PHOSPHORUS RUNOFF POTENTIAL
OF SELECTED BENCHMARK

SOILS IN OKLAHOMA

BY
RANDALL L. DAVIS
Bachelor of Science
Oklahoma State University
Stillwater, Oklahoma

2000

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
MASTER OF SCIENCE
May, 2002



PHOSPHORUS RUNOFF POTENTIAL
OF SELECTED BENCHMARK

SOILS IN OKLAHOMA

Thesis Approved:

Wailin 2 /L[M,%Z

/ Thesis Advisor

T L

A\

ety N O

Dedn of thé Graduate College



ACKNOWLEDGMENTS

| wish to express my sincere appreciation to my major advisor, Dr. Hailin
Zhang, for his constructive guidance, scientific insight, inspiration, and
willingness to help. My sincere appreciation extends to my other committee
members Dr. Nick Basta and Dr. Dan Storm whose guidance and assistance are
also invaluable. Additionally, | would like to thank Drs. Basta, Bill Raun, and Jeff
Hattey for allowing me to use their laboratory facilities and field equipment.

Many thanks also to my colleagues Kendra Wise, Yan Tang, Kyle
Freeman, Roger Teal, Kathy Wynn, Wade Thomason and D.C. Ward for the
long, hot hours they donated to help me with my research. | would also like to
thank Clemn Turner, Robert Mullen, Libby Dayton, and Jon Karl Fuhrman for
their assistance and advice over the past two years.

Lastly, | would like to thank Mike Kress, Barbara McCray, and the crew at
the OSU Soil, Water, and Forage Analytical Laboratory for their day-to-day

advice and laboratory contributions.

it



TABLE OF CONTENTS
EFFECTS OF SOIL TYPE AND PHOSPHORUS LEVEL ON PHOSPHORUS

LOSS IN RUNOFF ....cuiiiiiirenessiisesesssssssssssssesesssssssssssssnssesssssssesassssssssenssssssssssseassns 1
ABSTRACT ..ttt s s ses s srsse s s s ss s s s s s e s e s s s s e s sasessasessasesassanenssnnasesernsnennn 1
INTRODUCGTION ...oueiiiiiiiimemmnsiinssisssssssssissssssssssssssssssssssssssesasssssssssssssssssssessssnns 3
METHODS AND MATERIALS ......coiiiiiiiirvireescsscssseesssssssessssnsssssssssesssssssssssssssssns 6
SO r v snnensamsasmmaransansssansssnnnsss mnssasssnssmsnssnsmbnssatsssessarsishssumasstasEssias Soasbea s s e s N 6
Rainfall SIMUIaton..ussmmnsmnmsnivnm s s 6
Soil and RUNOFf ANAIYSES ........ooeieee e 8
SEUSUCAl ANAIVSIE s s s it e s e TR S s it e e 10
RESULTS AND DISCUSSION .cisuaasimminimmsrmmmsssisrinaaimmiimsas 11
The Effect of Fertilizer P on Soil Test P........ i, i
Impact of Runoff Duration on/RUnof P....... oo ssssismssinssios 12
Relationships between Runoff P and SOil P..........oueeeeiiieiieieeeeeeeeeeeeee 13
GONCLUSIONS i s s e s R e AR AR A PR e r A S rvvav) 18
BREFERENCES o iaimmamisss s St i s skl A R imn nemes somes s g 20
PHOSPHORUS LOSS IN RUNOFF FROM LONG-TERM CONTINUOUS
WHEAT FERTILITY TRIALS ....ociciiicimiissnusipinsmisssmsssinsbionssionssiaassiiussstivias 39
ABBTRACT .iiciiniisssiiiusmuississisanionisismiiiss st i s oisiss 39
INTRODUCTION cicuiciiniininnmnmssninmssinmsssammsasmmmiiiiissssssssisiissmsssisiisine 41
MATERIALS AND METHODS ....cnannaninsissicaisinasossisisssssssssnnnnisinis 44
Rainfall SImulation SIS cqqunsimimiminsir it s 44
RUNOIE PIOES ...ttt e e e e e e e e e e e e e sansa e e e e aesnanaaas 45
RANTAll SN0 o s s s e e S SR P SN S Ry 45
Soil and RUNOFf ANAIYSES .......oeiiiiiieiiiiie e aa e 46
StatSicAl ANAIVSIS ..o nimm s n s i s i RS R IS sua s 48
RESULTS AND DISCUSSION ia:iiisciniissiiiinsnsnismusiinisieiasisiinsisiaviassiiissssiss 50
SOl PHOSDINONUS «..v.cssciimisisissimmnmmsisrsaiass s sosmssssassisraisensvs vavasavuainns 50
Rainfall:Simulation and RUnNo . ....ciuinmmmamimmamnimsinmsmasis it e 50
Relationship between Runoff TP and Soil P........ccooeieiiiiiiiieceeeeecee 51
Relationship between Runoff DRP and Soil P..........ccoooiiiiiiiiiiiiiiiiiiciie 52
CONCLUSIONS iiiisammininissssssssivsssiisiiisssssesissiiuistatissssissinsiseavdsses sasisiissssts 55
REFERENCGES .uiciiiiicninamiiinnismisiiassasssis s s sssaiiasisssioisiisssves 57

v



SUMMARY CONCLUSIONS AND FUTURE RESEARCH

RECOMMENDATIONS ...ccoccossmussnisnsissnssunesinssiiussnssnsesssssinsssasinsssbassasbsiusisisussies 70
SUMMBTY CONCIISIONS «ccuovaissnomisisuinsassssissmmsms s ass i viseissis v mssens s mmae 70
Research Recommendations ...t 12

AP P EN DR E S i isniitensay s s s v ianasrassh e S e Rann s i nee pEN A SR ey TR TR R PR RN A 73
Appendix A—Chapter 1 Data Compilation ...........cccoeeieeiiiiiiiiiiiciieeieeeeeerinn 74
Appendix B—Chapter 2 Data Compilation ............cccoooiiiiiiiiiiiiiiciieeeeeeeiiien. 82



1.1.

1.2.

LIST OF TABLES

Table Page
Soil Classification and Chemical and Physical Characteristics
of Three Soil Series Evaluated................cooooiiiiiiiiiiii i, 23
Amount of Fertilizer Phosphorus Added and Mean Soil
Phosphorus Values for Each Treatment..........cccoeeeeieiiiiiininiiiiinnnnnnn. 24
Mean Runoff Water Sample Characteristics...........cc.ccovvviviiiiiiiiiniiinnn.. 25

1.3.

1.4.

24.

2.2.

2.3.

2.4.

25.

Runoff Dissolved Reactive Phosphorus (DRP) Correlated to Four
Soil Phosphorus Levels. ..........c.ocooiiiiii e 26

Soil Classification and Chemical and Physical Characteristics of Long-
Termn Fertility RUNSIf PlofS:«ccummmimmmnessmintisin s amisissaes 60

Fertilizer Phosphorus Rates and Mean Soil Phosphorus Values for
Leng=Temn rertilily RUnDoