in acidic soils. However, in neutral to

alkaline soils where Ca and Mg dominate P sorption ptocesses, the amount of Fe and Al

does not have the same influence (Ige et al., 2005a, b; Kleinman and Sharpley,2002).

Kleinman and Sharpley (2002) concluded that M3 extractable Ca would be a useful

estimator of PSC in calcareous soils. They found that a ratio of M3-P / M3 Ca accounted

for 84/o ofthe variation their standard DPS values measured as bicarb P / (Sn,*

(Langmuir) + bicarb P) in these soils. Ige et al. (2005a, b) used similar equations and

also found strong conelations between WEP values and either Olsen P / M3(Ca+Mg) or
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Mehlich 3 P / M3(Ca+Mg). Subsequently, Akinremi et al. (2007) amended these

equations by adding STP back into the denominator. This modification was necessary for

soils that had a history of manure application and, therefore, a large proportion oftheir P

sorption capacity was already saturated, leading to these soils apparently having over

100% saturation when DPS was calculated using the original equations developed by Ige

et al. (2005a, b).

Environmental thresholds for soil P are often determined by the "change point"

where the concentration of P in runoffincreases rapidly with every unit of increase ofP

saturation or STP. This change point threshold has been shown in soils from all over the

world (Casson eT a1.,2006; McDowell and Sharpley 2001; McDowell et al., 2000; Nair et

al.,2004) but not always in every soil. For example, Torbert et al. (2002) and Wright et

al. (2006) did not observe any such change points in their soils.

Packed soil boxes in rainfall simulation studies are commonly used to determine

the reiationships between soil and runoffP (Davis et al., 2005; Fang et al., 2002; Guidry

et al., 2006; Kleinman and Sharpley 2002; Kleinman et a1.,2004; McDowell and

Sharpley, 2001; Sharpley, 1995; Wright et al., 2006). Most ofthe studies are

standardized with respect to soil box size (National Phosphorus Research Project, 2005)

and the rainfall simulator used (Humpluy et al.,2002). The use ofpacked soil boxes

allows for uniformity in aggregate size, bulk density, slope and moisture content

(Kleinman et a1.,2004) whereas these are not contlolled with in situ simulated rainfall on

field plots. Rainfall simulators in turn allow for a constant delivery of water at a

repeatable rate and dulation ofrainfall, However, the rainfall simulation over packed soil

boxes tends to yield more PP losses than for field plots (Little et a1.,2007). Some
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researchers have observed greater runoff from packed boxes than from field plots (Guidry

et a1.,2006; Kleinman et al., 2004) and this was attributed the bare soil that was prone to

erosion.

One ofthe methods used to compare rainfall simulation studies across soils is to

compare the slope of the linear regression line fi'orn STP methods and runoff SRP,

commonly referred to as the extraction coefficient (Vadas et a1.,2005). Kleinman et al.,

(2004) found little differences in extraction coefficients from field plots to soil boxes. In

26 of31, soils extraction coefficients did not vary significantly when comparing packed

boxes to field plots with M3 or Bray-1 P soil tests (Vadas et al., 2005). Results differ

when moving from packed boxes to whole watersheds, where packed boxes have been

shown to greatly underestimate the concentlation ofP in runoff(Little et a1,,2007;

Wright et al., 2003). In a study done in Alberta the average concentration of P in

watershed runoffwas 5.9 times higher than predicted from laboratory rainfall simulation

studies (Wright et al., 2003).

Our study used packed soil boxes in a rainfall simulator to determine the

relationship between runoffP and soil P for a variety ofsoils from across agricultural

Manitoba. The specifrc objectives of this experiment were to determine: (1) what

common agronomic or environmental STP method (Olsen, Mehlich-3, WEP, or Modified

Kelowna) would be the most dependable pledictor ofrunoffP from typical Manitoba

soils; (2) if newly developed DPS methods fol calcareous soils (Akinlemi et a1.,2007;

Casson et al., 2006; Ige ei aL,2005a, b) would improve our ability to predict P runoff

across a variety of soils.
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2.2.0 Materials and Methods

2.2.1 Soil Collection

Soils from agricultural Manitoba were collected from 39 sites in the fall of2005

and 2006. Samples were collected at the end of the growing season and after harvest for

ali sites except for 7 fields. Four ofthese fields were seeded to com and still had not

been harvested and three ofthe fields wele grazed pasture land. Twenty three of the

fields sampled had a long history of manure application. The histories of the remaining

fields are not as well known but in recent histoly received only synthetic sources ofP.

Generally, the manure had been applied approximately one year prior to collection and

had a full growing season for the soil to equilibrate with the manure. In two of the fields,

the farmers had already begun their application of manure the day before soil collection.

In these two fields the solid manure had been sulface applied and not yet incorporated;

therefore, the fresh manule was scraped from the surface priol to sampling.

Soil was collected from a 9 by 9 m plot that was further divided into 9 - 3 by 3 m

plots. Soil was cleared ofcrop residue or sod was shaved offand then samples from the

0-15 cm mineral soil layer ofeach 3 by 3 m area were collected one shovel full at a time

into I separate 20-L pails. This way we could ensure that each pail contained a similar

mixture of soil. A composite sample was taken by coring all of the pails with an auger;

this sample was used for all physical and chemical analyses. The pails had small holes

drilled into the side wall near the upper rim to allow for gas exchange. Lids were placed

on the pails and stored in an unheated shed over winter until rainfall experiments were

staÍed in the early summer of 2006.
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2,2,2 Soil Preparation and Analysis

Soils were analyzed for available P using the following extractants: Olsen (Ols-P)

(Olsen et al.,1954), Mehlich-3 (M3-P)(Mehlich et al., 1984), Modified Kelowna (MK-P)

(Qian et al.,1994), and water (WEP) (1:10 soil: solution, t hour extraction). Single point

phosphorus adsorption isotherms were determined using a solution with P concentrations

of 75 ppm (P75) (Casson et aL,2006) and 150 ppm (P 150) (Ige et al., 2005a). Mehlich-3

and Modified Kelowna exchangeable Ca, Mg, Fe, and Al were also measured by ICP-

AES. Soils were analyzed for texture þipette method), pH and electrical conductivity

(1 :2, soil: solution) and carbonates.

Prior to runoff experiments, each soil was sieved at field moisture using a 10 mm

steel mesh. In some cases (wet heavy clays) the moisture was 30-50% by weight and had

to be air dried for 4-6 houls before sieving.

Soils were divided into two groups based on texture as defined by the Canadian

textural triangle with <25Vo clay being a coarse and >26010 clay as a fine textured soil; this

division was chosen because soils that have al least 26%o clay are defined as moderately

fine to fine (Brady and Weil,2008). Soils were packed into the soil trays at a bulk

density ranging fiom 1 g cm'3 for fine textured soils to 1.2 g cm-3 for coarse textured

soils. Soil trays were prewetted by establishing a water table at 9 cm below the soil

surface to allow for capillary rise to wet soils (Wright et al., 2006). Pre-wetting was done

to ensurc runoff occurred from coarse soils and to reduce variability between soils. The

pre-wet procedule took place over a 20 hour period, after which the soils were allowed to

drain for a minimum of 60 minutes by gravity.

zt



2.2.3 Degree of Phosphorus Saturation

Five general DPS formulas were used in this study, including four DPS formulas

that have been generated for Manitoba soils (equations 2-5) and one for Alberta (equation

6) as follows:

[2] DPS¡p¡56¡ (%):9.x100 (Ige et a1.,2005a)
Pl50

[3] DPSlvrc"vg¡ ç%o¡: ;^ 
STP:; 

:xt00 (Igeetal.,2005b)
æ (Cou t + Mgu t)

q.= 0.2

[4 ] DPSlnso+sr p) (%): ,= =,SrT ;; xt00 (Akinremi eta1.,2007)
(2 x Pl 50) + SIP

[5] DPSIv:cuvg+sre¡ (%) : .= 
S!! 

. ===x100 
(Akinremi eta1.,2007)

æ (Caut + Mgut) + STP

cc = 0.1

[6] DPSrpsr*srpr (%): ,::fZP:=:: x100 (Casson et al., 2006)
(PS1 + SrP)

The STP methods used in DPS equations 2-5 were Ols-P and M3-P; fol equation 6, all

STP methods we used. Measures of PSC included P sorption maximum estirnated from a

single point P150 adsorption isotherm (Ige et a1.,2005a). Mehlich 3 extractable Ca and

Mg (Cay3+Mgy3) was also used because Ca and Mg are largely responsible for P

retention in calcareous soils (Akimemi el a1.,2007; Ige et al., 2005a). Following the

research by Casson et al. (2006) in Alberta, PSC was estimated using the phosphorus

sorption index (PSI) determined using a CaCl2 solution containing 75 mg P L-r as HzPO¿

(Bache ánd Williarns, 1971) and is calculated as:
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171 PSI lms ks'¡): V
s

where X = initial - final solution P (mg L-r), V is the volume of the solution (L), and S is

the soil weight (kg) (Casson et al., 2006).

2.2.4 Rainfall Simulator

The lainfall simulator that was used for these experiments was the same system

used by Wright et al. (2006). The simulator had a single Fulljet %-50WSQnozzle

(Spraying Systems, Wheaton, IL) centered 3 m above two soil trays. The tlays were

custom built out ofstainless steel and measured 0.95 m by 0.5 m by 0.1 m (Wright et al.,

2006). The bottom poúion of the trays was separated from the top compartnent by a

coarse steel mesh, covered by an acrylic sheet which had 10% ofthe material removed

with 25 mm holes cut at equally spaced intewals to allow for percolate to drain and be

collected during runoff (Wright et al., 2003). This also allowed pre-wetting of the soil by

capillary rise. An inert landscape fabric was used on top of the acrylic sheet to allow

water to percolate thlough but to retain the soil within the top compafment. The soil

trays were placed on a table with a 5% slope.

The simulator was calibrated to deliver a rainfall event equivalent to 75 mm hr-l at

a nozzle pressure of28 kPa. The rainfall varied by 20% across each soil tray, with the

outer edges receiving slightly more rain than the inside alea. However, there was a mean

rainfall intensity of75 mm h¡-r for each tray. A rainfall event ofthis magnitude and

duration is not typical for a Manitoba summer (l in 50 year storm) but was selected in

accordance to the National Phosphorus Research Project (2005) and to ensure that runoff

was generated, Water used for the pre-wet process and the simulations was purified by
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reverse osmosis (RO) since the City of Winnipeg's potable water supply has P added to

combat lead contamination in the delivery system.

2.2.5 Rainfall Simulations and Runoff Collection

The simulations were conducted on each soil in duplicate and the concentration of

nutrients in runoff water as well as runoffvolumes and loads are expressed as averages

(raw data for each duplicate ale presented in Appendix XVI). Runoff was collected for a

total of 90 minutes after continuous runoff was observed. For most soils continuous

runoff was observed within 3-5 minutes after rainfall began. Runoff water was collected

for th¡ee time intervals during the simulation; these were 0-30, 30-60 and 60-90 minutes.

Runoff water was collected under vacuum into glass carboys (23 L) that had been acid

washed and double rinsed with RO water. Each carboy was weighed to determine the

volume ofrunoff and then agitated and a 1 L subsample was dlawn offfol analysis.

Percolate water was also collected for the entire 0-90 minute period and the same suite of

analyses were conducted on these samples.

2.2.6 Water Analyses

Runoff and percolate water were analyzed at the Fisheries and Oceans Canada

Freshwater Institute in Winnipeg, MB. The nutrients analyzed for in runoff water were:

soluble reactive P (SRP), total dissolved P (TDP), particulate P (PP), with total P (TP)

determined as the sum of TDP and PP. The percolate sample analyses included all of the

forms of nutrients previously mentioned except for PP.
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Water samples were filtered (0.45 ¡rm) within 24 houls of collection. Filtrate was

used for all dissolved analysis and suspended material was then analyzed for PP. Soluble

reactive P was determined on the filtered samples using molybdenum-blue under acidic

conditions and P concentration was determined with a colourimeter (Murphy and Riley,

1962).

Particulate P was determined by ignition ofthe glass filter that was used to

separate suspended material from the dissolved fraction. Once complete, the phosphorus

is dissolved in a dilute HCI to convert P to orthophosphate and then P is determined as

SRP.

The concentration of TDP was determined by photo-oxidizing the filtered extracts

under acidic conditions with sufficient oxygen concentrations to fully oxidize organic P

to inorganic forms. Upon completion of UV radiation, the TDP was determined

colourmetrically using a Technicon AutoanalyzerR and molybdenum-blue (Murphy and

Riley, i962).

2.2.7 Statistical Analys i s

Simple linear regression analysis was performed as well as a test for homogeneity

between the soil groups within a STP method using the PROC GLM function within SAS

version 9,1 (SAS Institute, Cary, NC).
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2.3.0 Results and Discussion

2.3. I Soil Characteristics

The soils collected were divided into two textural groups based on percent

clay content: a coarse textured group (< 25% clay) and a fine textured group Q26% clay)

(Brady and Weil, 2008). The mean clay content for the coarse group was 10% and for

the frne group 49%, (Tables 2.1 and 2.2) and ranged from 2Vo to 22%o and 26Vo fo 83%o in

each group respectively. The soil boxes were packed to bulk densities ofranging from 1

to 1.2 g cm-3 for fine to coarse textuled soils, r'espectively. These differences in bulk

density also affected the runoff volumes that were obtained from each textural group.

The fine group had a mean runoff of 85% of the total water collected, with the remaining

15% collected as percolate; the coarse group had a mean runoffofTT% ofthe total water

collected, with23% as percolate.

2.3.2Total Dissolved Phosphorus in Runoff

Runoff P from agricultural land can be divided into TDP and PP. The dissolved

fraction is generally believed to be composed of the inorganic soluble reactive P (SRP)

and dissolved organic P and is the fraction of greatest environmental concern. Dissolved

P is also the dominant fraction in runoff from Canadian prairie watersheds (Sheppard et

a1.,2006; Glozier et a1.,2006; Little et al., 2007). In this runoff study, SRP accounted for

87% of TDP averaged over all soils and collection periods. However, runoff for two

soils from pastured sites had only 39% (F1) and 45%o (C1) of TDP in the SRP form.

Although both ofthese fields have a history of manute application, these two soils also
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had the lowest concentrations of Ols-P (Table 2. 1 and 2.2) suggesting that organic P may

be the dominant source of P for runofflosses from pastures that are low in STP.

2.3.2.1 First 30 Minutes of Runoff

During the frrst 30 minutes of runoff, water extractable P (WEP) was sttongly

related with runoffP concentrations from coarse textured soils (r2= 0.93) (Table 2.3).

Some researchers have postulated that the WEP should provide the strongest

relationships with runoff P concentrations because it best simulates rain water as an

extractant (Pote et al., 1996; Vadas et al., 2005). For example, Pote et al. (1996) also

found that WEP was strongly conelated 112:0.82; with runoff P losses, The soil that was

used in their study was a silt loarn (8% clay) with a wide range of extractable P.

However, in the fine textured soils used in our study, WEP accounted for only 52% ofthe

variation in runoff TDP concentration (Table 2.3). Using a linear model, WEP seemed to

over-predict losses at low STP values and under-predict losses at high STP values (Fig.

2.1a). The frne textured soils ranged in clay content from 26-83%o, and the fìne textured

soils showed a curvilinear relationship between WEP and TDP. The relatively poor

relationship between WEP and TDP for the fine textured group may be due to differences

in the degree of interaction between water and soil in the two systems. The methodology

of the WEP method uses a soil: solution ratio of 1:10 and a t hour extraction time. One

hour of extraction allows the solution to thoroughly extract water soluble P from all soil

particles. In this type of runoff experiment the soil that is intelacting with the runoff

water is restricted to the surface for fine textured soils, resulting in very briefand

spatially limited interaction between soil and runoff water. For example, Sharpley (1985)
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showed that depending on texture, rainfall rate and the slope, different soils vary in their

effective depth of interaction (EDI) with runoff water. In Sharpley's study the Houston

Black (50% clay) and the Ruston frne sandy loam (10% clay) with a rainfall rate of70

mm hr-r had EDIs of approximately 5 mm and 9 mm, respectively (Sharpley, 1985).

These EDI values emphasize that although the clay soils may produce greater volumes of

runoff the amount of soil that the runoff water comes in contact with may be much

smaller.

The problem ofvarying runoffvolumes and EDI between different soils was

encountered by Schroeder et al. (2004) and Pote et al. (1999). Inthe studies done by

Schroeder et al. (2004) and Pote et al, (1999), the data was normalized for differences in

soil hydrological behavior by using a ratio ofthe SRP concentration to the depth of

runoff water collected. This manipulation ofthe data improved the consistency of

relafionships between STP and SRP in the runoffacross different soil types, especially

for WEP. However, when this calculation was performed on our coarse textured soils the

relationships between WEP and TDP in runoff deteriorated substantially from an

f=9.92'"x'" before normalization to an f=0.20 after. However, with the fine textured

soils the 12 for WEP and SRP improved slightly with ¿¡ ¡2=g.52xxx before normalization

and 12:0.58 after, but this tlend did not continue for the other STP methods. Kleinman et

al. (2004) and Davis et al. (2005) also used this nethod to normalize their data and there

was no improvement to their relationships of SRP and M3-P or WEP with relatively

coarse soils,
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Table 2.1. Selected chemical and physical properties for the coarse textured group of soils-

Olsen Water Modified Mehlich 3 Electrical Mehlich 3 Mehlich 3
Soil Id. Texture Clay Sand Carbonate P P Kelowna P P pII Conductivity Calcium Magnesium Pl50

mg kg{ 

- 

-s cm-t mmol þ-l
c1
C2
c3
c4
c5
c6
c7
c8
c9
cl0
ctl
CT2
c13
c14
c15
cl6
cl7
c18

Mean

s688
sL 13 77

sL 13 77

sL 14 76

LS885
LS584
sL 15 74

L2249
L2047
sL 20 7t
L2044
LS 11 82

LS886
s791
s790
s493
s29s
LS484

0.80 0.9s 0.90 1.63 3.75 6.71 0.16 5s.90 I I.86 7.26
1.80 2.40 t.63 8.04 21.s6 7.93 3.57 126.65 67.73 9.68
0.30 3.9s 3.r5 8.38 11.69 6.98 0.09 53.24 10.69 s.97
3.50 4.20 0.63 4.83 13.25 8.03 0.50 1ss.38 28.91 13.06
0 7.80 7.30 14.17 22.44 6.71 0.07 29.01 7.96 3.15

0.70 12.60 9.78 r7.s0 30.31 6.s9 0.13 34.36 9.7s 2.42
13.90 15.35 2.9s 12.91 43.63 8.11 0.28 163.76 t9.26 12.82
4.10 16.70 9.43 14.67 50.38 8.17 0.34 146.49 72.64 t1.77
0.60 19.95 5-77 19.00 36.30 6.87 0.38 not measured 302.08
13.10 22.80 7.88 27.04 63.50 8.21 0.25 126.99 s7.87 12.18
0 33.10 10.18 36.60 54.40 6.03 0.42 not measured 262.50

1.00 33.30 12.05 46-67 68.94 6.83 0.26 64.s0 11.83 6.8s
0 35.15 16.48 47.38 83.19 6.47 0.t0 37.24 8.23 4.27

0.30 48.48 t2.00 73.63 104.38 7.60 052 0.86 9.r7 108.33
2.99 63.23 11.96 72.63 128.88 7.s4 0.33 1.70 12.76 118.75
0.58 82.22 28.42 114.75 174.00 6.93 0.34 3.73 11.83 54.16
1.93 87.s7 36.75 172.00 242.75 6.62 0.17 2.s9 16.66 72.92
3.09 163.80 34.88 202.50 330.00 7.61 0.23 0.42 14.45 41.67

2.71 36.31 11.78 49.68 82.41 7.22 0.45 62.68 23.22 58.32
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Table2.2. Selected chemical and physical properties for the fine textured group ofsoils.

Olsen Water Modilied Mehlich 3 Electrical Mehlich 3 Mehlich 3
Soil Id Texture Clay Sand Carbonate P P Kelowna P P pH Conductivity Calcium Magnesium Pl50

mg kg-t 

- 

ms cm-t mmol þ-l
Fine soils within range of Olsen P values for coarse textured group (<200 mg kC-t)

Fl HC 83 2 1.60 2.6s 4.85 3.75 5.s0 7.38 0.28
F2 CL 33 31 5.20 3.70 2.7s 5.7s ls.8l 7.93 0.32
F3 CL 32 3s 0 7.10 2.23 6.45 17.81 7.86 0.32
F4 CL 29 42 0.s0 8.95 6.10 9.13 29.69 7.82 0.18
F5 CL 35 32 10.30 28.55 5.48 52.29 93.38 8.15 0.41

F6 CL 32 26 0.10 31.80 12.20 3r.38 63.44 7.39 0.36
F7 CL 28 40 0.60 35.95 15.50 44.t2 74.88 6.32 0.15
F8 HC 74 4 0.50 35.95 7.60 37.71 s7.38 7.60 0.40
F9 CL 33 34 0.20 46.6s 28.38 48.42 101.25 7.66 0.43

Ft 0 scl- 27 48 0.00 53.50 14.78 68.58 97 .56 7 .83 0.31
Fll CL 30 42 3.00 58.10 12.88 s1.29 112.88 7.91 0.34
F12 HC 72 8 l.l0 67.37 8.71 67.50 93.75 6.92 0.53
F13 HC 74 5 r.l0 81.13 5.13 s6.63 92.63 6.70 0.47
F14 SCL 26 53 13.40 84-8s 22.63 130.00 186.7s 8.0s 1.09

Fl5 HC 64 2 0 102-70 29.35 ll0.s0 183.s0 7.69 0.36
F16 CL 38 43 0.44 106.30 24.29 138.00 202.38 7.27 0.86
F17 HC 7s 5 0.77 t28.47 10.38 116.50 177.88 6.82 r.26
F18 SCL 29 45 1.30 140.95 45.06 164.38 306.75 7.84 0.37
Fr9 HC 70 7 032 ts6-9s 20.s0 128.63 214.00 6.69 0.77
F20 CL 39 30 27.30 170.93 45.80 279.s0 326.75 8.03 0.38

Mean 46 27 3.40 67.63 16.23 77.52 122.70 7.49 0.48

Fine soils beyond range of Olsen P values for coarse textured group (>200 mg kg-t)
F21 HC 77 5 1.60 254.80 72.25 232.88 338.00 7.70 0.45
F22 C 52 14 2.45 302.00 86.00 323.50 363.2s 7.76 0.71

125.13

136.08

130.80

104.62

221.39

103.31

97.83

114.40

112.19

1t8.74
153.80

8.55

7 .57

120.46

r 18.89

5.21

7.75

130.17

6.29

221.89

102.25

132.90

7.57

98.35 Z3.ss
42.28 t2.s0
39.13 12.74
34.51 8.87

61.96 18.9s

37.23 10.89

21.25 9.68

r01.73 19.03

45.96 8.23

37.66 12.58

37 .26 11.37

15.87 495.83

28.59 710.42

88.48 13.06

t03.34 17.10

17.61 385.42

23.14 550.00

42.32 9.03

27 .58 491.67

77.73 16.29

49. r 0 141.86

104.39 15.97

28.s9 268.7s
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Table2.3. Linear regression for concentration of total dissolved P (TDP) in runoff with all methods of soil test P (STP) and degree of
phosphorus saturation (DPS) for the frrst 30 minutes of runoff from soils with Olsen P concentrations <200 mg kg-') (n=18 coarse
group, n=20 fine group).

- 

Coars€ Texturcd Group 

- - 

Fine TeKured Group 

- 

- 

All Samples 

-

STP or DPS Method Slope Intercept 12 P¡ > F Slopc Intercept ¡2 Pr > F Slope Intercept I P¡ > F
Water (WEP) 0.0327 a 0.0371 0.93 i"'!* <0.0001 0.0240 a 0.2642 0.52 **t! 0.0004 0.0283 0.1453 0.67*** <0.0001
Olsen (OIs-P) 0.0076 at 0.1450 0.72 *** <0.0001 0.0073 a 0.1632 0.77 *** <0.0001 0.0074 0.1539 0.77 *** <0.0001

Modified Kelouna (MK-P) 0.0059a 0.1308 0.85*** <0.0001 0.0048 a 0.2787 0.58*** 0.0001 0.0054 0.19'71 0.70*** <0.0001
Mehiich3 (M3-P) 0.0038a 0.1089 0.80*** <0.0001 0.0039 a 0.1758 0.68*** <0.0001 0.0040 0.1349 0.74*** <0.0001

Ols-P(P150) 0.0133 a 0-2413 0.60 *** 0.0001 0.0480 b 0.2291 0.64 *:i* <0.0001 0.0156 0.3713 0.35 )t*/i <0.0001
M3-P(P150) 0.0067 a 0-2187 0.69 *** <0.0001 0.0235 b 0.2684 0.53 *** 0.0003 0.0071 0.3817 0.32 **:*: 0.0002

Ols-P/M3(Ca+Mg)a 
' 
f 0.0133a$ 0.2513 0.51 ** 0.0020 0.0106a 0.4'184 0.32** 0.0093 0.0081 f 0.3961 0.32*** 0.0004

M3-P/M3(Ca+Mg)a ¡ 0.0039 a$ 0.2272 0.59 *** 0.0005 0.0084 a 0.438'7 0.38 ** 0.0036 0.0041 f 0.4030 0.29 *** 0.0006

Ols-P((2xPl50)+Ols-P) 0.0170 a 0.1'778 0.72**tr <0.0001 0.0702 b 0.1551 0.73 *'** <0.0001 0.0184 03612 0.35 *** 0.0001
M3-P((2XPI50)+M3-P) 0.0143 a 0.0973 0.83 *** <0.0001 0.0390 b 0.t'192 0.60 **" <0.0001 0.0142 0.3104 0.38 *** <0.0001

Ols-P/(M3(Ca+Mg)4, + OIS-P) # 0.0132aS 0.1516 0.68*** <0.0001 0.0133a 0.4091 0.37 ** 0.0043 0.0130f] 0.3006 0.44,*** <0.0001

M3-P(M3(Ca+Mg)a. + M3-P) 0.0112aS 0.0810 0.74*** <0.0001 0.0138a 0.3031 0.48*** 0.0007 0.0l16f 0.2285 0.49*** <0.0001

Ols-P(PSI+Ols-P) tt 0.0100a*Í 0.1658 0.73 *** <0.0001 0.0344 b 0.l3ll 0.75*** <0.0001 0.0118$$ 0.3146 0.40*** <0.0001
WEP(PSI+WEP) If 0.0138 a** 0.2068 0.77 *** <0.0001 0.0610 b 03647 0.37 +* 0.0042 0.0123 $$ 0.4262 0.23 ** 0.0026

MK-P(PSI+MK-P) 'rI 0.0097 aÍf 0.1510 0;73*** <0.0001 0.02't5 b 0.1945 0.65*** <0.0001 0.0lll $$ 0.3067 0.39*** <0.0001
M3-P/(PSI+M3-P) f i 0.0097 aiÌ 0.0895 0.72*** <0.0001 0.0233 b 0.0982 0.67*** <0.0001 0.0114$$ 0.2226 0.44*** <0.0001

f Within rows, values followed by the same letter (for each method of determining TDP c¡ncentration) are not significantly different at p<0.05

f c' =0.2

$ n=16

fl n=36

# q, = 0.1

ff PSI = phosphorus saturation index determined using CaCl2 extraction containing 75 mg L' P as KH2PO4

ïl n=15

S6 n=35
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Fig 2.1: Linear regression fo¡ soils grouped by texture for Olsen P, Water Extractable P, Modiñed Kelowna and Mehlich 3 P with
total dissolved P (TDP) in the first 30 minutes of runoff.

0.0 20.0 40.0 60.0 80.0 100.0 f20.0 140.0 160.0 180.0

Olsen P (nE kg'1)

'1.60

1.40

1.20

11.00

€- o.Bo

Q 0.60

0.40

0.20

0.00

34



Among the agronomic soil tests for P, the relationship between Ols-P and TDP in

runoff was strong and consistent across both textural groups and for all soils combined

(Table 2.3, Fig. 2. 1b). The linear equations for the textural groups have slopes that are

not significantly different from each other þ<0.05). The y intercepts for both linear

equations are similar and slightly greater then zero, indicating that these equations

probably over predict runoffloss at low Ols-P. Nonetheless, these regression equations

show that TDP concentrations in runoff are similar for coarse and ftne textured soils that

have similar Ols-P values.

All of the STP methods that were examined in our study had strong relationships

and were able to predict TDP quite well in the coarse textured group; the relationships

were weaker with the fine textured soils but still predicted TDP leasonably well with 12

values ranging from 0.52 (WEP) to 0.77 (Ols-P) (Table 2.3, Fig. 2.1b). This contradicts

results from other studies where soils behaved so differently that one STP threshold did

not suit all soils (McDowell et al., 2000). Overall, in the coarse textured soils the ranking

of STP methods for predicting TDP in runoff water were WEP > MK-P > M3-P > Ols-P

(Table 2.3). For the fine textured and all soils combined there was a reversal in the

ability to predict TDP losses, with Ols-P > M3-P > MK-P > WEP (Table 2.3, Fig. 2.1).

The typical environmental STP method of WEP outperformed the agronomic

methods in the coarse textured soils because a relatively larger proporlion of the P in

these soils is readily water soluble and available to mild extraction methods

(Kumaragamage et al.,2008). Fine textured soils have more P in less labile pools that are

extracted from soil particles by more aggressive extraction solutions. The surface of

these fine soils also interacts intensively with the runoffwater due to the shallow EDI
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that the frne textures exhibit. This intensive displacement of soil solution in the surface

offine textured soils fo¡ces the surface soil to replenish the soil solution with additional P

from the less water soluble but still labile pools. Since agronomic STP methods measure

the quantity of labile P as well as the intensity of the water soluble P (Kumaragamage et

a1.,2008; McDowell and Sharpley, 2003), these methods may be well suited for

measuring the risk of TDP loss from fìne textured soils.

Many other researchers have also found very good correlations between typical

agronomic soil STP methods and SRP or TDP concentrations in runoff water (Little et

a1,,2007; Pautler and Sims, 2002; Pote et al., 1996; Schroeder et a1.,2004; Vadas et al.,

2005; Wright et aL,2006; Wright et al., 2003). However, some tesearchers have

suggested that although STP is a good indicator for potential loss within a group of

similar soils, it cannot be relied on for many soils ofdifferent physical and chemical

composition (Sharpley, 1995). Due to this problem, the concept ofdegree ofP saturation

(DPS) has been conceived and applied successfully in other studies.

Equations for DPSçrrso¡ and DPS(v¡cuve) were used with either Ols-P or M3-P as

the STP value in the numerator (Ige et al., 2005a,b) and the numerator and denominator

in DPSlprso+srr¡ and DPSIv:cuvg*srpl (Akimemi er a1,,2007). In addition, equation

DPSlesr+sre¡ used Ols-P, WEP, MK-P, and M3-P values in the numerator and

denominator (Casson et a[., 2006), for a total of twelve DPS rnethods evaluated. As with

simpler STP methods, the DPS methods were more strongly related to runoff TDP

concentrations from coarse textured soils than from fine textured soils (Table 2.3, Figs.

2.2 and 2.3). This may be due to the physical properties that allow fine textured soils to

retain P. Phosphorus retention and release in Manitoba soils rely more on the quantity of
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clay in the soil in addition to chemical characteristics such as extractable Ca and Mg (Ige

et a1., 2005b). Conversely, in a similar study with American soils, Kleinman and

Sharpley (2002) found that with a similar method of determining DPS that adding clay

content did not significantly improve the relationship.

In our study the only situation where a DPS method outperformed Ols-P was

when DPSprso+sre¡ and DPS¡v:caMs+srp) were calculated with M3-P as the STP input

within the coarse textured group (Table 2.3). However, even in these cases the regression

relationships between DPSIp¡so*srn¡ and DPSlvrcuvg*srp) were only slightly better than

Ols-P alone and less strongly related than simple STP methods with TDP losses from fine

textured soils or all the soils grouped together. Degree ofP saturation calculations were

meant to eliminate the need to further divide soils and account for the ability ofany

particular soil to retain P. However, in our study when all soils are grouped together, the

relationship of DPS to TDP was not as strong as the simple STP methods (Table 2.3,

Figs,2.2 and2.3). For example, the slopes of the linear regressions for each textural

group were significantly different (p<0.05) with any method that used the P 150 isotherm

to estimate PSC. When using Mehlich extractable Ca + Mg to estimate PSC, the slopes

between the coarse and fine groups were not significantly different; however, the 12

values for the relationship between DPS and TDP in runoff from the frne textured group

ranged from 0.37** using Ols-P in equation DPSIv:cu*vg¡ to a high ofonly ¡2= 9.46*xx

using M3-P in equation DPSg36uvg*sre¡. These relationships, although statistically

significant, are too low to be used for prediction purposes, especially compared to those

for Ols-P (t2 = 0.77*** for the fine soils and 12: 0.72*** for the coarse soils).
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One possible reason for the variability in DPS - TDP relationships across

textural groups in our study may be the wide range ofsoil textures that were used in our

study, ranging from 2Yo to 83%o clay and2 to 95%o sand. This is a larger range than found

in most other studies and this range oftextures and depths of interaction with runoff

water may have affected the ability ofthe DPS calculations to work consistently.

McDowell et al. (2000) used soils from around the world with valying pH, STP and

organic C but there is no mention of varying texture. In the study by McDowell et al.

(2000) the soils behaved similarly, regardless of where in the world they came from, but

McDowell et al. used a CaClz extraction and not simulated rainfall to measure P

availability for runoff. Vadas et al. (2005) compared six separate runoffstudies and

found that runoff SRP concentrations were more strongly related to DPS values than to

STP. However, the studies examined by Vadas et al. (2005) were all conducted on non-

calcareous soils with a range of soil textures (0.8 - 37% clay) that was narrower and

coarser than soils used in our study.

2.3.3 Runoff Duration Effects

Runoffwas collected for a total of90 minutes ofcontinuous runoff. A rainfall

event of 75 mm hr'l would rarely if ever occur for an entire 90 minutes in Manitoba; a 30

minute storm of this intensity is a i in 50 year event. However, snowmelt situations are

much longer and the 90 minutes ofrunoffmay provide insight into how the release ofP

changes over an extended time ofextraction and how our ability to predict the P

concentration may be affected.
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As the rainfall event continued into the second time interval of30-60 minutes of

continuous runoff, the concentration ofTDP in runoff from the soils decreased (Tables

2,3 and 2.4). As a result the slope for the relationship between STP or DPS and TDP

declined an average of26 to 44%o for the fine and coarse soils respectively between the

first and second time intervals. This was also observed by Wright et al. (2006) where the

slopes at later time intervals were less than slope during the first 30 minutes ofrunoff.

Presumably the most labile P was removed during the initial 30 minutes, leaving P that

was increasingly less labile and therefore less likely to move quickly into runoff water.

With our soils there was little change in STP - TDP relationships between the second and

third interval (Tables 2.4, 2.5). Declining extraction coefficients were observed with all

ofthe STP or DPS methods that were examined; however, the decline was less than for

simple STP methods.

When flow weighted means for the entire 90 minute rainfall were analyzed, the

extraction coefficients of all STP, DPS - TDP relationships were lower than for the first

30 minutes of collection (Table 2.3 and 2.6). Generally the 12 values for the STP, DPS -
TDP relationships also declined over the 90 minutes ofrainfall, probably reflecting

increasing variability expanded by differences in P buffering capacity among soils (Table

2.6). Among the simple soil tests, the 12 values for the coarse textured soils over the

entire 90 minute rainfall period valied fi'om 0.69 for Ols-P to 0.86 for WEP both of which

were lower than for the first 30 minutes (Tables 2.3 and 2.6). The 12 values for fine

textured soils also declined after the initial runoffperiod although the decline in 12 values

for Ols-P was less than for WEP, MK-P or M3-P (Tables 2.3, 2.4,2.5,2.6). Over the

whole 90 minutes of runoff, Ols-P had the strongest relationship with TDP in runoff
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when all soils were combined. The next strongest predictor ofTDP over all collection

periods was M3-P follwed by MK-P then WEP (Table 2.6). All measures of DPS

produced 12 values that were lower than for simple STP methods (Table 2.6). Although

these 12 values for the DPS methods were statistically significant, the relationships were

not strong enough for reliable prediction TDP in runoff.

2.3.4 Change Point

In the literature there has been a discussion ofa "change point" for soil test P at

which soils exhibit a change in the dynamics ofP release to runoff, where the extraction

coefficient makes an abrupt upwald change. It is at this point that phosphorus is released

much more easily for every unit of P increase in the soil (McDowell et al., 2000). This

change point has been demonstrated with a variety of STP methods (McDowell et a1.,

2000;Hartz and Johnstone,2005) as well as with diffelent DPS methods (Maguire and

Sims, 2002b; McDowell and Sharpley, 2001; McDowell et a1.,2000; Nair et al., 2004;

Casson et a1.,2006). However, such a change point was not observed with any of the

extraction methods in our study. In most studies whele change points are noted, the

change points are observed within a soil or a group of closely related soils. For example,

McDowell et al. (2000) observed a change point with the Ols-P extraction in 14 of 18

soils but only in four with DPS calculated with oxalate P in a ratio with oxalate (Fe + Al)

and th¡ee with the M3-P extraction, when the extraction methods were correlated with

CaClz extractable P. The pH of the soil may influence the change point behavior, and a

soil may exhibit multiple change points depending onpH (McDowell et al., 2000).
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Table 2.4 Linear regression for concentration of tot¡l dissolved P (TDP) in runoff with methods of soil test P (STP) and degree of
phosphorus saturation (DPS) for the 30-60 minute interval from soils with Olsen P concentrations <200 mg kg-r (n=18 coarse group,
n=20 fine group).

OIsen (Ols-P)
Modified Kelowna (MK-P)

Mehlich 3 (M3-P)

Ols-P(P150)
M3-P(Pr 50)

Ols-P/M 3 (Ca+Mg)a ì Ì
M3-PM3(Ca+Mg)a 

'

Ols-P/((2xP I 50)+Ols-P)
M3-P((2xPl50)+M3-P)

Ols-P/(M3(Ca+Mg)a, + Ols-P) #

M3-P(M3(Ca+Mg)a, + M3-P)

Ols-P(PSt+Ols-P) 'it
wEP(PSr+WEP) Tl

MK-P(PSr+MK-P) Tl

0.0045 aT 0.1305
0.0034 a 0.1265
0.0022 a 0.1139

0.0076 a 0.1892
0.0038 a 0.1783

0.0048 a$ 0.1571

0.0025 a$ 0.1422

0.0096 a 0.1667
0.0078 a 0.1288

0.0080 a$ 0.t217
0.0068 a$ 0.0804

0.0058 a** 0.1464
0.0075 ÍÍ 0.t76s
0.0056 a*t 0.1365

Ì Within rows, values followed by thc same lefter (for each method ofdetermining TDP concentration) are not significantly different at p<0.05

Í o,=0.2
s n=16

ll n=36
# az=0.1

Tf PSI = phosphorus satumtion index determined using CaCl2 extraction containing 75 mg Lr P as KH2POa

Íl n=15

ô$ n=35

0.68 *'*'¡ <0.0001 0_0060 a

0.76 *** <0.0001 0.0037 a

0.72 i!'¡'¡ <0_0001 0.0029 a

0.54 *** 0.0005 0.0379 b
0.59 *'*'* 0.0002 0.01ó5 b

0.60 r!'(* 0.0007 0.0105 a

0.67 l.'¡'r 0.0002 0.0077 a

0.61 *** 0.0001 0.0517 b
0.68 *** <0.0001 0.0263 b
0.68 *'('¡ <0.0001 0.0129 a

0.74 *:** <0.0001 0.0124 a

0.64 *** 0.0001 0.02s2b
0.60 "* '¡ 0.0003 0.0339

<0.0001 0-0192 b

<0.0001

at p<
f

0152a 0.2791

, D<o.UU I resDectrve

0.1288 0.69 '¡!* <0.0001 0.0057
0.2450 0.45 ** 0.0012 0.0038
0.0178 0.50 '** 0.001I 0.0028

0.1973 0.53 *** 0.0003 0.0095 0.3136
0.2634 0.34'** 0,006ó 0.0039 0-3297
0.3776 0.45 ** 0.0018 0.0061 ,!l 0.3098

0.3518 0.46 ** 0.0014 0.0027,!l 0.3298

0.1657 0.0003 0.0105 0.3152
0.2121 0.36 ** 0.0048 0.0078 0.2918
0.2967 0.46 *,.'¡ 0.0010 0.0099f1 0.2316
0.2t66 0.52 *'.'¡ 0.0004 0.0084fi 0.1898

0.1492 0.0002 0_00?l ç$ 0.2838
0.3119 0.150 0.0871 0.0057 gg 0-3652
0.2122 0.42** 0.0020 0.0065 $$ 0.2813

0. r203
0.1741
0.1344

0.71 '¡'¡* <0.0001

0.55 ¡,¡,* <0.000t
0.57 '{** <0.0001

0.0045
0.15 'l, 0.0157

0.29 ** 0.001

.21 * 0.0068

0.18 ** 0.0088
0.18 ** 0.0089

0.40 '¡'¡* <0.0001

0.40 '('(* <0.0001

0.22 **
0.080

0.21 'l,*

0.0033
0.0939
0.004

8
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Table 2.5. Linear regression for concentration of total dissolved P (TDP) in runoffwith methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 60-90 minute interval from soils with Olsen P concentrations <200 mg kg-r (n:18 coÍuse group,
n=20 fine group).

Olsen (OIS-P) 0.0043 al 0.1078 <0.0001 0.0060 a 0.0820 0.61 *** <0.0001 0.0056 0.0877 0.68 **{'. <0.0001
Modified Kelowna (MK-P) 0.0034 a 0.0964 0.78 '¡** <0.0001 0.0037 a 0.2012 0.0017 0.0038 0.1385 0.53 i!i,* <0.0001

Mehlich 3 (M3-P) 0.0022 a 0.0847 0.73 '¡** <0.0001 0.0029 a 0.1278 0.0006 0.0027 0.0976 0.56 *i!'¡ <0.0001

Ols-P/(P150) 0.0073 a 0.1653 0.0010 0-0350 b 0.1774 0.43 'r'* 0.0016 0.0090 0.2820 0.18 * 0.0078
M3-P(P150) 0.0037a 0.l5ll 0.59*t* 0.0002 0.0153b 0.2372 0.29 * 0.0154 0.0038 0.2942 0.15't 0.0186

Ols-P/M3(Ca+Mg)a 
' 
d 0.0045 a$ 0.1424 0.51 ** 0.0027 0.0105 b 0.3288 0.43 'r'* 0.0025 0.0059 f 0.2763 0.27 ** 0.0015

M3-P,M3(Ca+Mg)a 
' 

0.0024 a$ 0.1253 0.61 **,. 0-0006 0.0078b 0.3024 0.44** 0.0019 0.0027 !l 0.2941 0.20 ¡'* 0-0077

Ols-P/((2xPl50)+Ols-P) 0.0091 a 0.1463 0.56*'*" 0.0004 0.0510b 0.1251 0.0006 0.0t01 0.28t6 0.16'* 0.0121
M3-P/((2XPI50)+M3-P) 0.0074 a 0.1077 <0.0001 0.0259b 0.1119 0.34* 0.0070 0.0075 0.2580 0.16'r 0.0113

Ols-P(M3(Ca+Mg)d, + Ols-P) # 0.0075 a$ 0.1058 0.60 *"" 0.0004 0.0126 a 0.2551 0.43 *1 0.0017 0.0095 ll1 0.2015 0.37 '¡'¡* <0.0001
M3-P(M3(Ca+Mg)a, + M3-P) 0.0063 a$ 0.0664 0.66 *'¡'¡ 0.0001 0.0122 à 0.1772 0.0007 0.0081 f 0.1613 0.37*** <0.0001

ols-P(PSI+ols-P) lI 0.0063 aff 0.1162 <0.0001 0.025 b 0.1083 0.50 **'* 0-0005 0.0075 $S 0.24t7 0.25 ** 0.0017
WEP(PSI+WEP) Tl 0.0086tt 0.1410 0.771<** <0.0001 0.0331 03307 0.14 0.1036 0.0020S$ 0.3209 0.ll * 0.0411

MK-P(PSI+MK-P) IT 0.006 aÍÍ 0.1072 <0.0001 0.0189 b 0.ti22 0.39 *¡. 0.0033 0.0069 $$ 0.2402 0.23 ** 0.0025
M3-P(PSI+M3-P) fT 0.006 aft 0.0700 0.70 *** <0.0001 0.016 b 0.1072 0.40 *,,. 0.0028 0.0072 $ñ 0.186? 0.26 *' 0.0012

*, **, *** significânce at p< 0.05, p<0.01, p<0.001 respectively
'l Within rows, values followed by the same letter (for each method ofdetcrmining TDP concentration) âre not significantly different at p<0.05

Ì or=0.2
g n=16

T n=36

# c, = 0.1

ff PSI = phosphorus saturation index determined using CaCl2 extraction containing 75 mg Lr P as KH2PO4

*+ n=15

$$ n=35

la 0.0510

Fine Textured G
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Table 2.6. Linear regression for concentration oftotal dissolved P (TDP) in runoff with methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-90 minute interval from soils with Olsen P concentrations <200 mg kg-t (n=18 coarse group,
n:20 fine group).

Olsen (Ols-P) 0.0055 aT 0.1237 0.69*"" <0.0001 0.0063 a 0.1231 0.73 *** <0.0001 0.0061 0.1178 <0.0001
Modified Keloìvna (MK-P) 0.0042 a 0.1122 <0.0001 0.0040 a 0.2400 a 0.50 ** 0.005 0.0043 0.1663 0.62 *** <0.0001

Mehlich 3 (M3-P) 0.0027 a 0.0968 <0.0001 0.0032 a 0.1596 <0.0001 0.0031 0-l l9l 0.65 'i(** <0.0001

Ols-P(P150) 0.0094a 0.196 0.0004 0.0399 b 0.200 0.55*** 0.0002 0.011 0.3190 0.25**
M3-P(P150) 0.0050 a 0.179 0.64 *'('¡ <0.0001 0.0181 b 0.256 0.39 ** 0.0032 0.005 0.3310 0.21 **

Ols-P/M3(Ca+Ms)a r Í 0.0057 a$ 0-1727 0.55 ** 0.0017 0.0104 a 0.4010 0.41 ** 0.0031 0.0067 0.3260 f 0.31 ***
M3-P/M3(Ca+Mg)d I 0.0030 a$ 0.1524 0.0004 0.0078 a 0.3708 0.44 ** 0.0019 0.0031 0.3413 f 0.25 **

- 

Coa¡se Textued Group

Ols-P((2xPl50)+OIs-P) 0.0118a 0-1685 <0.0001 0.0570b 0.1486 <0.0001 0.0129 0.3165 0.24 +* 0.0020
M3-P((2XPI50)+M3-P) 0.0096 a 0.1202 0.71 r'!'¡'t <0.0001 0.0300 b 0.1886 0.44 ** 0.0014 0.0098 0.2840 0.2s ** 0.0015

Ols-P/(M3(Ca+Me)a r+ Ols-P) # 0.0098 a$ 0.1021 <0.0001 0.013a 0.3147 0.44 ** 0.0014 0.0109 0.236.[ 0.42*** <0.0001

M3-P(M3(Ca+Mg)4, + M3-P) 0.0085 a$ 0.0530 <0.0001 0.0128a 0.2272 0.0004 0.0094 0.186f 0.44*** <0.0001

Ols-P(PSl+Ols-P) 'fT 0.0076 a{} 0.1376 0.72*** <0.0001 0.0279b 0.1295 0.61 '*** <0.0001 0.0090 0.2743 $S 0.31 *** 0.0003
WEP(PSI+\¡r'EP) Tl 0.0103 a{f 0.1ó98 0.75 **'¡ <0.0001 0.0416 b 0.3559 0-22 * 0.0385 0.0087 0.36s3 $ç 0.16 * 0.0154

MK-P(PSI+MK-P) fl 0.0073 ait 0.1262 0-72*** <0.0001 0.0216 b 0.1928 0.50 '*** 0.0005 0.0083 0.2704 gô 0.30 **' 0.0005
M3-P(PSI+M3-P) ît 0.0073 alÍ 0.0798 0.71 *** <0.0001 0.0t83 b 0.1183 0.51 *** 0.0004 0.0086 0.2063 l$ 0.34 ,i,'r,* 0.0002

*, **, *** significance at p< 0.05, p<0.01, p<0.001 respectively

T Within ¡ows, values followed by the same lettcr (for cach method ofdetermining TDP concentration) are not significantly djfrerent at p<0.05

Ì dr=0.2
ô n=16

ll n=36

# c, = 0.1

ll PSI = phosphorus saturation index determined using CaCl2 extraction cofiaining 75 mg Lr P as KH2PO4

+* n=15

S$ n=3s

Fine Textu¡ed GrouD AII Sâmnles

0.0013
0.0035

0.0007

0.0027
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Torbert et aI. (2002) compared calcareous to non-calcareous soils and proposed that the

free CaCO3 present in calcareous soils may restrict the solubility ofP at high STP levels.

2.3.5 Phosphorus Loading

Phosphorus concentration is only one way of evaluating the amount of

phosphorus that is moving offofthe landscape. Phosphorus loss can also be expressed as

a quantity lost per unit area or phosphorus loading.

In our study the relationship between load and various STP and DPS methods

followed trends similal to those for the concentration data. Among the simple STP

methods Ols-P had the strongest linear relationships with TDP load for the coarse and

frne textured soils during the first 30 minutes ofrunoff (Table 2.7) and during the entire

90 minute rainfall period (Table 2.8). Among the simple STP tests water extractable P

was the most poorly related with TDP load for all soil groups and for both 0-30 minute

and 0-90 minute collection intervals. Overall, however, the relationships between STP

and TDP loads were weaker than those with TDP concentration data. This is consistent

with research by Quinton et al. (2003) who observed sttong relationships between runoff

TDP concentrations and slightly weaker relationships when TDP load data were used.

The trend for the relationships between DPS and TDP load were also consistent

with the concentlation data, with DPS methods predicting the amount of TDP load more

accurately in the coarse textured soils than in the fine textured soils during all collection

periods. The methods that predicted TDP load most accurately were those with M3(Ca +

Mg) in the denominator. However, all of the DPS regressions with TDP load were

sìgnificantly different (p<0.05) across textures so one DPS equation cannot be used for
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Tabte2.7. Linear regression for total dissolved P (TDP) load per tray in runoff with all methods of soil test P (STP) and degree of
phosphorus saturation (DPS) for the first 30 minutes ofrainfall (n:18 coarse group, n:20 fine group).

Olsen (Ols-P) 0.099 aT 2.181 0.52 't't*
Modilied Kelowna (MK-P) 0.059 a 2.852 0.37 **

Mehlich 3 (M3-P) 0.042 a 2.332 0.42 4*

Ols-P(P150)
M3-P(P150)

Ols-P/M3(Ca+Mg)a r *
M3-P/M3(Ca+Mg)a ¡

Ols-P((2xP I 50)+Ols-P)
M3-P((2xP I 50)+M3-P)

Ols-P(M3(Ca+Mg)a, + Ols-P) #
M3-P(M3(Ca+Mg)û, + M3-P)

Ols-P(PSI+Ols-P) Tl
WEP(PSI+WEP) TT

MK-P(PSI+MK-P) .ff

0.174 a 3.146
0.077 ^ 3.1ó5

0.128 aS 2.185
0.059 aS 2.728

0- I95 a 2.937
0.146 a 2372

0.190 a$ |.784
0.147 a[ l.l9

0.128 a*l 2.729
0.104 all 4.274
0.127 afl 2.403

*, **, *** sigrificance at p< 0.05, p<0.01, p<0.00Ì respectively
T Within ¡o\Às, values followed by the saûe letter (for each method ofdetermining TDP load) are not significantly different at p<0.05

Í ûì=0.2
S n=16

fl n:36
# 12=0.1

lI PSI = phosphorus safuration index determined using CaCl2 extraction containing 75 mg Lr P as KHTPO4

lÍ n=15

S$ n-35

0.43 'r 0.0056 0.916 b
0.37 * 0.0120 0.436 b

0.0003 0.241b
0.0007 0.189 b

0.39 * 0.0101 1.252 b
0.37 * 0.0132 0.686 b

0.0005 0.295 b
0.54 'r¡, 0.001I 0.297 b

0.45 ¡' 0.0063 0.624b
0.r7 0.1309 l.0l lb

0.48 ** 0.0045 0.48r b

0.0007
0.0073
0.0037

0.126 a
0.078 a
0.065 a

0.237 <0.0001 0.122
5.165 0.46 +* 0.0010 0.077
3.213 0.58 '*'¡* <0.0001 0.059

3.126 <0.0001
4.t04 0.0002
1.257 0.0005

6-381 0.59 *** <0.0001

2.345 <0.0001

2.887 0.0001
5.808 0.0002

3.658 <0.0001

l^760 0.75 *** <0.0001

6.441 0.31 * 0.0r 04
3.201 <0-0001

3.7 50
) )t
3.720
2.551

0.216 6.300
0.082 6.826

0.153 T 5.818

0.068 f 6.280

0.2ts 6.578
0.ì53 6.181

0.231I 4.30r
0. r94 f 3.394

0.162 $$ 5.835
0.079 {i$ 8.197
0.152 $$ s.709

Pr>F
0.0002

<0.000t
<0-0001
<0.0001

0.22** 0.0044
0.t4 * 0.0266

0.31 4** <0.0001

0.27 ** 0.001 3

0.15 * 0.0193
0.14 * 0.0250

0.44 *+* <0-0001

0.43 <0.000t

0.24 ** 0.0030
0.03 0.3t57

0.23 {'* 0.0033
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Table 2.8. Linear regression for total dissolved P (TDP) load per tray in runoff with all methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) fo¡ the enti¡e 90 minutes ofrainfall (n:18 coarse group, n=20 fine group).

Olsen (Ols-P) 0.213 aI
Modificd Kclowna (MK-P) 0.125 a

Mehlich 3 (M3-P) 0.088 a

Ols-P(P150) 0.372 a

M3-P(P150) 0,163 a

Ols-P.M3(Ca+Mg)a ¡ d 0.280 ag

M3-P/M3(Câ+Mg)a I 0,129 ag

Ols-P/((2xP I 50)+OIS-P) 0,418 a
M3-P((2XPI50)+M3-P) 0.31Ia

Ols-P/(M3(Ca+Mg)d , + Ols-P) # 0.4 I 9 a$

M3-P/(M3(Ca+Mg)d, + M3-P) 0.324 â$

Ols-P(PSI+Ols-P)ll 0.211^trtr
WEP(PSr+WEP) fl 0.207 ÍÌ

MK-P(PSI+MK-P) Tf 0.2't4 úI

6.402 0.458 **
.7.943 0.313 ,'

6.871 0.352 *

8.181 0.381 '*

8.276 0.321*
1.260

1.163 0.519 **

1.735 0.340 *

6.s34 0.319'*
5.018 0.554 *"*

3.719 0.5061.'l,

7.313 0.388 i.

10.804 0.121
6.546 0.420 *

*, **, *** significaúce at p< 0.05, p<0.01, p<0.001 rcspectively

I Within rows, values followed by the same Ietter (for each method of determining TDP load) are ¡ot significanlly different at p<0.05

Í ar =0.2
ô n=16

ll n=36

# .,, = O.l

ff PSI = phosphorus saturation i¡dex determined using CaCl2 extraction containing 75 mg fr P as KHTPO4

*Í n=15

$$ n=35

0.0020
0.0157
0.0095

0.0r09
0.0222
0.0008

0.0016

0.0t 78

0.022s
0_0009

0.0020

0.369 a

0.218 a

0.l8l a

2.489 b
t.106 b
0.754b
0.5ó6 b

3.379 b
1.749 b

0_883 b

0,859 b

6.340 0.684 "*'! <0.0001 0.337
14.400 0.404 ** 0.0026 0.202
9.106 0.506 i,*'* 0.0004 0.154

9.237 0.590 *** <0.0001 0.487
t3.l7r 0.403 'l,* 0.0027 0.t67
r8.835 0.556 "*r' 0.0002 0.399.l1

16.734 0.605 ¡.*'* <0.0001 0.165 f

0.0131 1.668 b
0.1925 2.309
0-0090 1.236 b

7.283
9.981

r5.034

9.392

5.943
20.331

10.633

0.584 'r*'* <0.0001 0.461

0.417 ** 0.0021 0.315

0.0001 0.ó09 f
0.643 *** <0.0001 0.496 f

0.607 *** <0.0001 0.36r {i$
0.185 0.0584 0.t 08 $$

0.451 *'l, 0.00t2 0.333 $$

5.365 0.642 ***
10.188 0.39 '**'*
7.243 0.451 ***

17.859 0.136 * 0.0269
19.460 0.071 0. ól
15.735 0.309 'i(** 0.0004

17.420 0.192* 0.0074

18.?30 0.087 0.0816
18.114 0.073 0.1l0l
I L653 0.384 *** <0.000t

9.668 0.354 'r*r 0.0001

16.943 0.148 * 0.0226
22.842 0.007 0.6288
16.814 0.139'* 0.027t

<0.0001
<0.0001

0.0001

I
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all soils. Also, all of the 12 values for TDP load - DPS relationships were weaker than for

Ols-P, MK-P and M3-P when all soils were grouped together,

2.4.0 Summary and Conclusions

Olsen-P was the most reliable soil test method for predicting the concentration of

TDP in runoff water from Manitoba soils across coarse and fine soil textures and for the

entire runoffperiod, Several ofthe DPS methods that have been developed for neutral to

alkaline soils were able to predict TDP concentrations reasonably well within a textural

group and maintained their ability to predict TDP concentrations in runoffover the entire

90 minutes of rainfall. However, these equations were not strongly related to runoff TDP

concentrations when coarse and fine soils were combined and treated as a single group,

even though it is in these situations that DPS was expected to excel.

The Ols-P method was also able to predict P runoffloads most consistently across

textural groups and for the entire duration of the rainfall event. The conelations with the

load data were not as strong as with concentlation data, but the conclusions were the

same. The correlations between load and DPS values followed the same trend as the

concentration data, with DPS predicting runoffP losses reasonably well within textural

groups but not when all the soils were consideled together. Therefore, mor e work is

needed to be done to account for differences in DPS - TDP relationships between soil

textural groups.
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Dissolved Phosphorus Lost from Manitoba Soils in
Percolate from Simulated Rainfall

3.0 Abstract

Percolating water may camy environmentally significant quantities ofphosphorus

(P) to groundwater, which can then cany this P to surface water, increasing the risk of

eutrophication. We used 39 soils from agricultural Manitoba where percolate water was

collected from packed soil boxes placed on a table with a 5% slope and exposed to 75

mm hr-r of simulated rainfall for 90 minutes of continuous runoff. Our study used Olsen

(sodium bicarbonate), water extractable, Mehlich 3, Modified Kelowna soil test P (STP)

methods. Sever al methods of degree of P saturation (DPS) were also evaluated, using

extractable Ca and Mg or single point adsorption isotherms to estimate phosphorus

sorption capacity (PSC) and related those measures ofsoil P with the total dissolved P

(TDP) that percolated th-rough the soil duling the rainfall simulation experiments.

Among the simple soil tests, water extractable P was the most accurate predictor of TDP

in the percolate within textural groups for both concentration (12=0.57 and 0.65 coarse

and fine textured soils, respectively) and load e:0.32 and 0.48 for coarse and fine soils,

respectively). For predicting TDP concentrations and loads the DPS methods were

stronger than the simple STP methods, especially the DPS methods with single point

adsorption isotherms where water or Mehlich 3 were used in both numerator and

denominator.
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3.1 Introduction

The quantities ofphosphorus (P) that may leach though the soil profile are

agronomically insignifrcant, but may be significant environmentally (Turner and

Haygarth,2000). In the past it has been generally accepted that P deficient subsoils

*ouid br able to intercept any P movement downward (Turner and Haygath, 2000).

However, the risk of P moving in subsurface flow may be increasingly important as more

producers move toward tile draining lands to make the land available to more valuable

crops such as potatoes or for ethanol production, especially in coarse textured soils or

soils with large cracks which would allow for preferential flow (Sims et al., 1998; Tumer

and Haygarth, 2000).

Phosphorus leaching studies have been conducted using various methods of

determining soil test P (STP) or degree ofphosphorus saturation (DPS) to predict P

leaching losses. Many ofthese studies have used either existing tile drains, lysimeters or

intact or packed columns with the leachate conelated to different methods of measuring P

in soil (Hartz and Johrstone,2005; Hecklath et al., 1995; Hesketh and Brookes, 2000;

Maguire and Sims 2002a, b: McDowell and Sharpley, 2001;Nelson et al., 2005; Turner

and Haygarth, 2000). For example, Maguire and Sims (2002a,b) used Mehlich 3 P (M3-

P) as well as DPS methods using M3-P/M3(Fe+AI) to predict leachate losses from

packed soil columns. These researchels determined a change point at which the amount

total dissolved P (TDP) in percolate water increased rapidly with a small inclease in STP

or DPS. Hartz and Johnstone (2005) also determined that P in leachate collected from

packed soil columns was strongly related with typical environmental and agronomic soil

test methods, such as Olsen P (Ols-P), CaClz - P and a DPS method using the ratio of
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Ols-P to the phosphorus saturation index (PSI) determined with a solution of 0.01M

CaCl2 containing 15 mg L-r P provided from KHzPO¿. All of these methods predicted P

lost through leaching and the DPS method showed change point behaviour.

McDowell and Sharpley (200i) used lysimeters to collect leachate water from the

top 30 cm of the soil and conelated soluble reactive P (SRP) to different STP methods.

Water extractable P (WEP) and CaCl2-P produced strong relationships in the two soils

that were examined. Hesketh and Brooks (2000) also used lysimeters and found strong

relationships that exhibited change points with Ols-P and CaClz - P, but they cautioned

about applying this lysimeter data to field situations. Field studies have been conducted

by Heckrath et al. (1995) and Nelson et al. (2005) to look at relationships between soil P

concentration and the P concentration in leachate. Nelson et al. (2006) studied

unsaturated flow in soils and found DPS, determined by the ratio of oxalate P with

oxalate Fe + Al, showed a strong split line relationship with a change point at 45Yo

saturation. Heckrath et al. (1995) compared Ols-P in soil to SRP in drainage water from

tile drains and found a change point at 60 mg kg-I. However, no research has been

conducted on the relationship between soil and percolate P in Manitoba soils.

Therefore, our study was designed to explore the relationship between soil and

percolate P for 38 soils collected from across agricultural Manitoba. The specific

objectives of this experiment were to: (1) determine what simple STP method (Olsen,

Mehlich-3, WEP, or Modified Kelowna) would be the most reliable predictor of percolate

TDP, (2) determine if the DPS methods developed for calcareous soils (ige et a1.,2005a,

b; Akinremi et a1.,2007; Casson et aL,2006) could predict TDP in percolate across a

variety of soils.
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3,2.0 Materials and Methods

3.2.1 Soil Collection

Soil collection and analytical procedures are described in detail in the previous

chapter titled: Dissolved Phosphorus Concentrations and Loads Lost from Manitoba Soils

under Simulated Rainfall.

3.2.2 Degree of Phosphorus Satutation

Five DPS formulas were used in this study, including four DPS formulas that

have been developed for Manitoba soils (equations 1-4) and one for Alberta (equation 5)

as follows:

[1] DPS1p15¿¡ 1y"¡: 

-!!Lloo 
(Igeetal.,2005a)' P150

[2] DPS@:cuvgr çy"¡: ---- 
]!P 

- 
rtOO (Ige et al., 2005b)

æ (Caut + Mgu t)

æ.:0.2

[3] DPSrprso*srpt (%)= 

-:1T 
^_="f OO (Akinremi ef a1.,2007)

(2xPl50)+SIP

[4] DPSIv:cavg+srr¡ (%) : t= tll , ===x100 
(Akinremi eta1.,2007)

æ (Caut + Mgu z) + STP

cc : 0.1

[5] DPS¡rsr+srrr 1y"1=--]!Lloo (Cassonet a1.,2006)
(PS1 + SrP)
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The STP methods used in equations 1-4 were Ols-P and M3-P; in equation 5 all STP

methods were evaluated. Measures of P sorption capacity (PSC) included the P sorption

maximum estimated from a P150 adsorption isotherm (P150) (lge et a1.,2005a). Mehlich

3 extractable Ca and Mg (Cay3+Mgy3) was also used to estimate PSC because Ca and

Mg are largely responsible for P retention in calcareous soils (Akinremi et a1.,2007;lge

et al., 2005b). Following the research by Casson et al. (2006) in Alberta, PSC was also

estimated using the phosphorus sorption index (PS! determined using a CaCl2 solution

containing 75 mg P L-r as KHzPO+ (Bache and Williams, 1971) and then calculated as:

16l PSIlms ka-t\= 
xv
s

where X: initial - final solution P (rng L-'), V is the volume of the solution (L), and S is

the soil mass (kg) (Casson e|a1.,2006).

3.2.3 Rainfall Simulator and Runoff/Percolate Collection Ptocedures

The rainfall simulator and procedures for collecting runoff and percolate from soil

trays ale described in the previous chapter titled: Dissolved Phosphorus Concentrations

and Loads Lost from Manitoba Soils under Simulated Rainfall.

3.2.4 Statistical Analysis

Simple linear regression analysis was performed as well as a test for homogeneity

between the soil groups within a STP method using the PROC GLM function within SAS

version 9.1 (SAS Institute, Cary, NC).
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3.3.0 Results and Discussion

The soils collected were divided into two textural groups based on percent clay

content: a coarse textured group (< 25% clay) and a fine textured gtoup (>26%o clay)

(Brady and Weil, 2008). The mean clay content for the coarse textured group was 100/o

and for the fine textured group 49%o (Tables 2.1 and2.2). Due to differences in

infiltlation rates, the runoff volumes that were obtained from each textural group varied.

The fine soils produced a mean runoff of 85% ofthe total rainfall collected; the coarse

soils produced a mean runoff of 77yo of fhe rotul. The remaining water was collected as

percolate and therefore had more contact with the soil than lunoffwater.

The majority of the phosphorus (P) present in the percolate water from the packed

soil boxes was in the form ofdissolved P (<0.45 pm). For the coarse soils, dissolved P

accounted for 600/o ofthe total P (TP) in percolate; for the fine soils, dissolved P

comprised 68% of the TP in percolate. The high propofion of DP in pelcolate was partly

due to the soil boxes being lined with a fìne landscaping fablic that retained soil in the

trays but allowed water tlu'ough. As a result of the way that the boxes were lined, these

paficulate P (PP) data are not realistic for field conditions; therefore, only the TDP data

will be discussed for percolate data.

Water extractable P (WEP) was the best predictor of TDP in the percolate water

accounting for approximately 60% ofthe variation within each textural group, but only

30o% ofvariation in TDP when data for all soils were grouped together (Table 3.1).

Common STP methods (Ols-P, MK-P and M3-P) were poorly related to percolate TDP

112<0.2¡. This is not consistent with the findings of Maguire and Sims (2002a, b) who
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Table 3.1. Linear regression for total dissolved P (TDP) concentrations in percolate with all methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the entire 90 minutes of rainfall from soils with Olsen P concentrations <200 mg kg-r (n:16 coarse
group, n:20 fine group).

Olscn (Ols-P) 0.0595 at
Modified Kelowna (MK-P) 0.0551 a

Mehlich 3 (M3-P) 0.0332 a

OIs-P(P150) 0.1084 1.9825 0.19 0.0876 0.1183 0.5166 0-42 ** 0.002 0.1173 l.ll5l 0.23 ** 0.003
M3-P(P150) 0.0608 a 1.5650 0.2'7 * 0-0392 0.0723 a 0.3812 0.0002 0.0655 0.9013 0.32 *,'!* 0.0003

Ols-PM3(Ca+Mg)d ì Í 0.0427 t 2.6000 0.08 0.2921 0.0064 1.4600 0.01 0.6382 0.034 l'f 1.8013 0.07 0.1304

M3-PM3(Ca+Ms)d, 0.0257 t 2.2903 0.12 0.1842 0.0079 l.1361 0.04 0.4148 0.0253 lI 1.5360 0.13 ¡' 0-029

Ols-P((2xPl50)+Ols-P) 0.169 a 1.1872 0.33 * 0.0192 0.1988 a O-t52'7 0.64 "*' <0.0001 0.1793 0-6247 0.391r* <0.0001

M3-P((2XPI50)+M3-P) 0.1504 a 0.1433 0.45 ** 0.0047 0.127s a 0.0121 0.70 i!** <0.0001 0.1510 -0.0939 0.49 **'¡ <0.0001

Ols-P(M3(Ca+Mg)d, + Ols-P) # 0.1095i 1.3240 0-23 0.0625 0.0131 1.3232 0.04 0.4007 0.0611fi 1.t470 0.141.'' 0.025

M3-P(M3(Ca+Mg)a, + M3-P) 0.10221 0.4482 0,30* 0.0277 0.0195 1.0690 0.10 0.1652 0.072611 0-4423 0.22 ** 0.0037

OIs-P(Ols-P+PSl) fî 0.0800 a$ 0.7267 0.35 * 0.0213 0.0937 a 0.1422 0.60 *,'í* <0.0001 0.0834 fi 0-4468 0.39 **'t <0.0001
WEP(WEP+PSD lT 0.1433a$ 0.5315 0.0005 0.2549 a 0.3561 0.71 *'r* <0.0001 0-l442|i 0.7252 <0.0001

MK-P(MK-P+PSÍ) l'i 0-07ó8 a$ 0.6050 0.34 * 0.023 0.0786 a 0.2510 0.58 ','!* 0.0001 0.0785 ll 0-3843 0.38 **'r <0.0001
M3-P(M3-P+PSD lt 0.0740 añ 0.2116 0.31* 0.031I 0.0708a -0.1220 0.67'** <0.0001 0.0749 ÌÍ -0.0479 0.37*** 0.0001

*, **, *** significance at p< 0.05, p<0.01, p<0.001 respectivcly

I Within ro\,r's, values followed by the same letter (for each method ofdetermining TDP concentration) arc not significântly different at p<0-05

Í û¡=0.2
$ n=16

T n=36

# a, = 0.1

TT PSI = phosphorus saturation index determined using CaCI' extraction containing 75 mg L ' P as KHTPO4

*Í n=l s

$S ri=35

-0.935¿

1.3406
0.6871
0.6861

0.22 0.0707 0.0149 b 0.5552 0.35 *'. 0.0057 0.0219 1.2673 0.08 0.09'14
0.36 * 0.0135 0.01l2 b 0.6916 0.34 ** 0.0073 0.0244 0.8419 0.16 'l, 0-0142
0.30 i' 0.0298 0.0099 b 0,3504 0.48 '¡** 0.0007 0.0173 0.6t00 0.16 * 0.0142
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Tabte3.2. Linear regression for total dissolved P (TDP) loads in percolate with all methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) fo¡ the entire 90 minutes of rainfall from soils with Olsen P concentrations <200 mg kg-r (n:16 coarse
group, n=20 fine group).

- 

Coarse Textured Group 

- - 

Fine Textured Group 

- 

- 
AII Samples <200 mg Olsen P kÉlì 

-STP or DPS Method Slope Intercept 12 Pr > F SloÞe lnterceÞt 12 Pr > F Slope Intercept ¡2 Pr > F
w"r* (wEP@ o.iost ¿¡z o.¡z* o.oosz s.qoo a353 o.ls * 0.0218
Olsen (OlsP) 3.16 3l.01 0.15 0.0707 0.124 7.12 0.16 0.0786 0.817 40.78 0.02 0.0974

Modified Kelowna (MKP) 4.01 -3'7.92 0.34* 0.0179 0.0'7 9.8s 0-10 0.1843 1.320 -2.66 0.09 0.0'146
Mehlich 3 (M3P) 2.35 -32.29 0.26* 0.0433 0.08 5.99 0.20 0.0515 0.875 -8.34 0.08 0.0980

OlsP/(P150) 6.64 74.49 0.13 0.1722 0.93 7.32 0.17 0.0703 6.700 8.46 0.14'r'
M3P(Plso) 4.14 35.61 0.22 0.0669 0.557 6.44 0.21* 0.0416 4.160 -13.63 0.24 **

OfsPM3(Ca+Mg)a ¡ fl 2.48 115.4 0.05 0.4192 0.035 14.99 0.002 0.8350 1.940 41.65 0.04

M3P/M3(Ca+Ms)a, 1.71 I 86.43 0.10 0.2426 0.042 14.49 0.01 0.7291 1.640 25.11 0.ll

OlsP/((2xPl50)+OlsP) 10.56 22.82 0.23 0.0601 1.72 3.38 0.31* 0.0106 10.640 -23.63 0.25'r'* 0.0018
M3P((2XPI50)+M3P) 9.82 a -51.9 0.34* 0.0186 1.07b 2.53 0.32** 0.0089 9.190 -70.23 0.0002

OlsP/(M3(Ca+Mg)a, + OlsP) # 6.93 t 29.7 0.16 0.t247 0.082 14.05 0.01 0.6720 3.98 tî 8.14 0.09 0.0759
M3P/(M3(Ca+Mg)c, + M3P) 6.60 * -29.81 0.22 0.0655 0.13 12.2s 0.03 0.4615 4.30 TÍ -34.23 0.15 '* 0.0216

OlsP/(PSI+OlsP) $$ 7.01 ali -40.68 0.33 * 0.0262 0.77 b 3.88 0.27 * 0.0197 6.44ü -58.52 0.0005
\¡r'EP(PSI+Vr'EP) 13.13 ali -66.59 0.64 '¡*'! 0.0003 2.12b 5.52 0.32 "'r' 0.0091 12.54 *Í -49.83 0.64 *,.* <0.0001

MKP(PSr+MKP) 6.63 $ -48.81 0.31 * 0.0309 0.561 6.19 0.t9 0.0532 5.90 ÍÍ -59.91 0.29 *** 0.0008

'f Within rows, values followed by the same letter (for each method ofdetermining TDP load) are not significa¡tly different at p<0.05

I c¡ =0.2
$ n=16

f n=36

# o, = 0.1

ft PSI = phosphorus saturation indcx determined using CaCl2 extraction containing 75 mg L-r P as KHTPO4

li n=15

${ì n=35

at p< 0.05, p<0.01,

0.0242
0.0024
0.2414
0.0540
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found very strong relationships between leachate P and M3-P, in addition to WEP. Our

results were also inconsistent with the observations of British researchers Hesketh and

Brooks (2000) and Heckath et al. (1995), who showed that a simple agronomic soil test,

Ols-P, was related to P leaching tllough the soil profile. These researchers identified a

change point at 60 mg kg'l Ols-P where the amount ofP leached increased dlastically.

Conversely, our data showed no such change point for any ofthe simple STP methods

examined. However, the soils used by the British researchers had a very nanow range of

properties for both studies. Wide differences in soil properties and P buffering capacity

within our groups ofsoils may have obscured our ability to detect the potential for

change point behavior within each group, Iet alone for a simple soil type.

Degree ofphosphorus saturation (DPS) has also been used to determine the risk

of P leaching. In the Manitoba soils, DPSIv:cuve) was poor at predicting percolate TDP

concentrations, with 12 values ranging from 0.01 to 0.10 for flrne textured soils and 0.08 to

0.30 fol coarse soils, 0.07 to 0.22 for all soils combined. Linear conelations for DPSprso¡

were slightly better with 12 values between 0.19 and 0.45 for coarse soils, 0.42 to 0.70 for

fine textured soils and 0,23 to 0.49 for all soils combined. All four methods of

DPSpsr+sre¡ produced strong linear relationships with percolate for the fine textured

group (Table 3.1). However, for the coarse group and all soils, only the WEP version of

DPSlesr+srr¡ produced a highly signifrcant relationship with TDP in percolate, with an

r2=0.62 in both cases; all other methods of determining soil P that we used had 12 values

ofless than 0.4 (Table 3.1). Studies conducted by Maguire and Sims (2002a,b) and

Hartz and Johnstone (2005) also obselved very strong relationships between DPS in soil

and TDP in percolate water. Hartz and Johnstone determined DPS as a single point
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isotherm using CaClz and KHzPO+, similar to the Bache and Williams ( 1971) method

used in our study.

The trends observed with TDP concentrations are minored by the TDP loads; the

only method that shows promise for predicting percolate TDP is DPS(psr+srp) with WEP

as the STP method (Table 3.2). This is especially true for the coarse soils and when all

soils are glouped together with ,':0.64 (p<0.001) for both. The percolate load datais

strongly influenced by some ofthe very coarse soils that had high STP which allowed 47-

91 L of water to percolate ttu'ough the soil boxes, compared to a mean of9 L ofpercolate

for the fine textured soils.

One ofthe reasons for the superior performance of WEP for predicting percolate

TDP concentration and load may be due to displacement of prewetting water from the

soil boxes. The soils were prewetted to fìeld capacity prior to rainfall to ensure that

runoff occurred. The prewet water was in contact \ryith the soil for as much as 20 hours

before being gravity drained. In many cases, the majority of water collected as percolate

was probably plewet water that was held in the soil matrix. Approximately 20 and 25 L

ofthe prewet water was held by each tray ofsoil at field capacity and a mean of9 L and

18 L ofpercolate water was displaced from the fine and coarse textured soils

respectively, during the 90 minute rainfall event. Therefore, the water collected was

likely a result of displacement of water tlu'ough the soil profile. The long exposure of the

prewetting water to the soil matrix more closely resembled the soil test water extraction

procedure, allowing more intimate contact between soil and percolating water than for

runoff water.
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3.4 Conclusion

The percolate data from the rainfall simulations conducted with Manitoba soils

are not consistent with what is commonly found in the literature. Of the simple soil test P

tests, only water extractable P (WEP) showed potential for use in predicting subsurface

percolate total dissolved P (TDP) mobility to subsurface water within a textural group.

As for the more sophisticated methods of P measurement the DPSlesr+sre¡ method used by

Casson et al. (2006) using WEP in a ratio with P saturation index was able to produce

linear regressions that were strong and consistent across textural groups and accounted

for at least 62Vo for TDP concentration and 64yo for TDP load, when all soils were

combined. These results are different from those in the literature where Olsen P and a

variety of methods of determining DPS not only were able to pledict TDP in percolate

water but showed a distinct change point in STP or DPS where more P was released to

percolate. The reason for WEP outperforming other methods may be that the amount of

water that percolated through our soils may have been less than in other studies. Also, a

large proportion ofpercolate collected during our study ì¡/as probably displaced from the

prewetting water and was in contact with the soil matrix for a long period (up to 20

hours), resulting in conditions that closely resembled the soil test extraction procedure for

WEP,
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4.0 Summary and Contributions to Knowledge

Rainfall simulation studies with packed soil boxes are one small step toward

moving away from the bench top and applying the principles ofnutrient loss developed in

the lab to actual field conditions and situations. This study has identified soil test

phosphorus (STP) and degree ofP saturation (DPS) methods that show promise in the

ability to predict the load and concentration ofP that can be potentially lost from runoff

and to a lesser extent leaching.

Water extractable P (WEP), an environmental P extraction method, did not

predict runoff P as accurately as expected, even though it closely resembles rain water.

However, although the chemical nature of the extractant is the same as rain, the transport

processes that occur within the lainfall runoffsystem are much different from those in a

laboratory extraction procedure, Rain water continuously washes over only the top few

millimeters ofthe soil surface and this is different from a 10:1 (water: soil) laboratory

batch extraction that mixes all the soil and all the water during a one hour shaking period.

However, compared to runoff water, the percolate water has more contact with soil and

this process may better resemble the WEP soil test method. As a result, WEP appears to

predict the risk ofP leaching better than P runoff, at least within a soil textural group.

For Manitoba soils, Olsen P (Ols-P) was able to predict runoff P very well within

textural groups and acloss soil textures. This may be because the process ofrunoffwater

continuously removing labile reserves ofP from a small proportion ofthe soil may be

analogous to root uptake of labile P, especially in fine textured soils where the effective

depth of interaction (EDI) is very shallow (Sharpley, i985). As a result the runoff water

is able to extract some ofthe more strongly held P because a small depth ofsurface soil is
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always being washed with a lalge volume of fresh water. By gathering percolate water,

we were able to test the hypothesis that the shallow effective depth ofinteraction (EDI)

of the rainwater with the soil led to Ols-P being the best STP method for predicting

runoffP losses. Indeed, when the percolate data was analyzed, it was apparent that the

Ols-P method was the weakest method for predicting P losses through percolate water,

even though it had been the strongest for predicting runoff losses.

Mehlich 3 and Modified Kelowna showed promise fol predicting runoff P losses

with stronger relationships for the coarse textured soils than the Ols-P method. However,

these methods were not as consistent as Ols-P across textural groups or when all the soils

were combined. These two simple STP methods were also poor at predicting P losses in

the percolate water. Mehlich 3 had the strongest relationship with TDP in percolate

water with an 12= 0.48 which is still too low for accurate prediction ofpercolate loss. The

reasons fol the lelatively poor performance ofthe acidic extracts, relative to Olsen P are

not known. However, the Olsen test is well documented as an excellent agronomic test

for measuring labile P alkaline soils (Beegle, 2005).

Several methods of estimating the degree ofP saturation (DPS) had strong

relationships with runoff and percolate TDP losses. The methods that were particularly

strong were those that had STP added to the phosphorus sorption capacity; these were

especially suited for predicting runoffTDP losses in coarse soils. However, some of

these methods had weak predictive ability in the fine soils and when all soils were

combined they were no longer able to accurately predict runoff TDP losses. Conversely,

for percolate losses WEP/ (PSI+WEP) was a strong predictor of TDP losses for each

textural group and for all soils combined,
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Our study was able to show that simple agronomic soil tests such as Ols-P may

allow the use of a single extraction coefficient to pr.edict runoffP losses across many

soils with different P concentrations and a wide range ofsoil textures, ranging from 2 -
83 o/o clay for neutral to alkaline soils. However, as stated earlier these findings are based

on simulated rainfall over packed soil boxes and scale becomes a question. Moving to

natural runoff from entile fields or watersheds creates many more variables that need to

be accounted for. For example, Alberta researchers found that concentrations ofP in

natural runofffrom watersheds were up to 6 times greater than from a rainfall simulator

(Wright et al.,2006).

Another limitation ofusing simulated rainfall data for quantifying the P that

comes off of fields is the slope that was used in this study (5%) is rarely seen in

Manitoba. As a result, the amount of land at risk of water erosion in Manitoba is only 1%

ofthe total land in annual crop production (van Vliet et al., 2005). The shallow slope of

Manitoba's natural landscape allows mole time for wate¡ to infiltrate. However, if the

soil fully saturated there may be opportunity for the water to slowly solubilize iabile P in

a manner that does not resemble fast flowing runoff water moving down a steep slope.

For example, if this water moves through at a slow but steady rate this may result in a

high proporlion ofdissolved P (DP) fraction ofthe total P lost, a fi.action that is highly

available to algae, increasing the potential for eutrophication.

Another difference between our rainfall simulation and field conditions was the

rainfall intensity of75 mm hr-l for a 90 minute dulation that rarely, ifever, occurs in

Manitoba, Again, we needed to ensure that runoff occurred and this is the rainfall rate

that the USDA's national research project for simulated rainfall uses in their protocol
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(National Phosphorus Research Project, 2005). We attempted to use a rate of 35 mm fu-l

to duplicate more typical field conditions and to increase the depth ofinteraction, but

lunoffcould not be reliably generated. However, a rainfall event of75 mm hr-r for a

duration of 10 minutes is a 1 in 2 year probability. Therefore, maintaining the rainfall

intensity over a shorter duration may be a better way to simulate Manitoba rainfall runoff

conditions.

Once the relationship between P in soil and. P in runoffis clearly defined for soils

in Manitoba, we need to develop methods to reduce the amount ofdissolved P losses

under snowmelt dominated runoff. Most of the beneficial management practices (BMPs)

that have been developed for reducing P losses are for particulate P losses in rainfall

driven runoff. These may not work for reducing dissolved P losses but in some cases

may actually add to the losses ofdissolved P (Bechmann et aL,2005; Sheppard et al.,

2006). More work is needed to develop BMPs that will increase the infiltration rate of

soil to allow for more water to flow downward rather than off the surface. However,

most ofthe runoffin Manitoba occurs on frozen or partially frozen soils during spring

snowmelt (Glozier et al., 2006; Sheppard et al,, 2006) where infiltration is severely

limited by ice in the soil. Perhaps this runoff water should be directed to holding ponds

or wetlands as quickly as possible to reduce exposure to soil and then this water should

be used for irrigation.

In summary, our simulated rainfall study showed that Ols-P is an accurate

predictor ofrunoffTDP losses across textural groups but fails to accurately predict

percolate TDP losses. For the percolate TDP losses the only simple STP method that

could pledict P losses was WEP and only within textural groups. When using WEP/
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(PSI+WEP) to estimate DPS we could predict TDP losses in percolate from each textural

group and from all soils, combined. Although this knowledge represents an important

step forward in our understanding of relationships between runoff losses of P and

measurements ofsoil P, additional work is needed to characterize these relationships

under field conditions. Lastly, the most important step is to design BMPs for reducing

runoff P losses under Manitoba conditions. In order to be effective these BMPs should

be developed and validated for Manitoba's soils, landscapes, and climate.
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Appendix I: STP and DPS regressions with TDP for 0- 30 minute intervaì
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Fig I.1: Linear regression for soils gouped by texture for Olsen P, Water Extractable P, Modifred Kelowna and Mehlich 3 P with
total dissolved P (TDP) in the ñrst 30 minutes of runoff.
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Table I.1: Linear regression for concentration oftotal dissolved P (TDP) in runoffwith methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-30 minute intewal from soils with Olsen P concentrations <200 mg kg-r (n=18 coarse group,
n:20 fine group).

- 

Coarsc Tottuied Group 

- - 

FinoTexturd Croup 

- 

AIlSamDIes 

- 

AllsamDles >200 oh-P

STP 0r DPS Metìod Slopc Intercept I Pr>F Slopc lntcrcept I Pr>F Slope lntercept i Pr>F Slope Interc¿pt R2 Pr>F
Water (wIP) 0.0327 a 0.0371 0.93*** <0.0001 0.0240a 0.2642 0.52 *** 0.0004 0.0283 0.1453 0.6? *'* <0.0001 0.0273 0.1512 0.769*** <0.0001

olsen(ols"P) 0.0076 aT 0.1450 0.?2i** <0.0001 0.0073a 0.1632 0.77 t*+ <0.0001 0.0074 0.1539 0.77*** <0.0001 0.0075 0.1442 0.815*'* <0.0001

Modified Kelouna (MK-P) 0.0059a 0.1308 0.85 *** <0.0001 0.0048a 0.2787 0.58*** 0.0001 0.0054 0.1971 0.70*** <0.0001 0.0065 0.1425 0.777*** <0.0001

iuehlich 3 (M3-P) 0.0038a 0.1089 0.80 *t* <0.0001 0.0039 a 0.1758 0.68*** <0.0001 0.0040 0.1349 0.74*** <0.0001 0.0048 0.0i55 0.728't* <0.0001

0ls-P(P150) 0.0133a 0.2413 0.60 *** 0.0001 0.0480b 0.2291 0.64*** <0.0001 0.0156 0.3713 0.35 *** <0.0001 0.0211 0.3721 0.338 +**

M3-P(PI50) 0.0067 a 0.2187 0.69 *t* <0.0001 0.0235 b 0.2684 0.53 *t* 0.0003 0.0071 0.3817 0.32 *** 0.0002 0.0083 0.4306 0.215 **

0ls-PÂv13(Ca+Mg)û rl 0.0133a$ 0.2513 0.51 ** 0.0020 0.0106a 0.4784 0.32*t 0.0093 0.00Slf 0.3961 0.32'*1 0.0004 0.0119 0.3811 0.482***

M3-P,4ú3(Ca+Mgþ r 0.0039a$ 0.2?2 0.59 *** 0.0005 0.0084a 0.4387 0.38 tt 0.0036 0.0041 f 0.4030 0.29 *** 0.0006 0.0058 0.4201 0.333 '*i

0h-P((2xPl50ÞOls-P) 0.0170 a 0.1997 0.70 t** <0.0001 0.0702 b 0.1551 0.73 *** <0.0001 0.0184 0.36t2 0.35 *'* 0.0001 0.0262 0.3427 0.383 ***

M3-P4(2xPl50Þl\43-P) 0.0138 ¿ 0.1308 0.79 *** <0.0001 0.0390 b 0.1792 0.60 +** <0.0001 0.0142 0.3104 0.38 **r <0.0001 0.0186 0.4091 0.323 ***

0ls-P(M3(Ca+Mg)rr+ ols-P)# 0.0132a$ 0.1516 0.ó8 *** <0.0001 0.0133a 0.4091 0.37** 0.0043 0.0130f 0.3006 0.44*** <0.0001 0.0180 0.20ó9 0.484*rt

M3-P(l\.'f3(Ca+Mg)d z + M3-P) 0.0l12a$ 0.0810 0.?4*t* <0.0001 0.0138a 0.3031 0.48 *'t 0.0007 0.0l16ll 0.2285 0.49*** <0.0001 0.0154 0.1910 0.458***

0ls-P(PSI+0ls-P) Tl 0.0100aÍ* 0.1ó58 0.731** <0.0001 0.0344b 0.l3ll 0.75 *** <0.0001 0.0118{$ 0.314ó 0.40*** <0.0001 0.0149 0.3268 0.320**i 0.0002

WEP4PSÌ+Ì/EP)ti 0.013841 0.2068 0.77*** <0.0001 0.0610b 0.3&7 0.37r* 0.0042 0.0¡23 $$ 0.42ó2 0.23** 0.0026 0.0188 0.3977 0.439**t <0.0001

MK-P(P$+MK-P)tl 0.0097aff 0.1510 0.i3 *** <0.0001 0.0275b 0.1945 0.65 *** <0.0001 0.0lll$$ 0.Ió7 0.39*** <0.0001 0.0155 0.2541 0.492'** <0.0001

M3-P/(PSI+M3-P) fi 0.0097aÌÍ 0.0895 0.i2fl* <0.0001 0.0233 b 0.0982 0.ói *** <0.0001 0.0114$$ 0.2226 0.44 ** <0.0001 0.0155 0.1545 0.488** <0.0001
*,'*,'*t significance at p< 0.05,p<0.01 ,p<0.001 rcspcctively

t Within rows, values followd by t¡e sarne l€ttor (for each Ír€tlod of d€termining TDP conc.enÍation) are not significantly d iflercnt at p<0.05

Ì ol = 0.2

g n=ló

f n=36

# û2 =0.1

Tt PSI = phosphorus satuütion index determined using CaCI2 extraction conhining 75 mg Ll P as KH2P04

lÍ n=15

$$ n=35

<0.0001

0.0026

<0.0001

0.0002

<0.0001

0.0002

<0.0001

<0.0001

78



Appendix II: STP and DPS regressions with PP for 0- 30 minute interval
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Fig II.1: Linear regression for soils grouped by textue for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 P with
particulate P (PP) in the first 30 minutes of runoff.
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Fig II.2: Linear regression for all soils for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 P with particulate P (PP) in
the first 30 minutes of runoff.
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Table II.1 : Linear regression for concentration of particulate P @P) in runoff with methods of soil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-30 minute interval from soils with Olsen P concentrations <200 mg kgl (n=18 coarse group,
n=20 fine group).

Coan¿ Textured Gmup FineTextured Grou¡ Allsamples <200 ms Ohen P ksr Allsamoles>200 Oh.P

STPoTDPSM€thod Slope Intercept I Pr>F Slope Interæpt I Pr>F Slope Intercept I Pr>F Slope Interæpt R2 Pr>F

Water(WEP) -0.0082 12.398 0.000 0.9611 0.32 8.500 0.193 0.0521 0.196 10,261 0.080 0.0846 0.15ó 10.20 0.117* 0.0307

Olsen(OhP) 0.0372 10.952 0.045 0.39ó5 0.0?4? 8,640 0.lil 0.0700 0.0596 9.891 0.123 
* 0.0309 0.048 10.$6 0.153 

* 
0.0124

ModifiedKelowna(MKP) 0.017 11.470 0.018 0.5n2 0.07f 7.U1 0.295* 0.0114 0.052 9.688 0.159* 0.013 0.048 9.826 0.200** 0.0038

MehlichS(MlP) 0.0171 10.895 0.043 0.4104 0.0491 7.661 0.221* 0.ß16 0.034? 9.ß6 0.142* 0.0199 0.0i4 9.462 0.1?5+ 0.002

0hP(Pr50) 0.0789 lr.2r0 0.05ó 0.i431 0,3538 r0.5ól 0.073 0.2507 0.099? il.928 0.035 0.2515 0.12J il.9t4 0.055 0.t443

M3P(P150) 0.0322 11.328 0.041 0.4t62 0.206 10.323 0.085 0.2t2Í 0.0408 12.100 0.026 0.3321 0.04ó t2.320 0.032 0.2716

0lsP/1.,{3(Ca+i\,1g)q} 0.0502i t2.077 0.065 0.3585 0.0009 13.$7 0.000 0.W32 0,0l3lf 12.788 0.013 0.513 0.059 12.485 0.05? 0.1ó25

M3P/lvl3(Ca+Mg)a, 0.0205i 12.202 0.04ó 0.4405 0.0146 13.205 0.002 0.8423 0.0179T 12.115 0.014 0.f01 0.029 12.67 0.04 0.2444

0lsP((2xPl50)+0hP) 0.0581 ll.f3
M3P((2xPI50)+M3P) 0.0251 11.173

0lsP(M3(Ca+Mg)0,+0lsP)$ 002381 12.775

M3P(M3(Ca+Mg)a,+l\.,13P) 0.0010t 13.245

+ significanratp< 0.05

*r 
significant at p< 0.005

*** 
significant at p< 0.001

I n=16

I a¡=0.2

g a,= 0.I

n ni6

0.022 0,559ó 0.546 9.8t7 0.093 0.1916 0.0824 t2.2n 0.01?t 0.4336 0.t25 t2.07t 0.040 0.2131

0.007 0]a7 0.161 9.300 0.t08 0.157 0.05I t2.163 0.013 0.4958 0.065 t2j4 0.020 0.408

0.006 0]161 0.022 11.286 0.002 0.844? 0.m24f t3.071 0.003 0]42 0.057 t2.109 0.021 0.3697

0.000 0,9878 0.048 t2.464 0.012 0.ó408 0.0t87f t2.993 0.003 0.1451 0.043 12.647 0.01? 0.41ó1
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Appendix III: STP and DPS regressions with TP for 0- 30 minute interval
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Fig III.1: Linear regression for soils grouped by texture for Olsen P, Water Extractable P, Modified Kelowna a¡d Mehlich 3 P with
total P (TP) in the first 30 minutes of runoff.
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Table III. I : Linear regression for concentration of total P (TP) in runoff with methods of soil test P (STP) and degree of phosphorus
saturation (DPS) for the 0-30 minute interval from soils v/ith Olsen P concentrations <200 mg kg-t (n=18 coarse group, n:20 fine
group).

STP orDPS Medrod

lvatu(\\tsP)

Olsen(0lsP)

Modifid Kelowna(MKP)

Mehlich3(M3P)

0lsP(P150)

M3P(?150)

0lsP/ltl3(Ca+Mg)q I
M3P,tf3(Ca+Mg)q

0lsP((2xPl50Þ0hP)

MIP((2xPl5OÞMJÐ

0ls(M3(Ca+Mg)q + OhP) $

M3P(M3(Ca+Mg)q + M3P)

Slope Inhrcept Ì
0.0245 12.435 0.001 0.8836 0.3441 8.765 0.2ß* 0,0404 0.n5 10.40?

0.0448 il.09ó 0.06ó 0.3044 0.082 8.803 0.197 00501 0,0ó7 10.045

0.0226 1r.601 0.033 0.4ó80 0.0800 8.12ó 0.319* 0.0094 0,057 9.885

0.0209 11.004 0.0ó4 0.311? 0.0531 1.842 0.253* 0.02T 0.039 g.ft

0,092

0,039

0.0581

0.0251

0.075

0.039

0.0373 i

Pr>I Slope Irtercepl

t1,471 0.077 0,2óió 0.402 10.790 0.09 0.2001 0.il5 12300 0.04{ 0.1983 0.14ó 12.286 0,071 0.0956

[,54ó 0.0ól 0,3231 0.229 10.$2 0,101 0.1126 0.048 12.482 0.0]5 0.2623 0.055 12.?50 0,042 0.20ó8

ni06 0.087 0.2866 00ll 14,104 0,001 0.9185 0041f 13.196 0.020 0.4253 0,071 n,866 0.0?7 0.1013

12.404 0.06? 0351 0.022 ß,682 0005 0.7ó6 0.022î 13.190 0,021 0.4171 0,035 ß090 0054 0.1734

1]42 0.036

1r.904 0.017

t2.904 iJ (116

0.01241 13,306 0.003

sigrificanæ atp< 0.05,p<0.01,p<0,001

nl6

q =0.2

h>F Slope lnterc¿Dt

0.4493 0,616

0.ó102 0.4

0,ó563 0,036

0,8553 0,0ó2

ût=0,1

nJ6

9912 0,113 0.1412 0.101 12.f8 0,024 0.3448

9.419 0,121 0.1231 0.067 12.412 0.02 03947

13 ó95 0,005 0.7594 0.035 f 13.3?4 0,008 0.ó082

t2,768 0.02 0.55ó9 0.03011 13.2t9 0.008 0.ó041

0.102 0,0508 01829 10.8?0 0.lf*
0.151* 0,0161 0,0553 10.502 0.194**

0.188+ 0.0065 0,0544 9.968 0.243 
*

0.170* 0.0101 0.0389 9.538 0.215**

Pr>l Slooe Irtercelt h>t
0,0126

0,0044

0,00u

0.002ó

0l5l t2.413 0.056 0.1411

009ó u389 0.039 0.n04

0.075 12.961 0.038 0.248r

0,058 12,837 0.0303 0.125
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Appendix IV: STP and DPS regressions with TDP for 30- 60 minute interval
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Fig IV.1 : Linear regression for soils gouped by texture for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 P with
total dissolved P (TDP) in 30-60 minutes of runoff.
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Fig IV.2: Linear regression for all soils for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 P with total dissolved P
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Table IV.1: Linear regression for concentration of total dissolved P (TDP) in runoff with methods of soil test P (STP) and degree of
phosphorus saturation (DPS) for the 30-60 minute interval from soils with Olsen P concentrations <200 mg kg-r (n=18 coarse group,
n:20 fine group).

STP or DPS Meti¡od

ols€n (ols-P) 0.0045 af 0.1305 0,68 **t <0.0001

)\4odified Kelowm (MK-P) 0.0034a 0.1265 0.76*** <0.0001

Mehlich3 (M3-P) 0.0022a 0.1139 0.72*** <0.0001

lvater (WEP)

0lvP{P150) 0.0076a 0.1892 0.54*** 0.0005 0.0379b 0.19i3 0.53 ***

M3-P(P150) 0.0038 a 0.1?83 0.59 **' 0.0002 0.0165 b 0.2634 0.34 *r'

Ols-P/M3(Ca+Mg)û I Ì 0.0048 a{ 0.1571 0.ó0**t 0.0007 0.0105a 03776 0.45 t'*

M3-P/M3(C¡+Mg)4 | 0.0025 a$ 0.1422 0.67 *** 0.0002 0.0077a 0.3518 0.46*+

0ls-P/((2xPl50)+0ls-P) 0.0096 a 0.1667 0.ól **t 0.0001 0.0517 b 0.1657 0.53 **'
M3-P((2XP|50)+M3-P) 0.00?8 a 0.1288 0.68 *** <0.0001 0.0263 b 0.2tZt 0.36 ++

0ls-P(M3(C¡+Me)d1+ ols.P) # 0.0080 a$ 0.1217 0.68*** <0.0001 0.0129a 0.2967 0.4ó***

M3-P4Ml(Ca+N.,lgþ, + M3.P) 0.0068 a$ 0.0804 0.74**t <0.0001 0.0124a 0.2166 0.52***

0ls-P(PSI+Ols.P) lÌ 0.005841 0.1464 0.ó4**' 0.0001 0.0252b 0.1492 0.54*** 0.0002 0.0071 $$ 0.2838 0.22** 0.0033 0.0097 0.2983 0.219** <0.0026

WEP(PSI+WEP)tf 0.0075 fÍ 0.1765 0.60 **r 0.0003 0.0339 0.3719 0.150 0.08it 0.005i $$ 0.3ó52 0.080 0.0939 0.0132 0.3326 0.352 *** <0.0001

MK-P(PSI+MK-P) tî 0.005641 0.1365 0.ó5 *t* <0.0001 0.0192b 0.2t22 0.42** 0.0020 0.0065 $$ 0.2813 0.21** 0.004 0.0109 0.2303 0.400 *** <0.0001

M3-P(PSI+N43-P) lf 0.0057aïÌ 0.0989 0.66*rt <0.0001 0.0162b 0.1465 0.43 ** 0.0017 0.00ó9$$ 0.2273 0.25 *' 0.0018 0.0109 0.1593 0.398 +** <0.0001
*,**,*** significame at p< 0.05,p<0.01 ,p<0.001 rospect¡vely

f Within rows, values followd by the same letter (for øch metlod ofdetennining TDP concent'atjon) a¡e not sigr fica¡tly diflcrcn( at p<0.05

I ûl = 0.2

$ û=16

fl n=36

# û2=0.1

tt PSI = phosphorus saturation index detcrmined using CaCl2 extaction cont¿in¡ng 75 mg L- | P as KH2P04

lÍ n=15

$$ n{5

0.0152 a

0.0060 a

0.0037 a

0.0029a

0.1288 0.69 r**

0.2450 0.45 **

0.0178 0.50 **

Pr>F

0.0t40

<0.000t

0.00t2

0.00

0.0003

0.0066

0.0018

0.0014

0.0003

0.0048

0.0010

0.0004

0.0180

0.0057

0.0018

0.0028

0.0095

0.0039

0.006r f
0.0027 f

0.0105

0.0078

0.0099 f
0.0084f

¿00 mÊ OIseî P ke'-

0.t655

0.r203

0.t741

0.r344

0.3136

0.3297

0.3098

0.3298

0.3r52

0.2918

0.231ó

0.r898

0.43 ++* <0.0001

0.71 *r* <0.000t

0.55 *** <0.0001

0.57 **+ <0.0001

0.20 ll* 0.0045 0.0142 0.3178 .253**

0.15 * 0.0157 0.0049 0.3735 0.124+

0.29 ** 0.00t 0.0083 0.3172 0.386 ***

.21* 0.0068 0.0038 0.3561 0.231 rr

0.18 ** 0.0088 0.0166 0.3102 0.251 r*

0.18 ** 0.0089 0.0112 0.2916 0.195 *

0.40 *** <0.0001 0.0132 0.2250 o.al ***

0.40 rt* <0.0001 0.0t08 0.t877 0.172**,

0.0203

0.0060

0.0048

0.003ó

0.t058 0.849 ** <0.0001

0.t280 0.714 *l <0.000t

0.0748 0.678 ** <0.000r

0.00r0

0.0257

<0.000 t

0.0030

0.00r0

0.0043

<0.0001

<0.000t
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Appendix V: STP and DPS regressions with PP for 30- 60 minute interval
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Fig V.l: Linear regression for soils grouped by texture for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 P with
particulate P (PP) in 30-60 minutes of runoff.
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Table V.l: Linear regression fo¡ concentration of total particulate P (P) in runoff with methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 30-60 minute interval from soils with Olsen P concentrations <200 mg kg-l (n=18 coarse group,
n=20 fine group).

Coane Texturd Grcup FineTexturd Grouo All Samols <200 ms Olsen Pksr ,{llsamoles >2ffi 0h.P

STPoTDPSMeùod Slope lntercept I Pr>F Slope Intercept I Pr>F Slope Intercept I Pr>F SloF Interc€pt R2 Pr>F

Water(WEP) 0.0102 9.088 0.0005 0.921'5 0.1452 9.559 0.064 0,2811 0.1104 9.0i3 0,044 0.n79 0.082 9.428 0.058 0.1i33

Olsen(OhP) 0.01i4 8.5i5 0.0223 0.f42 0.0623 1]02 0.192 0.051 0.0503 1.975 0.l5lt 0.0158 0.034 8.699 0.136* 0.0191

ModifiedKelowna(MKP) 0.0054 8.938 0.0043 0.7951 0.0503 8.014 0.212* 0.0409 0.0356 8.342 0.128' 0.0212 0.029 8.6n 0.130* 0.0224

Mehlich3(l\,'l3P) 0.0082 8.t8 0.0224 0.551 0.0324 7.945 0.159 0.0811 0.0238 8.163 0.115* 0,03i6 0.022 8.299 0.lll * 0.0217

0lsP(P150) 0.02i1 8.839 0,015 0.6290 0.1125 9.141 0.092 0.194ó 0.0438 10.146 0.012 0.5183 0.05ó 10.177 0.020 0.3848

M3P(P150) 0.0100 8.905 0,009 0.7076 0.1269 9.83ó 0.052 0.3326 0.0106 10.389 0.003 0.7430 0.014 l0.53l 0.005 0.ó694

0lsPil,l3(Ca+Mg)a¡{ 0.01ói 9.176 0.014 0.ó69 0.0824 10.154 0.064 0.2962 0.0i33f 10.130 0.m 0,1886 0.028 10.39ó 0.022 0.3887

M3PA.'f3(Ca+Mg)a1 0,00vf 9.261 0.008 0.15M 0,057 10.245 0,059 0.3182 0.0100f 10.421 0.007 0.Aß 0.010 10.ó44 0.008 0.6096

0lsP((2xPl50)+0lsP) 0.0127 9.0a 0.002 0.8491 0.i8ll 9.207 0.0i31 0.2488 0.0184 10.450 0.001 0.8194 o.ml 10.869 0.001 0,i6ó6

M3P((2xP|50)+M3P) -0.0001 9.209 0.000 0.9992 u912 9.513 0.052 0.332Í 0.0245 10.912 0.003 0.?59ó 0.120 10.644 0.001 0.811

0ls(M3(Ca+i\lg)q+0hP)$ -0.00i3i 9.632 0.0003 0.9538 0.0829 10.407 0.048 0.I3ó 0,0323f 10.275 0.0117 0.f61 0.034 10.408 0.0148 0.4733

M3P(l\'r3(Ca+M$q+M3P) -0.01i6f 9.922 0.005 0,8026 0.0803 9.86i 0.055 0,3179 0,0198f 10.31 0.0061 0.6553 0.022 10.48ó 0.008 0.59?5

I 
significant at p< 0.05

t

Í
0

f

si$ific¿nt at p< 0.005

significant at þ< 0.001

n=16

a¡=0.2

ûz= 0.1

nJ6
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Appendix VI: STP and DPS regressions with TP for 30- 60 minute interval
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Fig VI.1: Linear regression for soils grouped by texture for Olsen P, Water Extractabìe P, Modified Kelowna and Mehlich 3 P with
total P (TP) in 30-60 minutes of runoff.
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Fig VI.3: Linear regression for soils grouped by texture for with total P (TP) and degree ofP saturation (DPS) using molar ratios of
Olsen P or Mehlich 3 P with P150 or Mehlich 3 extractable calcium and magnesium methods for the 30-60 minutes of runoff (Ige et
al., 2005a).
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Fig VI.4: Linear regression for all soils for with total P (TP) and degree ofP saturation (DPS) using molar ratios of Olsen P or
Mehlich 3 P with Pl50 or Mehlich 3 extractable calcium and magnesium methods for the 30-60 minutes of runoff (Ige et al., 2005a).
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Table VL l : Linear regression for concentration of total P (TP) in runoff with methods of soil test P (STP) and degree of phosphorus
saturation (DPS) for the 30-60 minute interval from soils with Olsen P concentrations <200 mg kg-l (n:18 coarse group, n:20 frne
group).

Coarse Textured Croup Fine Textured Group Altsamples 400 msOhen P ksr AllSam¡les>200 Ols.P

STP orDPS Method Slope Intercept i Pr> F Slope Inte¡cept I Pr>.F Slope lnteræpt I Pr> F Slope Intercept R2 Pr> F

Water(WEP) 0.028ó 9.165 0.004 0.7991 0.1608 9.837 0.0i4 0.2461 0.1284 9.238 0.05$ 0.1510 0.1023 9.565 0.085 0.0ó81

Olsen(OlsP) 0.0219 Li06 0.035 0.4580 0.0683 7.831 0.217t 0.ß8? 0.0560 8.095 0.111* 0.0085 0,0396 8.805 0.176t 0.0070

Modified Kelo*na (MKP) 0.0088 9,064 0.011 0.6if 0.0540 8.259 0.230* 0.0125 0.0394 8.517 0.149* 0.0167 0,0336 8.820 0.165* 0.0091

Mehlich3(M3P) 0.0104 8.il2 0.035 0.4546 0.03f 8.120 0.178 0.0640 0.02ó6 8.291 0.lI* 0.m13 0.0256 8,I3 0.1ó5* 0.0092

0lsP(P150) 0.0347 9,028 0.024 0.f78 0.0350 9.344 0.108 0.1570 0.0513

MrP(Prs0) 0.0138 9,083 0.01? 0.ó0ó8 0.1433 t0.100 0.625 0.2871 0.0145

0hP/M3(Ca+Mg)o¡f 0.mli 9.333 0.024 0.5810 0.0929 10.732 0.076 0.2531 0.0394f

M3P/M3(Ca+Mg)q 0.008i t,40i 0.016 0.65t 0.0ó4ó 10.597 0.0i1 0.2115 0.0126f

0hP((2xP150)+0hP) 0.0223 9,208 0.00? 01393 0.4128 9.373 0.089 0.2026 0.0288

MIP((2xP150)+M3P) 0.00?7 9.331 0.001 0.8807 0.223s 9.125 0.063 0.28$ 0.0118

0lsP/(M3(Ca+Mg)û,+0hP)$ 0.00491 9.729 0.001 0.9313 0.0947 10.704 0.060 0.297 0.042f

M3P(M3(Ca+ivl$q+M3P) -0.0047t 9.919 0.001 0.9205 0.0927 10,083 0.0ó9 0.2622 0.0282f

+ significantat p< 0.05

** 
sigìificant at p< 0.005

*** sigrificant at p< 0.001

I n{6

{ a¡=0.2

$ q=ol

1¡ n=36

10.459 0.016 0.4440 0.0701 10.494 0.0293 0.29t0

10.7t9 0.005 0.óó25 0.0184 10.904 0,008 0.5739

10.419 0.0308 0.32t1 0.0358 10.7t3 0.034ó 0.2776

10.756 0.0il4 0.54?8 0.0133 1t.000 0,0140 0.4n4

10.764 0.0030 0.1215 0.0491 10.809 0.0105 0.5284

10.858 0.0010 0.8482 0.0232 10.942 0.0040 0.6961

10.501 0.019 0.4301 0.047 10.621 0.021 0.3349

10.540 0,012 0.5I 0.033 10.666 0.0ti 0.4451
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Table VII.l: Linear regression for concentration of total dissolved P (TDP) in runotr with methods ofsoil test P (STP) and degree of
phosphorus satuation (DPS) for the 60-90 minute interval from soils with Olsen P concentrations <200 mg kg-t (n:18 coarse group,
n=20 fine group).

- 

Coaße Textur€d Group 

- - 

Fine Textured 0r0up 

- 

Allsarnples 

- 

Allsamoles>2o0 Ols-P

STP or DPS Method Slope Inte¡ced I Pr>F Slope lnterccpt I Pr>F Slope lnt€rcept ¿ Pr>F Slope lnþ|cept R2 pr>F
Water(WEP) 0.0181 a 0.0510 0.79 t** <0.0001 0.0157 a 0.2322 0.28 * 0.0156 0.01?8 0.1300 0.42 *+* <0.000t 0.03t8 0.0427 0t7S *** <00001

oken(oh-P) 0.0043 at 0.1078 0.64*** <0.0001 0.0060a 0.0820 0.6i *** <0.0001 0.005ó 0.0877 0.68 *** <0.000t 0.0088 0.5643 0.?26*** <0.0001

Modifid Kelowna(MK-P) 0.0034a 0.0964 0.78** <0.0001 0.0037a 0.2012 0.43 *** 0.0017 0.0038 0.t385 0.53 i** <0.000t 0.007t 0.0251 0.6t4*** <0.0001

Mehlich3 (M3-P) 0.0022a 0.084i 0.73 *+* <0.0001 0.0029a 0.12?8 0.49t** 0.0006 0.002? 0.W76 0.56tl+ <0.0001 0.0049 0.0599 0.503 *** <0.0001

0ls-P(P150) 0.0073 a 0.1ó53 0.50 ¡'t'* 0.0010 0.0350 b 0.t774 0.43 ** 0.0016 0.0090 0.2820 0.18 * 0.00?8 0.0t86 0.2840 0.17t *

M3-P(PI50) 0.0037a 0.l5ll 0.59{t* 0.0002 0.0153b 0.2372 0.29 * 0.0154 0.0038 0.2942 0.t5r 0.0186 0.00j7 0.3732 0.067

0h-P,4\,r3(c¿+Mg)û rÍ 0.0045 ag 0.1424 0.51t* 0.0027 0.0105b 0.3288 0.43 r'* 0.0025 0,0059f 0.2163 0.2:t ** 0.0015 0.0t4t 0.2089 0.432**,

M3-P/M3(Ca+Mg)û j 0.0024a$ 0.1253 0.61 t** 0.0006 0.0078b 0.3024 0.44{* 0.0019 0.0027f 0.2%1 0.20 ** 0.0077 0.0059 0.2932 0.223 ii

0ls-P((2xP¡50)+0h-P) 0.0091 a 0.1463 0.56 *t* 0.0004 0.0510 b 0.1251 0.49 *** 0.0006 0.0101 0.2816 0.16 * 0.0t21 0.0240 0.2485 0.2t0 ú
M3-P((2XP|50)+M3-P) 0.0074 a 0.1077 0.64 *r* <0.0001 0.0259 b 0.1719 0.34 * 0.00i0 0.00?5 0.2580 0.16 * 0.0 3 0.0150 0.25j8 0.t39 *

0h-P(M3(c¿+Mg)ø, + Ols-P)# 0.0075a$ 0.1058 0.60r** 0.0004 0.0t26a 0.2i51 0.43 ** 0.0017 0.0095 f 0.201i 0.37 ++* <0.0001 0.0t90 0.1230 0.i46**r
M3-P(M3(Ca+Mg)a, + M3-P) 0.0063a[ 0.0664 0.66*'t 0.0001 0.0122a 0.1112 0.48*** 0.000? 0.0081f 0.1613 0.37 *** <0.0001 0.01j0 0.0888 0.2?5 **r

0ls-P(PSI+0h.P) 1t 0.0063 4l
WEP(PSI+WEP)TT 0.008ólf

MK-P(PSI+MK-P) Tt 0.006 all

f Within rows, values followed by tle sar¡e lett€r (fo¡ each melhod ofdeteín¡ning TDP concents¿tion) arc not significartly diffeient at p<0.05

I rl=0.2

$ n-16

ll n=36

# û2=0.1
.|f 

PSI = phosphorus satuntion index dete¡mined us¡ng CaCl2 exlr¿ct¡0n containing ?5 mg Ll P as KH2PO4

|{ n=15

gg n{5

0.1162

0.14t0

0.r072

0.0700

0.72 **t <0.0001 0.025 b 0.1083 0.50 *** 0.0005 0.00i5 $$ 0.2417 0.25 *+ 0.0017 0.0127 0.2625 0.t51 *r

0.i7*** <0.0001 0.033t 0.3307 0.14 0.1036 0.0070 [{ 0.3209 0.ll* 0.M]t 0.0217 0.2564 0.3?8 **r

0.71*** <0.0001 0.0r89b 0.1722 0.39'' 0.0033 0.0069$ 0.2402 0.23 ** 0.0025 0.0162 0.1301 0.349***

0.26 ** 0.00t2

0.0079

0.1064

<0.000r

0.0036

0.003

0.0212

0.0001

0.0007

0.0145

<0.000r

<0.0001
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Appendix VIII: STP and DPS regressions with PP for 60- 90 minute interval
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Fig VIIL l : Linear regression for soils grouped by texture for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 P with
particulate P (PP) in 60-90 minutes of runoff.
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Fig VIII.2: Linear regression for all soils for Olsen P, Water Extractabte P, Modified Kelowna and Mehlich 3 P with particulate P (PP)
in 60-90 minutes of runoff.
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Table VIILl: Linear regression for concentration of particulate P (TDP) in runoffwith methods of soil test P (STP) and degree of
phosphorus saturation (DPS) for the 60-90 minute interval from soils with Olsen P concentrations <200 mg kg-r (n:18 coarse group,
n=20 fine group).

Coase Tutured Gmup Fine Texturei Croup Allsamphs 400 me0lsen p ksr Allsamrles >200 Olyp

STPorDPSMethod Slope Intercept I Pr>F Slope Intercept I Pr>F Slope Interc€pt I Pr>F Sìope lntercept R2 Pr>F

Water(WEP) -0.m14 9.532 0.002 0.8652 0.30f 8.188 0.143 0.1003 0.2021 8,461 0.0811 0.0832 0.t22 9.416 0,0679 0.t044

0lsen(OhP) 0.0240 8.409 0.033 0.4688 0.1002 6.369 0.250* 0.m48 0.0?81 7.192 0.201 *r 0.004? 0.048 8.534 0,145+ 0.0154

ModifidKdowna(MKP) 0.0080 8,882 0.00? 0.7343 0.0748 ?.350 0.236* 0.0301 0.0526 1.931 0.155t 0.0144 0.039 8.68t 0.t24* 0.0257

Mehlich3(l\,{3P) 0.0091 8.513 O.mi 0.5638 0.0540 6.526 0.n3* 0.035ó 0.0369 1.481 0.153t 0,015i 0.032 i.842 0.149* 0.0tj9

0lsP(PI50) 0.04?1 8.640 0,015 0.4545 0,4166 9.4si 0.082 0.22t5 0.6ó?0 10.575 0.015 0.4óI 0.0?s 10.ó51 0.020 0.18m

M3P(P150) 0.0165 8.780 0.019 0.58ri 0.2022 9.836 0.06i 0.2121 0.0189 10,883 0.005 0.6642 0.022 1t.06ó 0.00? 0.6t33

0hPÀ,r3(Ca+Mg)r¡{ 0,0401i 8.588 0.012 0.130 0.1330 10.675 0.083 0.x06 0.06Xf 10,182 0.04? 0.2204 0.033 10.989 0.0r? 0.4531

M3Pftf3(Ca+Mg)a, 0.01ólT 8.102 0.050 0.42A 0.097i 10.352 0.086 0.2240 0.0225lJ 10.606 0.021 0.409ó 0.014 lt.li8 0.009 0.5844

0hP((hP150)+0hP) 0.0265 8.934 0]2s 0]2s2 0.1704 1.67s 0.lf 0.0914 0.05r? t0.802 0.006 0.6321 0.053 lt.0r2 0.00? 0.6073

M3P/(2xPI50)+M3P) 0.0027 9.n2 0.000 0.9ó23 0.41.19 8.009 0.120 0.1345 0.0245 10.912 0.001 0.7596 0.m6 ll.136 0.00i 0.i3gj

0lsP(M3(Ca+Mg)q+0lsP)$ [.[u(f 9.175 0.006 0.7823 0.1298 t0.757 0.061 0.2955 0.0ó3?11 10.357 0.025 0.3621 0.04s 10.878 0.015 0.4ó8

M3P(M3(Ca+Mg)0,+M3P) -0.0017t 9.598 0.000 0.n44 0.1315 9.196 0.0i5 0.2M2 0.0432f 10.400 0.01ó 0.4682 0.033 10.909 0.010 0.5616* sipific¿nt at p< 0.05

sigrificant at p< 0.005

sigrificant at p< 0.001

n--16

a¡=0.2

ü2= 0.1

n=3ó



Appendix IX: STP and DPS regressions with TP fo¡ 60- 90 minute interval
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Fig IX.l: Linear regression fo¡ soils grouped by texture for Olsen P, Water Exhactable P, Modified Kelowna and Mehlich 3 P with
total P (TP) in 60-90 minutes of runoff.
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Fig IX.2: Linear regression for all soils for Olsen P, Water
90 minutes of runoff.
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Table IX.1: Linear regression for concenûation of total P (TP) in runoff with methods ofsoil test P_(STP) and degree ofphosphorus
saturation (DPS) for the 60-90 minute interval from soils with Olsen P concentrations <200 mg kg-' (n:18 coarse group, n=20 fine
group).

Coarse Texûrred Croup Fine Texturcd Group Allsamples 400 msOlsen Pksr ,{llsamples>200 0ls.P

STP or DPS Method Slope Intercept I pr, ¡ Slope Intercept I pr, f Slope Interæ l nr l Slooe Interc€Dt Rr h> F

\tVater(IVEP)

0hen (OhP)

Modified Kelowna (MKP)

MehlichS (M3P)

0lsP(P150)

M3P(Pr$)

0lsPA/3(Ca+M$a1|

M3P/l\13(Ca+Mgq

OlsP((2xPl50Þ'0lsP)

M3P((2xPl50¡M3P)

0lsP(M3(Ca+Mg)cr+ 0lsP) $

M3P{M3(Ca+Mgþ + li,f 3P)

0.028ó 9.165 0.004 0.7991 0.tó08

0.02t9 8.706 0.035 0.458 0.0ó83

0.0088 9.0u 0.011 0.ó?56 0.0540

0.0104 8,642 0.0150 0.454ó 0.03f

0.0544 8.804 0.047 0.3876 0.451ó 9.634 0.091 0.19ó 0.0757 t0.857 0.0t84 0.4167 0,0962

0.0203 8.931 0.029 0.49n 0.2170 t0.073 0.073 0.2494 0.0226 11.n7 0.002 0.6101 0.02n

0.04471 8.7i0 0.089 0.2801 0.1434 11,004 0.0n 0.m71 0.0ó94f t0.459 0.053 0.1904 0.0472

0.0i851 8.82i 0.065 0.1578 0.t051 t0,654 0.094 0.m05 0.02tf 10.900 0.0254 0.3617 0.m01

0.0355 9.080 0,0142 0.631 0.8214 7.800 0.162 0.078? 0.062 rr.084 0.009 0.57i0 0.0?7 |.26 0.014 0.4662

0,0101 9.r0 0.002 0.860ó 0.4478 8.181 0.t28 0.t212 0.0321 il.1i0 0,004 0.6962 0.0414 11.384 0.00? 0.6094

0.0253T 9.263 0.012 0.6917 0.1424 lr.0r2 0.069 0.2627 0,0?rf 10.55ó 0.0317 0.30ó 0.066i il.000 0.028 0.3204

0.0048f 9.649 0.0007 92il 0.141? 9.913 0.0843 0.2t43 0.0512f 10.559 0.0216 0.3996 0.048t t0.999 0.0t93 0.4124

sipific¿nr at p< 0.05

sigificantatp< 0.005

signiûcant atp< 0.00ì

n=ló

a¡=0.2

a2= 0.1

n{ó

I

Í
$

f

9.837 0.0i4 0.2461 0.1284 9.238 0.056 0.t530 0.1023 9.J65 0.085 0.0ó81

?.831 0.211* 0.0]8? 0.05ó0 8.095 0.t77* 0.0085 0.0396 8.805 0.t76* 0,007

8,259 0.210 * 0.0325 0.0394 8,51i 0.t49 | 0.0167 0.0336 8.820 0.165 * 0.0093

8.lm 0.178 0.0640 0.0266 8.297 0.t35* 0.m3 0.0256 8.3?3 0.165* 0.0f)92

t0.915 0.0300 0.2876

1t.439 0.0102 0.5345

11.198 0.0321 0.2958

ll.4?l 0.01? 0.M9
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Appendix X: STP and DPS regressions with TDP for 0- 90 minute interval
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Fig X.l: Linear regression for soils grouped by texture for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 P with
total dissolved P (TDP) in 0-90 minutes of runoff.
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Fig X.2: Linear regression for all soils fo¡ Olsen P, Water Exhactable P, Modified Kelowna and Mehlich 3 P with total dissolved p
(TDP) in 0-90 minutes of runoff.
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Fig X.3: Linear regression fo¡ soils grouped by texture for with total dissolved P (TDP) and degree ofP saturation (DPS) using molar
ratios of Olsen P or Mehlich 3 P with P150 or Mehlich 3 extractable calcium arid magnesium methods for the 0-90 minutes of runoff
(Ige et al., 2005a).
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Fig X.4: Linear regression for all soils for with total dissolved P (TDP) and degree ofP saturation (DPS) using molar ratios of Olsen p
or Mehlich 3 P with P150 or Mehlich 3 extractable calcium and magnesium methods for the 0-90 minutes of runoff (Ige et al., 2005a).
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Fig X.5: Linear regression for soils grouped by texture for with total dissolved P (TDP) and degree ofP saturation (DPS) methods
using molar ratios of Olsen P or Mehlich 3 P \À/ith P sorption maximum estimated from P150 isotherms or Mehlich 3 extractable
calcium and magnesium for the 0-90 minutes of runoff (Akinremi e|a1.,2007).
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Fig X.6: Linear regression for all soils for with total dissolved P (TDP) and degree ofP saturation (DPS) methods using molar ratios
of Olsen P or Mehlich 3 P with P sorption maximum estimated from Pl50 isotherms or Mehlich 3 extractable calcium and magnesium
for the 0-90 minutes of runoff (Akinremi et al.,2007).
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Table X.1: Linear regression for concentration oftotal dissolved P (TDP) in runoff with methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-90 minute interval from soils with Olsen P concentrations <200 mg kg-t (n:18 coarse group,
n=20 fine group).

- 

Coarse Textur€d Group 

- - 

Fine Textured Croup 

- 
- 

Allsanples 

- 

All Samples >200 Ols-P

STP or DPs Method Sl0pe Intercept I Pr>F Slope Intorcept I Pr>F Slope I ercepl i Pr>F Sl0pe lnrercept R2 pr>F

Wat0l(WEP) 0.0231 a 0.0506 0.86 **t <0.001 0.0181 a 0.2594 0.37 ** 0.0047 0.0212 0.1455 0.52 t** <0.000t 0.0273 0.t532 0.769 *t* <0.0001

olsen (Ols-P) 0.0055ai 0.1237 0.69**' <0.0001 0.0063 a 0.1231 0.73 rt' <0.0001 0.0061 0.1178 0.75 t*r <0.000t 0.0075 0.t442 0.8t5+t* <0.0001

Modified Kelowna (MK-P) 0.0042a 0.1122 0.82 *** <0.0001 0.0040 a 0.2400a 0.50** 0.005 0.0043 0.1663 0.62*** <0.0001 0.0065 0.ì425 0.777 *** <0.0001

Mehlich3(M3-P) 0.0027 a 0.0968 0.?7 t** <0.0001 0.0032a 0.1596 0.58'** <0.0001 0.0031 0.ll9l 0.ó5 *** <0.0001 0.0M4 0.02ó5 0.652 t** <0.0001

0ls.P(P150) 0.0094a 0.196 0.5ó *** 0.0004 0.0399b 0.200 0.55*** 0.0002 0.011 0.3190 0.25 ++ 0.0013 0.01?9 0.322 0.255 ***

M3-P(P150) 0.0050 a 0.179 0.64 *** <0.0001 0.0181 b 0.256 0.39 ** 0.0032 0.005 0.3310 0.21 ** 0.0035 0.0063 0.3890 0.130 *

0h-P/M3(Ca+Mgþ r l 0.005ia$ 0.1727 0.55 r* 0.0017 0.0104a 0.4010 0.41 ** 0.0031 0.0067 0.3260f 0.31 *** 0.0007 0.0110 0.29t 0.459***

M3-P/M3(Ca+Mg)a ¡ 0.0030a$ 0.1524 0.ó41*+ 0.0004 0.0078a 0.3708 0.441* 0.0019 0.0031 0.3413f 0.25 +* 0.002? 0.0052 0.3530 0.274**

0ls-P((2xPl50l.OIs.P) 0.0ll8a 0.1685 0.63 *'* <0.0001 0.0570 b 0.148ó 0.60*** <0.0001 0.0129 0.31ó5 0.24 ** 0.0020 0.0n2 0.2982 0.285tt*
M3-P((2xPI50þM3-P) 0.009ó a 0.1202 0.71 *** <0.0001 0.0300 b 0.1886 0.44 +* 0.0014 0.0098 0.2840 0.25 r* 0.0015 0.0t49 0.28t5 0.222**

0ls-P(M3(Ca+Mg)ar+ ols-P)# 0.0098aô 0.1021 0.70*** <0.0001 0.013a 03147 0.44 ** 0.0014 0.0109 0.236f 0.42 *** <0.0001 0.0t67 0.1960 0.431 *

M3-P(M3(Ca+Mg)û r + M3-P) 0.0085a$ 0.0530 0.7ó*tt <0.0001 0.0¡28a 0.2272 0.52*** 0.0004 0.0094 0.186f 0.44 *+* <0.0001 0.013i 0.1502 0.357**+

0h.P(PSl+0ls.P) T1 0.007641 0.1y6 0.72 *** <0.0001 0.0279b

WEP(P$+WEP)t1 0.0103 aÍÌ 0.1698 0.75 t'i <0.0001 0.0416 b

MK-P(PSI+MK.P) tt 0.00i3 alf 0.12ó2 0.72 **r <0.0001 0.0216 b

*,*t,*** significance at p<

t Within rows, rtlues followd by lhe same lettei (for each method ofd*ermining TDP concentation) are not significanlly d¡fferent a¿ p<0.05

I ol = 0.2

$ n=ló

'!l n=3ó

# o, = 0.1

tt PS I = phosphorus saturation index detennind using CaCl2 oxtraction containing 75 mg L- l P as KH2P04

lï n{5

$$n35

0.1295

0.1559

0.1928

0 ItÎ'l

0.6r *** <0.0001 0.0090 0.2743 $$ 0.31 *** 0.0003 0.0126 0.2903 0.236 0.001i

0.22* 0.0385 0.008i 0.f53 $$ 0.16 * 0.0154 0.0181 0.3239 0.422 *** <0.000t

0.50 *** 0.0005 0.0083 0.2704 {{ 0.30 *** 0.0005 0.0141 0.1995 0.436 *** <0.0001

0,0009

0.0222

<0.0001

0.0011

0.0004

0.0022

<0.0001

<0.0001
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Appendix XI: STP and DPS re$essions with PP for 0- 90 minute interval
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Fig XI.l: Linear regression for soils grouped by textwe for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 P with
particulate P (PP) in 0-90 minutes of runoff.
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Fig XI.3: Linear regression for soils grouped by textue for with particulate P (PP) and degree ofP saturation (DPS) using molar ratios
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al., 2005a).
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Table XI.1: Linear regression fo¡ concentration ofpaficulate P (PP) in mnoff with methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-90 minute interval from soils with Olsen P concentrations <200 mg kg-l (n=18 coirse group,
n:20 fine group).

Coane Textured Group Fine Texturd Group Allsanoles O00 ms 0lsen P ksr Allsamoles >200 Ols.P

STPoTDPS Metlod Slope tntercept I Pr> F Slope Interc€pt I Pr> F SloF Intercrpt I Pr, F Slope Interc.ept R2 pr> F

\vatu(WtP) -0.00ó3 i0.118 0.0002 0,9591 0.2535 8.164 0.149 0.0929 0,16i5 9.2M 0.0i9 0.0865 0.12t 9.833 0.t00* 0.0471

Olsen(OlsP) 0.02fi 9.289 0.0Ai 0.411 0.0?95 ?.504 0.238* 0.02n 0.0628 8,3130 0.t86* 0.0069 0.044 9.1t90 0.t80* 0.0064

ModifiedKelowna(MKP) 0,01m 9N 0.011 0.ó543 0.0665 7.120 0.282* 0.0159 0.046? 8.634 0.114t 0.0093 0.039 9.0j5 0.183+ 0.0059

Mehlich3(M3P) 0.0115 9.292 0.03i 0.4454 0.045 7.358 0.2i4* 0.0305 0.0318 8.339 0.t61 + 0.0t26 0.030 8.488 0.1871 0.00f

0lsP(P150) 0.0511 9.55 0.044 0.401 03622 9.660 0.094 0,1896 0.0704 10.85 0.024 0.35t 0.087 t0.886 0.018 0.2284

M3P(PIJ0) 0.0197 9.648 0.029 0,4964 o.nn 9.n4 0.078 0.2346 0.0235 t1.091 0.012 0.517t 0.028 1t.285 0.016 0.4403

0hPÀ'13(Ca+l\,1g)qf 0.03ó0T g.nz 0.0ól 0.374 0.0713 11.405 0.041 0.396 0.0451f 10.963 0.034 0.2968 0.040 1r.265 0.03i 0.2ór

M3P,À43(Ca+i\4g)q 0.0143T 10.027 0.042 0.4il1 0.$9 ll.l29 0.049 0.1619 0.01?5f |.201 0.019 0.441ó 0.018 |.412 0.021 0.3984

0hP((2xPl50)+0hP)

MIP((2xPl50)+M3P)

0lsP(M3(Ca+Mg)ü,+ OlsP) $

M3P(M3(Ca+Mg)at + M3P)

0.0322 9.823 0.013 0.6577 0.5703 8.828 0.125 0.127 0.0512 \.122 0,009 0.5?15 0,071 11.174 0.0t8 0.4052

0.009 10.051 0.002 0.8693 0.327 8.m2 0.109 0.1554 0.0273 il.r82 0.005 0.684t 0.039 il,271 0.009 0.5503

0.01301 10.504 0.001 0.8354 0.083 11.357 0.037 0.41f 0.04mf il,1ó2 0.0tó 0.4?58 0.047 t1.29 0.021 0.3149

-0.0040i 10.9 0.0005 0.9357 0.09 10.5?4 0.053 0.3214 0.029011 il,175 0.01 0.5ó25 0.034 il.306 0.015 0.4?16

significant at p< 0.05

sigrificant at p< 0.005

significant at p< 0.001

n=16

a¡= 0.2

ur= 0.1

n=36



Appendix XII: STP and DPS regressions with TP for 0- 90 minute interval
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Fig XII.l: Linear regression for soils grouped by texture for Olsen P, Water Extractable P, Modified Kelowna and Mehlich 3 p with
total P (TP) in 0-90 minutes of runoff.
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Fig XII.3: Linear regression for soils grouped by textue for with total P (TP) and degree ofP saturation (DPS) using molar ratios of
Olsen P or Mehlich 3 P with Pl50 or Mehlich 3 extractable calcium and magnesium methods for the 0-90 minutes of runoff (Ige et al.,
2005a).
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Fig XII.5: Linear regression for soils grouped by texture for with total P (TP) and degree ofP saruration (DPS) methods using molar
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Table XII-1: Linear regression for concentration oftotal dissolved P (TDP) in runoff with methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-30 minute interval from soils with Olsen P concentrations <200 mg kg-r (n=18 cofise group,
n=20 fine group).

Coane Texturcd Group fine Textured Group Allsamples <200 mg Ohen pksr Allsamples>200 Ols.p

STP or DPS Method Slope lnbrcept I Pr> F Slope Intercept I Pr> F Slope Intercept I Pr> F Slope lnreroept R2 pr> F

\Vater(\vEP) 0.017 10.369 0.001 0.8904 0.212 9.023 0.161 0.07n 0.1887 9.410 0.09ó 0.0585 0.148 9.912 0.1j8 0.0182

Olsen (OlsP) 0.031? 9.413 0.0ó2 0.3192 0.0858 7.621 0.262t 0.0211 0,0ó9 8.411 0.214 ** 0.0035 0.0512 9.200 0.230 ** 0,001i

ModifiedKelowna(MKP) 0.0145 9.849 0.026 0.t6 0.0?l 7.960 0.300t 0.012J 0.051 8.800 0.19i* 0.00t 0,045 9.il0 0.2It* 0.00t8

Mehl¡ch3(MiP) 0.0143 9.389 0.056 0.3439 0.0482 ?.518 0.254i 0.021 0.035 8.458 0.185* 0,0071 0.0342 8.515 0.2j0** 0.001?

0lsP(PI50) 0.060i 9]46 0.0ó2 0.3195 0402 9.8i0 0.109 0.1554 0.0186 ll.169 0.0105 0.2943 0.1052 1.20j
M3P{P150) 0.0244 9.821 0.045 0.39ß 0.1955 10,230 0.089 0.20r? 0.0284 |.423 0.0t61 0.444 0.014 1t.614

0lsPitrl3(Ca+M$n¡{ 0.042.| 10.094 0.082 0.301 0.088 11.806 0.052 0.3491 0.052f 11.289 0.042 0.2422 0.052 ll.f0
M3P/[/3(Ca+Mg)a, 0.01?31 10.179 0.061 0.v$ 0.01? l0.l?8 0.061 0.i755 0.m07f 11.548 0.025 0.3?t 0.023 11.824

0hP((2xPI50)+0hP) 0.044 9.991 0.023 0.5448 0.627 8.976 0.t42 0,1012 0.064 11.439 0,011 0.489t 0.093 11.4j2

M3P((2XPI50)+M3P) 0.019 l0.l7l 0.00i 0]364 0.3565 9.090 0.t22 0,1304 0.0371 11.46ó 0,008 0.5896 0,054 t1.55j

0hP(M3(Ca+M$q+0hP)$ 0.023t 10.606 0.0107 0.1131 0.09ó 1t.612 0.04i 0.109 0.0523f 11.39? 0.023 0.3?95 0,064 il.485

M3P(M3(Ca+M$Û,+M3P) 0,004j 10,952 0.0006 0.9326 0.1032 10.802 0.06i 0.n59 0.0381 il.ft 0.017 0.4524 0.047 il.456I 
significant at p< 0.05

r+ 
sigrificant at p< 0.005

*** sigrificant at p< 0.001

I

I
$

f

n=16

a'= 0.2

a2=0.1

n{ó

0.052 0.t591

0.022 0,i59

0.05i 0.t62t

0.0i5 0.292

0.029 0.2895

0.017 0.4235

0.m9 0.2M

0.021 0.3268



Appendix XIII. Runoff Total Phosphorus

Total phosphorus (TP) is made up oftotal dissolved P (TDP) and parliculate P

(PP). Particulate phosphorus (PP) is seen as less environmentally significant because the

P is bound to soil parlicles and is less biologically (Uusitalo et al., 2001). Uusitalo et al.

(2001) showed that when the majority ofTP was made up ofPP; TP was a poor predictor

of P loading when they were studying algal available P. However, this material may still

have P desorbe into the freshwater systems (Uusitalo et al., 2001). In the runoffwater

collected from the Manitoba soils, 90% of TP is made up fi'om PP and the conelations

are in many cases improved when TDP is added. In a Minnesota study they found that

TP was made up of 59-98% PP and others found that TP was 61-94/o PP in packed soil

boxes (Davis et a1.,2005; Fang et al.,2002). In Manitoba TP is of little concem because

the landscape is less variable and there is little potential for water to move quickly

enough to cause water erosion. In Manitoba, 99Vo of the agricultural landscape has low

to very low risk of water erodibility (van Vliet et al., 2005). In the rainfall simulations

conducted on the Manitoba soils a 5% slope was used to ensure runoff even though this

represents a very small porlion of landscapes.

In the Manitoba data set, relationships are not present with TP. None of the

methods used to measure P in soils wele able to produce equations suitable for prediction

purposes (Table 3.4). The fine textured soils was better correlated to TP in runoff with

STP and DPS with MK-P being the most closely related at an 12: 0.32 during the first 30

minutes ofrunoff (Table 3.4). Scluoeder et al. (2004) compared predictability SRP and

TP using M3-P, WEP, Fe2O3 strips and DPS calculated using a molar ratio of oxalate

extractable P to oxalate extractable Fe and Al. They found that the relationship was
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slightly better using TP rather thenjust SRP alone (Schroeder el a1.,2004). However, the

soils used in the study conducted by Schroeder et al. (2004) were field plots; we used

packed soil boxes that were sieved. The idea of sieving was to maintain a uniform

aggregate size and help with minimizing any hydrological differences between soils

(Wright et al., 2003), but with the extremely sandy soils they became structureless after

sieving, and some ofthe fine soils may have altered the aggregates from balling if the

moisture was higher than 20%o by weight. Kleinman et al. (2004) showed that sieving

soils may actually destroy the large aggregates and make a higher proporlion offine

particles that are mole easily transported. In our study some of the coarse soils that had a

high proportion of silt seemed to have increased sheet flow with the silt clogging up the

pores, this was also seen by Wright et al. (2006). When Kleinman et al. (2004) compared

field plots to boxes and found the amount ofsuspended solids (SS) was much greater

from the packed boxes also the percentage ofSRP that made up the TP was lower from

the packed boxes. They found very good relationships with the amount of SS to TP, and

proposed that the use ofan erosion predictol may be a better predictor ofTP than a

chemical analysis for P.

The total P (TP) data from our rainfall simulations is not useful for prediction ofP

losses. The use ofTP is not suitable fol agricultural Manitoba because ofthe relatively

flat landscape that the runoffis snowmelt driven and does not have the erosive power to

move soil particles.
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Table XIII.I Linear regression for total P (TP) in runoff with methods of soil test P (STP) and degree of phosphorus saturation
(DPS) for the first 30 minutes of runoff from soils with Olsen P concentrations <200 mg kg-l.

Water (WEP)
Modiñed Kelowna (MKP)

Mehlich 3 (M3P)

OlsP(S,".)
M3P(S.,.)

OlsP/lr43(Ca+Mg)c, !
M3PM3(Ca+Mg)ûì

OlsP((2xPl50)+OlsP)
M3P((2xPl50)+M3P)

OlsP(M3(Ca+Mg)a2 + OlsP) {
M3P(M3 (Ca+Mg)0, + M3P)

t
*
$

T

STP

Olsen (OlsP)

0.0245
0.0226
0.0209

0.092

0.039

0.058.1

0.02s f

12.435
I t.601
I1.004

1t.471

I1.546

12.306

12.404

0.001
0.033

0.064

0.077

0.061

0.087

0.067

0.075 11.742 0.036
0.039 11.904 0.017

0.03731 12.904 0.0ì6
0.0124 t 13.306 0.003

significance at p< 0.05,p<0.01,p<0.001
n=16

rr = 0.2

û2 = 0.1

n16

0.8836 0.3441
0.4680 0.0800
0.31l7 0.0531

0.2656 0.402

0.3237 0.229

0.2866 0.01r

0.3534 0.022

0.4493 0.616
0.6102 0.4

0.6563 0.036

0.8553 0.062

8.765 0.213 *
8.126 0.319 *

1.842 0.253 r,

10.790 0.09

10.592 0.101

t4.t04 0.001

13.682 0.005

9.972 0.1t3
9.479 0.127

13.695 0.005

1276A OO2

0.0404

0.0094
0.0237

0.2001

0.t726
0.9185

0.766

0.1472
0.1237

0.7 594

0 5569

0.22s
0.057
0.039

0.115

0.048

0.041 f
0.022 n

0.r01
0.061

0.035 f
0.030 f

10.407 0.ì02
9.885 0.188 .t

9.571 0.170 *

12.300 0.046 0.1983

12.482 0.035 0.2623

13.196 0.020 0.4253

13.190 0.02ì 0.4171

12.5"t8 0.024 0.3448
12.4't2 0.02 0.3947

13.314 0.008 0.6082

13.219 0.008 0.6041

>F

0.0508
0.0065
0.0101

I
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Appendix XIV: Linear regression tables for percolate losses ofTDP, PP, and TP

Table XIV.1: Linear regression for concentration oftotal dissolved P (TDP) in percolate with methods ofsoil test P (STP) and degree
ofphosphorus saturation (DPS) for the 0-90 minute interval fiom soils with Olsen P concentrations <200 mg kg-r (n:18 coarse group,
n=20 fine group).

Olsen (Ols.P) 0.0595 af

Modifìed Kelowra (MK-P) 0.0551 a

Mchlich3 (M3-P) 0.0332 a

Oh.P(s,") 0.1084

M3-P(S,,,) 0.0608 a

0ls-P/M3(Ca+Mg)a, { 0.042? I
M3-P/Nl3(Ca+Mg)a 

' 
0.02t *

Oh-P((2xPl50FOls-P) 0.169a

M3-P((2xPl50f.M3-P) 0.1504a

0ls-P(M3(Ca+N,19þ? + Oh-P) # 0.1095Í

M3-P([,f3(C{+Mg)d,+M3-P) 0.10221

0ls-P(0ls"P+PSI) tf 0.0800 ag

WEP(WEP+PSI)Tf 0.1433a$

M(-P(MK-P+PSI)îI 0.07ó8ag

- 

füa¡sc Textured Group

1.3406 0.22

0.6871 0.36 r

0.6861 0.30 *

1.9825

r.5650

2.6000

2.2903

1.t872

0.1433

1.3240

0.4482

0.0707 0.0149b

0.0135 0.0lt2b
0.0298 0.0099 b

0.19

0.08

0.t2

0.33 *

0.45 **

0.23

0.30 *

I Within rows, valucs follolvcd by the same letter (for each method ofdetemining TDP concenbation) are not significantly diferent at p<0.05

I ol=0.2

$ n=16

f n=36

# s2=0.1

lf PSI = phosphorus saturation index detenninel using CaCI2 extraction containing 75 mg L- l P as KH2P04

f] n=15

$ô n=35

Fine Textured Grouo

0.08?6

0.0392

0.2w

0.t842

0.0r92

0.0047

0.0625

0.0217

0.5552 0.35 *

0.6976 0.34 *

0.3504 0.48 *fi

0.5ì6ó 0.42 **

0.3812 0.54 ***

r.4ó00 0.01

t.l36r 0.04

0.t527 0.64 ***

0.012t 0.70 ***

t.3232 0.04

1.0ó90 0.r0

0.t422 0.60 ***

0.3561 0.71 ***

0.2510 0.58 ***

0. 83

0.0723 a

0.0064

0.0079

0.1988a

0.1215 a

0.0131

0.0195

0.1267 0.35 *

0.5315 0.62**.*

0.ó050 0.34 *

0.0057

0.00?3

0.0007

0.002

0.0002

0.6382

0.4t48

All Samoles <200 mp olsen P k¿r- Àllsamolcs>200 ols-P

0.t735

0.0219

0.0244

0.0r73

0.0213 0.093? a

0.0005 0.2549 a

0.023 0.0786a

t.2673 0.08

0.8419 0.1ó *

0.6100 0.16 *

L 5l 0.23 **

0,9013 0.32 ***

18013 0.07

1.5360 0.13 *

0. r t73

0.0655

0.034fi

0.0253 TI

0.1793

0.15r0

0.0ó7? Tl
0.0?26Tt

0.0834 iÍ
0.14421Í

0.0785 fl

<0.000t

<0.000¡

0.400i

0.1652

<0.0001

<0.000t

0.0001

0.0974

0.0t42

0.0t42

0.003

0.0003

0.r304

0.029

<0.0001

<0.0001

0.025

0.0037

<0.0001

<0.0001

<0.0001

0.0r49

0.0r84

0.0145

0.1t53

0.0ó6r

0.0292

0.0240

0.1?01

0.1484

0.0638

0.0?0¡

0.0846

0.r0r3

0.068t

0.6247

-0.0939

Ll4?0

0.4423

0.4468

0.1252

0.3843

0.39 ***

0.49 r*'

0.14 +*

0.2211

0.39 **r

0.62 **r

0.38 '**

t.6446 0.07

L1270 0.147 '
0.81 0.158,

r. 20 0.239 ** 0.0019

0.927? 0.324 *** 0.0002

1.9000 0.068 0.ll3

r.6020 0.135 r 0.0232

0.6495 0.381 **+ <0.0001

.0.0837 0.496 *** <0.000t

1.2130 0.143 * 0.019

0.509t 0.226*+ 0.0026

0.0082

0. 95

0.0175

0.0134

0.4545

0.9t42

0.5038

0.07r2

0.404 i**

0.5001**

0.372*'*

0.366 ***

<0.000t

<0.0001

<0.0001

<0.0001
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Table XIV.2: Linear regression for concentration of particulate P (PP) in percolate wit¡ methods ofsoil test P.(STP) and degree of
phosphorus saturation (DPS) for the 0-90 minute interval from soils with Olsen P concentrations <200 mg kg-t (n=18 coarse group,
n:20 fine group).

Coane Texturcd Group fine Textured 0muo Allsanples 400 mg Ohen P ksr AllSamples >200 0h-P

STPorDPSMellnd Slo¡e Interceot Ì
Watu(WEP) 0.0129 0.359

0lsen(0lsP) 0.0004 0.4988

MdifiedKelowna(MKP) 0.0007 0.4192

Mehl¡ch3(MlÐ 0.0001 0.4n

0lsP(P150) 0.0008 0.5046

M3P(PI50) 0.0006 0.4961

0lsP,À,{l(Ca+Mg)q} -0.0008T 0.$53

M3P/lvl3(Ca+Mg)c' -0.000iT 0.5298

0kP((2xPl50)+0lsP) 0.003 0.4i19

M3P((2xP|50)'M3P) 0.004 0.4254

0hP(M3(Ca+M$q+OhP)$ 0,0017T 0.4822

M3P(M3(Ca+M$a,+M3P) 0.0030f 0.4262

+ signifiønratp< 0.05

0.09ó 0.2436 0.002ó 0.389

0.002 0.8705 0.002 0.295

0,009 0.7135 0.0005 0,390

0.003 0.8393 0.000t 0 358

0.002 0.8821 0.004 0.395

0.004 0.8153 {.0001 0.432

0.004 0.8202 0,0064 0.324

0.002 0.8813 0.0042 0.321

Pr> F Slooe Interceot I P,, F Slope InterceDt I Pr, I Slow lnterce¡t Rz Pr t F

I

I
$

f

0.013 0.6288 0,0058 0.381 0.035 0.2753

0.t317 0.1t58 0.0011 0.41081 0.0198 0.4t21

0.015 0.ó089 0.00M 0.4392 0.006 0.6275

0.035 0.427 0.0003 0.4316 0.00? 0.6263

0.0tó 0.6313 0.01ó 0.314 0.089 0.mt 0.005 0.4t89 0.03 0.109i 0.031

0.044 0.4374 0.005 0.365 0.026 0.50t 0.0045 ßn2 0.047 0.2024 0.019

0.00i 0.7506 0.00i4 0.294 0.258 0.0222 0.0044f 0.384 0.062 0.141 0.024

0.034 0.4886 0.0063 0.269 0.221 0.0336 0.004411 0.3459 0.088 0.079 0.018

significant at p< 0.005

sigrificant at p< 0.001

n=16

r¡=0.2

u2=0.1

n{6

0.009 0.6194 0.002 0.4499 0.005 0.6865 0.019

0.000 0.9875 0.0008 0.4485 0.006 0,6597 0.004

0.262* 0,021 0,00i7f 0.43i6 0.018 0.4369 0,020

0.222* 0.0361 0.000i11 0.M32 0,011 0.fr 0.007

0.045 .0.1il3 0.4?4ri* <0.0001

0.01t -0.0455 0.406*** <0.0001

0.009 0.025 0,312*** 0.0003

0.005 0.0ó0 0.202$ 0.0046

0.45i 0.0óI 0.1261

0.59?5 0.01t9 0.5148

0.2ó16 0.292**1 0.0005

0.4086 0.120* 0.0332

0.x03 0.121* 0.0321

0.t05 0.071 0.t009

0.m36 0,1864* 0,00ó8

0.1808 0.118* 0.mi9
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Table XIV.3: Linear regression for concentration of total P (TP) in percolate with methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-90 minute interval from soils with Olsen P concentrations <200 mg kg-r (n:18 coarse group,
n=20 fine group).

CoaneTextured Gmuo Fine Textured Grouo Allsamoles ?00 ms Ohen P ksr Allsamoles>200 Ols-P

STPorDPSMethod Sl0pe Intercept ¿ Pr>F Sl0pe Intercept I Pr>F Slope lnteræpt i Pr>F Slope Intercept Pr>F

\Vatu(\VEP) 0.381a# -0.576 0.5591+* 0.0009 0.0M3 b 0.626 0.60ó'** <0.0001 0.179 0.r4 0.288*tt 0.0007 0.13t 0.m7 0.334*** 0.000t

Olsen(OlsP) 0.06 1.819 0.200 0.0826 0.0169 0,850 0.397*t 0.0029 0.023 1.678 0,079 0.0967 0.026 1.538 0.181+ 0.0078

Modifid Kelowna (MKP) 0.05óa l.ló6 0.341t 0.0175 0.011?b 1.088 0,121* 0.0092 0.025 1.281 0.155* 0.01?3 0.m? Ll52 0.255*t 0.0012

Mehlichl(M3P) 0.03ia 1.178 0.274** 0.0373 0.0104a 0.?08 0.468**+ 0.0009 0.01?6 1.041 0.156* 0.01?1 0.02 0.871 0.236** 0.002

0hP(Pr50)

M3P(Pl$)

0lsPfi\,f3(Ca+lug)ûr I
M3P,4r,f3(Ca+Mg)a¡

0lsP((zxPl50)+0hP)

M3P(pxPl50)+M3P)

0hP(M3(Ca+Mg)a2 + OlsP) g

M3P(M3(Ca+MÐü, + MIP)

0.1092 0.249 0.i8t

0.0ó15 a 2.061 0.252*

0.042T 0.0i0 0.3238

0.0254 T 2.820 0.11

0.112a l.ó59 0.317*

0.154 a 0.568 0.431*

0.lllÌ 1.80s 0.214

0.105i 0.874 0.2n*

signific¿nt at p< 0.05

signifiønt at p< 0.005

si$ifi@nt at p< 0.001

n=|6

a¡=0.2

ûr=0 l

n=ló

I

+
+

$

I
#

0.1009 0.t22 0.9t2

0.0474 0.072a 0.813

0.3238 0.01r r.784

0.21 0.0121 t.683

0.0233 0.215a 0.467

0.0057 0.133a 0.317

0.0714 0.0205 1.618

0.030? 0.m57 1.138

0.392** 0.0031 0.119

0.472**' 0.0008 0,066

0.044 0.3747 0.03tf

0.077 0.2312 0.026f

0.ó52++* <0.0001 0.184

0.663**+ <0.0001 0.155

0.084 0.2149 0.072f

0.1$ 0.0812 0.07?tf

1.5ó5

1,150

2.231

t.979

1.043

0.298

t.531

0.788

0.211*+ 0.0042

0.299t*t 0.0006

0.066 0.1289

0.128 0,m23

0.3?l**t <0.0001

0,479*11 <0.0001

0,t44* 0.0224

0.229** 0.0032

0,135 1.5ó8

0.0702 l.ts
0.049 2.160

0.m14 2.010

0.202 t.000

0.167 0.287

0.087 1.417

0 08?8 0 690

0.26++

0.293+**

0.152*

0,184*

0.u***

0,502***

0.215**

0.283***

0.0011

0.0005

0.0t54

0.0072

<0,0001

<0.000t

0.00r

0.0006
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Appendix XV: Linear regression tables for load in runoff and percolate

Table XV.1 : Linear regression for load oftotal dissolved P (TDP) in runoff with methods of soil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-30 minute interval from soils with Olsen P concentrations <200 mg kg-r (n:18 coarse group,
n=20 fine group).

STP or DPS Method Slope Intercept ¿ Pr>F Slope Intercept 12 Pr>F Slope Interccpt f Pr>F
Wate¡ (wEP) 0.249 a 2.859 0.23 * 0.0437 0.359 a 5.415 0.35 * 0.0059 0.347 3.750 0.33 *t* 0.0002

Modified Kelowna (MK-P) 0.059 a 2.852 0.37 '** 0.0073 0.078 a 5.165 0.46 *'r' 0.0010 0.077 3.720 0.45 *** <0.0001
Olsen (Ols-P)

Ols-P(P150) 0.174 a

M3-P(P150) 0.077 a

Ols-P/M3(Ca+Mg)a I * 0.128a$

M3-P/M3(Ca+Mg)d, 0.059aS

Ols-P((2xP I50)-Ols-P) 0.195 a
M3-P((2XPl50)+M3-P) 0.146a

OIs-P/(M3(Câ+Mg)a r+ Ols-P) # 0.190a$

M3-P/(M3(Ca+Mg)a, + M3-P) 0.147 aQ

Ols-P/(PSl+Ols-P) ft 0.128 aÍÌ
wEP(PSl+wEP) TI 0.ì04 âti

MK-P/(PSI+MK-P) tt 0.127 a*t

Mehlich 3 (M3-P)

*,**,*** significance atp< 0.05,p<0.01,p<0.001 respectively

I Within rows, values followed by the same letter (for each method ofdetermining TDP load) are not significantly different at p<0.05

Í al =0.2
$ n=16

f n=36
I rÐ= 0.1

l'f PSI = phosphorus s¿turation indcx dete¡mined using CaCl2 extraction containing 75 mg L-l P as KH2PO4

** n=15

$ô n=3s

3.146 0.43 * 0.0056 0.916 b
3.165 0.37'* 0.0120 0.436 b

2.78s 0.61 *i,* 0.0003 0.241b
2.128 0.57 *** 0.0007 0.t89 b

2.937 0.39 * 0.0101 1.252b
2.372 0.37 * 0.0132 0.686 b

1.784 0.60 *** 0.0005 0.295 b

l.l9 0.54 ** 0.001I 0.297 b

2.729 0.45 * 0.0063 0.624 b
4.274 0.17 0.1309 l,0r lb
2.403 0.48 ** 0.0045 0.481 b

3.126 <0.0001 0.2t6 6.300 0.22** 0.0044
4.104 0.55 i!*i! 0.0002 0.082 6.826 0.14 * 0.0266
7.2s7 0.50 *** 0.0005 0.153 f 5.818 0.37,.'¡¡! <0.0001

6.381 0.59 *'¡* <0.0001 0.068I 6.280 0.27 ** 0.0013

2.345 <0.0001 0.215 6.578 0.15 * 0.0193
2.887 0.57 *'** 0.0001 0.153 6.181 0.r4,. 0.0250

5.808 0.56 *** 0.0002 0.231 ll 4.301 0.44 *** <0.0001

3.658 <0.0001 0.194 f 3.394 0.43 <0.0001

1.160 0.75 **'* <0.0001 0.162 $$ 5.835 0.24**
6.441 0.31 * 0.0104 0.079 s$ 8.197 0.03
3.201 0.60 ¡,*,, <0.0001 0.152 $$ 5.709 0.23**

0.0030
0.3157
0.0033
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Table XV.2: Linear regression for load of total dissolved P (TDP) in runoff with methods of soil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-90 minute interval from soils with Olsen P concentrations <200 mg kg-t (n:18 coarse group,
n=20 fine group).

STP or DPS Method

Vr'atcr (WEP) 0.515 8.080

Olsen (Ols-P) 0.213 aT 6.402
Modified Kclowna (MK-P) 0.125 a .'l.943

Mehlich 3 (M3-P) 0.088 a 6.871

Ols-Pi(PIso) 0.3'12 a 8.181

M3-P(P150) 0.163 a 8.276

Ols-P/M3(Ca+Mg)a r * 0.280 a$ 7.260

M3-P/M3(Ca+Mg)a r 0.129 a$ 7.163

Ols-P/((2xPl50)+Ols-P) 0.418 a 7.735

M3-P/((2XPI50)+M3-P) 0.311 a 6.534

Ols-P(M3(Ca+Mg)a, + OIS-P) # 0.419aS 5.018

M3-P(M3(CatMg)a, + M3-P) 0.324 a$ 3.'l19

OIS-P/(PSI+O|S-P) tÎ 0.2'71 aJI '1.3t3

WEP(PSI+WEP) ll 0.207 1I 10.804

MK-P(PS[+MK-P) ll 0.274 aII 6.546

0.187 0.0728 0.931

0.458 ** 0.0020 0.369 
^

0.313 * 0.0157 0.218 a

0.352 * 0.0095 0.181 a

0.38t * 0.0109 2.489 b

0.321 * 0.0222 1.106 b

0.564 *i,* 0.0008 0_754 b

0.519 ¡'* 0.0016 0.566 b

at Pr>F

*,**,*** significance atp< 0.05,p<0.01,p<0.001 rcspectively

f Within rows, valucs followed by thc same lctter (for each method ofdetermining TDP load) a¡e not significantly different at p<0.05

Ì 0l=0.2
ô n=16

¡l n=36
# 02 = 0.1

lf PSI = phospho¡us saturation index determincd using CaCl2 extraction conlaining 75 mg L-l P as KH2PO4

lÍ n:15

${i n=35

0.340 * 0.0t?8 3-379 b

0.319 * 0.0225 t-749 b
0.554 *** 0_0009 0.883 b

0.506 ** 0.0020 0.859 b

0.388 * 0.013r l_668 b
0.127 0.1925 2-309

0.420 * 0.0090 1.236¡)

t6-119 0.268 * 0.0194 0.875 10.803 0.260 ** 0.001I
6.340 0.684 *** <0.0001 0.337 5.365 0.642 **{' <0.000t

t4.400 0.404 ** 0.0026 0.202 t0.188 0.39 *** <0.0001

9.106 0.506 *** 0.0004 0.154 7.243 0.451 ,.** 0.0001

9.237 0.590 *** <0.000t 0.487 17.859 0.136 * 0.0269
l3.l7t 0.403 ** 0.0027 0.16'7 t9.460 0.071 0. 61

18.835 0.556 *** 0.0002 0-399 f t5.135 0.309 *** 0.0004

16.734 0.605 *"* <0.0001 0.165 f 17.420 0.192* 0.0074

7 -283 0.584 *+* <0.0001 0.461 18.730 0.087 0.0816

9.981 0.4t7 ** 0.0021 0.315 l8.ll4 0.0'13 0.lt0l
15_034 0.567 *** 0.0001 0.609f 11.653 0.384 *'** <0.000r

9.392 0.643 *** <0.000t 0.496 !J 9.668 0.354 *** 0.0001

Pr>F

5.943

20.331
r0.633

0.607 *** <0.0001 0.361 1ì$ 16.943 0.148 *

0.185 0.0584 0.108 $$ 22.842 0.007

0.451 ** 0.00t2 0.333 $$ 16.814 0.139 *

0.0226
0.6288
0.0271
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Table XV.3: Linear regression for load oftotal dissolved P (TDP) in percolate with methods ofsoil test P (STP) and degree of
phosphorus saturation (DPS) for the 0-90 minute interval fiom soils with Olsen P concenûations <200 mg kg-r (n:18 coarse group,
n:20 fine group).

Olsen (OlsP)

Modifiod Kelowna (MKP)
Mehlich 3 (M3P)

Water

OlsP(P150) 6.64 '74.49 0.13 0.1'722 0.93 7.32 0.t7 0.0703 6;100 8.46 0.14 *

M3P(P150) 4.14 35.61 0.22 0.0669 0.55't 6.44 0.21* 0.0416 4.160 -13.63 0.24 ¡.,r

OlsPiM3(Ca+Mg)a ì f 2.48 115.4 0.05 0.4192 0.035 14.99 0.002 0.8350 1.940 47.65 0.04

M3P/M3(Ca+Mg)a ¡ l.7l I 86.43 0.10 0-2426 0.042 14-49 0.01 0.7291 1.640 25.11 0.ll

OIsP/((2xPl50FOlsP) 10.56 22.82 0.23 0.0601 t.72 3.38 0.31 * 0.0106 10.640 -23.63 0.25**
M3P((2XPI50)+M3P) 9.82a -51.9 0.34* 0.0186 1.07 b 2.53 0.32 ** 0.0089 9.190 -70.23 0.34 *"*

OlsP(M3(Ca+Mg)c r+ OlsP) # 6.93 I 29.7 0.16 0.1247 0.082 14.05 0.01 0.6720 3.98'll 8.14 0.09

M3P(M3(Ca+Mg)d, + M3P) 6.60 i -29.81 0.22 0.0655 0.13 12.25 0.03 0.4615 4.30I1 -34.23 0.15 *

.40 al
3;76

4.01

2.35

OlsP/(PSI+OlsP) S$ 7.01 a$ -40.68 0.33 * 0.0262 0."1"1b 3.88 0.27 * 0.0197 6.44II -58.52 0.31 *** 0.0005
Vr'EP(PSI+WEP) l3.l3a$ -66-59 0.64*** 0.0003 2-l2b 5.52 0.32** 0.0091 12.54 iI 49.83 0.ó4*** <0.0001

MKP(PSI+MKP) 6.63 $ 48.81 0.31 * 0.0309 0.561 6.19 0.r9 0.0532 5.901Í -59.91 0.29 *** 0.0008

M3P/(PSI+M3P) 6.12 a -76.550 0.27 * 0.0479 0.575 b 1.850 0.29 * 0.0144 s.23 lÍ -81.370 0.24 ** 0.0027
*,**,*** signifìcance at p< 0.05,p<0.01,p<0.001 respectively

t Within rows, values followed by the same letter (for cach method ofdetennining TDP load) are not significantly diffc.ent at p<0.05

I n=14

ô n=13

f al =0.2
4 a2=0.1

tt n=34

SS PSI = phosphorus saturation index determ¡ned using Caclz extract¡on conta¡ning 75 mg L-1 P as KH2PO4

31.07 0.15 0.0'70'7

-31.92 0.34 * 0.0179

-32.29 0-26 * 0.0433

).708 b

0.124
0.07
0.08

4.07

7.r2
9.85
5.99

0.16 0.0786 0.817 40.78

0.10 0.1843 1.320 -2.66

0.20 0.0515 0.87s -8.34

Olsen P

0.15 '

0.02

0.09
0.08

fr>t
0.0218

0.0974
0.0746
0.0980

0.0242
0.0024

0.2414

0.0540

0.0018

0.0002

0.0759

0.0216
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Appendix XVI: Raw data of runoff and percolate water and soil characteristics

Table XVI.1 : Raw data for coarse textured soils

Soil Id 0-30 30-60 60-90 Percolate 0-30 30-60 60-90 Percolate

cl M 33 0.015 0.013 0.014 0.05 0.02 0.011 0,013 0.03

c2 M 25 0.071 0.053 0.053 0.138 0.073 0.06 0.059 0.24'7

c3 N 43 0.065 0.06 0.063 0.09 0.059 0.062 0.065 0.t13
c4 N 32 0.026 0.027 0.025 0.042 0.022 0.026 0.025 0.06

c5 N 33 0.159 0.t27 0.185 1.t76 0.148 0.102 0.084 1.48

c6 M26 0.184 0.ll 0.014 7.1't7 0.226 0.098 0.073 '7.216

c7 N4l 0.119 0.087 0.093 0.132 0.107 0.095 0.093 0.141

c8 N 133 0.281 0.243 0.171 0.724 0.268 0.199 0.185 0.8'.12

C9 CT 0.422 0.334 0.375 nJa 0.301 0.247 0.212 nla

cro N 38 0.384 0.293 0.323 0.827 0.387 0.315 0.286 0.846

Cl I zT 0.451 0.42 0.4'15 nla 0.187 0.564 0.335 nla

ct2 M3't 0.569 0.312 0.2'18 1.083 0.576 0.625 0.517 3.281

cl3 N 36 0.494 0.341 0.28 5.337 0.789 0.425 0.299 3.999
cl4 M202 0.517 0.487 0.328 0.928 0.474 0.367 0.411 1.873

cl5 M203 0.482 0.441 0.336 r.004 0.486 0.268 0.2',14 L322
cl6 M200 \.062 0.668 0.404 18.413 0.'15 0.409 0.315 15.925

ct1 M20l 1,595 0.763 1.124 18.461 1.084 0.733 0.636 r5.4r3
cl8 M204 0.911 0.531 0.501 3.8 r.lr3 0.'162 0.714 1.512

Soil Id 0-30 30-60
6.72cl

c2
c3
c4

c6
c7
c8
c9
cl0
cl I

ct2
ct3
cl4
cl5
cl6
ct7
cl8

t4.525 11.542 5.358

t9.402 I t.616 21.888

tt.975 7.89 9.282
3.463 3.613 3.579
L824 2.525 2.15t
14.578 3.398 9.91

14.915 23.7'79 9.64t
6.005 3.718 7.667
24.639 24.062 2 t.018
5.52 6.155 6.952

13.882 11.941 7.8
'1.241 6.792 4.137
16.674 15.685 6.746

12.s57 t4.097 9.683
5.086 5.31 I 3.687

10.859 0.739 4.296
24.481 14.9t9 t7.625

0.154 39.165

0.375 6.005
0.186 25.491

1.62 3.3 l l
l.l8 t 2.668
0.231 10.836

0.269 10.707

nla 6.847

0.193 18.501

nla 9.518

0.234 7 .237
1.784 25.384
0.176 12.523

0.296 14.165

0.754 8.84

3.304 1.69

0.288 24.882

8.006 9.922 0.186
t0;104 13.4 0.348
15.964 15.'184 0.152
4.099 5.169 0.623

3.366 4.239 0.906

tr.929 8.971 0.102
12.831 l8;1 0.124
7.656 5.991 nla
t5.702 13.208 0.t49
12.698 5.991 nla
8.9 18.784 0.739

t2.637 8.22t r .718

3.661 21.601 0.3t7
3.832 6.547 0.28
7.632 4.53 L4
0.552 6.6'12 2.828
t4.235 19.306 0.163
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Total P
Run l- Run2 

-

60-90 Percolate 0-30 30-60 60-90 Percolate

c2
c3
c4
c5
LÓ

c7
c8
C9

c10
cu
c12
cl3
c14
c15
cl6
c17
ct8

14.596 I1.595
t9.467 tt.6'16
12.00 t '1.917

3.622 3.74
2.008 2.635
t4.697 3.485
15.196 24.022

6.42'1 4.052
2s.023 24.355
5.9'17 6.575
14.451 12.313

7.735 7.133
t7.251 16.172
13.039 14.538

6.148 5.9'19
12.454 1.502
25.392 15.45

2.306 0.089 5.45

5.411 0.292 39.238
21.951 0.465 6.064
9.307 0.228 25.513
3.764 2.796 3.459
2.225 8.958 2.894
10.003 0.363 10.943

9.8t2 0.993 10.975

8.042 nia '7.148

21.34t 1.02 18.888

7.427 nJa 10.305
8.078 1.317 '7.813

4.4t'1 7.t21 26.173
7.074 t.104 12.997

10.019 1.3 14.651

4.091 19.167 9.59
5.42 21.765 2.774
18.t26 4.088 25.995

3.41t 3.684 0.288

8.066 9.981 0.433

10.766 13.465 0.521

15.99 15.809 0.212
4.201 5.253 2-103

3.464 4.312 8.122

12.024 9.064 0.243

13.03 18.885 0.996
7.903 6.203 nla
t6.ot7 t3.494 0.995
13.262 6.326 nla

9.525 19.301 4.02
t3.062 8.52 5.717

4.028 22.0t2 2.19
4.t 6.82t 1.602

8.041 4.845 17.325

1.285 7.308 18.241

t4.99'7 20.02 |.675

Volume lLì
Run l- Run2 

-

cl 33.6 35.926 39.775 6.186 33.208 33.64 28.45 4.714
c2 13.43 14.806 13.898 7.912 16.318 t7.954 18.258 5.358

c3 t4.'195 t4.2t6 14.866 8.536 13.77 17.316 17.468 9.696
c4 14.318 t3.292 14.13 3.968 18.39 t6.824 16.944 4.062

c5 12.108 r3.s38 13.384 7.842 9.574 14.188 t4.526 15.398

c6 2.132 5.532 8.484 30.52 6.182 9.522 12.428 48.122

c'| t4.812 13.68 14.404 5.36 14.004 15.096 15.434 6.116
c8 13.388 t4.2t6 13.746 6.716 11.758 12.386 12.79 9.178

C9 20.648 22.382 25.85 nla 20.742 19.834 20.034 nla
cro 20.3t4 19.3s6 20.038 4.28 15.052 16.54 17.206 3.562

Cll 13.01 13.318 13.64 nla 13.846 16.482 20.558 nla
ct2 16.407 t5.228 16.292 6.636 16.752 17.63 18.098 5.192

c13 10.43 11.674 12.128 6.47 17.098 t6.292 20.0s4. 4.292

ct4 31.55 33.004 28306 9.526 2t.72 23.198 21.524 7.508

cl5 4t.7s 41.084 34.568 1.104 2t.15 18.004 18.606 2.886

c16 2.842 3.638 4.794 39.754 5.552 8.156 10.958 55.136

ct7 3.344 L504 1.332 85.68 1.342 2.064 1.934 97.38

c18 15.202 t5.24 15.644 6.'102 23.396 23.022 22.242 4;736
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Table XVI.2: Raw data for fine textured soils

TotalDissolved P l.-r

FI
F2
F3

F4
F5
F6

F'1

F8
F9

Fl0
Fl I
Ft2
Fl3
Fl4
Fl5
Fl6
Fl7
Fl8
Fr9
F20

F2l
F22

M30
N45
Fert I

N34
M34
N 136

M29
N39
M27
M35
M41
GI OE

Gl0w
N40
N37
M205
G9E
M40
G5E
M3l
M32
G20

0.027
0.064

0.102
0.136

0.148
0.684
0.626

0.2't6
0.?4t
0.883
0.413
0.167

0.428
0.93 l
t.786
1.104

1.t84
t.032
1.454

Ll53
] 07 4

3.305

0.041 0.038
0.082 0.073

0.107 0.112
0.156 0.151

0.492 0.49
0.709 0.506
0.244 0.22],
0325 0.439
0.645 0.321
0.332 0.261
0.559 0.464
0.341 0.284
0.713 0.684
0.'779 0.684
0.643 0.559
1.505 1.063

0.579 0.463
1.314 1.404

0.866 0.197

l,661 1.533

1.9 t 6 1.187

0. t? I 0. t06
0.177 0.127

0.3 0.133
0.238 0.223
0.712 0.516

0.63 0.485
0.493 0.406

3.384 0.605

3.572 0.925
2.684 0.437
L?3'1 0.618

0.374 0.386
t.704 0.953

2.741 0.865
2.352 0.908
0.993 0.985

3.9 t8 L r87
1.993 1.405

2.62t 0.868

4.334 1.605
'1.029 2.813

0.076 0.069 0.229
0.081 0.068 0.177

0.102 0.089 0.27'1

0.204 0.194 0.279

0.44'1 0.403 0.739
0.449 0.417 1.256

0.35'1 0.323 0.334
0.485 0.368 3.766
0.641 0,5 14 3.26'l
0.337 0.21 l 2.155
0.642 0.562 1.514

0.367 0322 0.448
0.853 0.953 2.325
1.334 1.53 2.19',1

0.548 0.607 2.30t
0.867 0.877 0.887

0.66 0.675 4.926
t.405 1.5'1 2.459
0.'159 0.674 2.t49
1.575 1.605 3.362
2.19 6.80t 2.102

8.897 0.191 21.81 19.724 23.663 0.401
F2
F3

F4

F5

F6

F7
F8
F9

F l0
Fll
Ft2
Fl3
F14

Fl5
Fl6
Fl7
Ft8
Fl9
F20
F2],
F22

3.95 2.8t3 4.193
2.706 2.684 3.243
3.301 6.432 5.691
15.61I 13.51I 4.336
46.634 34.515 33.618
15.384 16.959 tt.94t
3.t72 1.595 1.98t
2.222 3-5 t5 6.895

9.051 12.208 1.721

8.998 7.284 5.181
'1 .4 6.26 7 .445

10.453 8.288 8.085
28.086 17.805 t9.6t6
56.887 32.421 44.744
28.262 t0.447 7.185

9. 1 2'1 .639 t3 .024
6.3s 3.s38 7.362
13.464 19.069 35.645
35.58 22.721 27.008
3.236 10.731 t4;128
36.t39 13.618 r 5.143

0.34 2.991
0.25 t 5.223
0.256 6.454
0.14 16.845

0.576 24.831

0.212 8.292
0.431 12.61

0.672 5.294
0.534 6.381
0.629 2.998
0.388 9.99'l
t.207 t1.537
0.483 37.658
0.758 7.129
0.474 12.269

0.062 t3.46
0.528 l l.485
2.221 t3.t28
0.442 20.94

L28 25.045
1.1l5 18.564

2.203 3.339 0.139
3.563 3.753 0.093
4.96 9.827 0.t24
t3.167 14.08 0.202
19.594 17.701 0.166
8.239 8.59 0.379
9.992 8.736 0.16
4.381 5.091 0.258
I 1.484 9.978 0.388

4.592 3.463 0.2t7
9.599 I1.175 0.687

11.998 7.005 0.454
40.661 62.t35 0.153

7.t29 7.051 0.188
5.13 I l 648 0.449

I l.6l I tt.964 0.165
6.26t I 1.884 0.239
t9.967 35.19 0.451
17.108 16.l 15 0.15
23.9t7 36.885 2.605
I1.844 0.391 t4.317
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Total P lms L-')

- 

Run l- 

- 

Run2 

-

Soil Id 0-30 30-60 60-90 Percolate 0-30 30-60 60-90 Percolate

Fl 10.176 9.025 8.919 0.216 2r.827 19.752 23.688 0.418

F2 4.014 2.854 4.231 0.511 3.097 2.279 3.408 0.368

F3 2.808 2.766 3.316 0.428 5.35 3.644 3.821 0.27
F4 3.43'1 6.s3s 5.803 0.556 6.s87 s.062 9.916 0.401

F5 15.759 13.667 4.487 0.378 17.068 13.3'11 14.274 0.481

F6 47318 35.007 34.108 1.348 25.347 20.041 18.104 0.905

F7 16.01 t7.668 t2.447 0.842 8.777 8.688 9.007 1.635

F8 3.448 1.839 2.202 0.924 13.016 10.349 9.059 0.494
F9 2.963 4.04 7.334 4.0s6 5.899 4.866 5.459 4.024
Flo 9.934 t2.8s3 2.042 4.106 7.306 t2.t2s 10.492 3.655

Fl I 9.47r '1.616 5.442 3.3t3 3.435 4.929 3.674 2.3'72

Fl2 L16',1 6.819 7.909 2.125 10.615 10.241 11.'13? 2.201

Fl3 10.881 8.629 8.369 1.581 11.923 12.365 7.327 0.902
Fl4 29.0t7 18.518 20.3 2.t87 38.611 41.514 63.088 2.478

Fr5 58.673 33.2 4s.428 3.499 7.994 8.463 8.581 2.385
Ft6 29.366 11.09 '1.'744 2.826 t3.177 5.6'18 12.255 2.75

Fl7 10.284 29.t44 t4.087 1.055 14.445 12.478 12.841 1.052

F18 7.382 4.117 't.825 4.446 12.672 6.921 12.559 5.165

F19 14.918 20.383 37.049 4.214 14.533 21.372 36.76 2.91

F20 36.',133 23.587 27.805 3.063 21.808 17.867 16.789 2.299

F2t 4.31 12.392 16.26t 5.614 26.65 25.492 38.49 5.967

F22 39.444 15.534 16.93 8.144 2l.377 14.034 '7.192 16.419

Soil Id 0-30 30-60 60'90 P€rcolate 0-30 30-60 60-90 P€rcolate

F2 10.2t4 t2.t96 12.354 9.3 11.462 12.742 13.212 8.636

F3 10.516 15.548 t5.46 11.652 12.084 14.744 14.922 ll.'ll
F4 13.833 t4 14.182 6.464 11.392 14.624 14.824 11.056

F5 13.186 14.308 13.052 4.008 t5.s32 16.248 16.758 3.856

F6 17.482 16.966 16.s06 2.454 t9.47 t1.s t7.4t2 2.976

F7 13.45 t3.832 13.968 0.564 31.01 31.804 34.266 2.582

F8 3.964 t2.874 15.277 28.53 14.9 17.018 17.562 7.378
F9 9.634 t2.872 13.308 10.464 2s.0s7 26.564 23.746 13.756

Flo 11.768 t4302 13.076 12.7 t0.4s2 12.682 13.444 8.84
Fl l 37.388 35.41 38.096 16.8t6 10.576 16.456 17.694 20.5'76

Ft2 13 1s.0s8 r s-82 I 1.68 26.352 26.012 26.688 I L09
Fl3 t7.47 16.68 17.64 6.342 19.448 23.066 25.49 10.524

F14 t8.912 18.05 18.866 4.046 18.298 20.308 20.064 5.32

F15 6.58't 14.242 16.65 24.746 18.448 22.882 22.316 6.244
Fl6 22.22 19.268 19.632 2.774 21.04 25.33 25.547 6.824
F17 29.832 30352 24.602 5.516 15.9 17.46 19.87 8.102

F18 11.104 t3.244 13.236 8.578 23.118 28.356 29.646 8.784

Flg 17.006 t7.962 18.18 12.542 16.998 22.16 23.014 11.386

F20 10.4s2 t2.682 t3.t44 8.84 15.808 1'1.226 t7.552 3.89
F2t |.146 7.826 12.506 29.734 22.824 31.188 29.304 14.142

F22 t5.252 t7.414 18.014 7.874 23.328 23.156 2'1.34 4.826
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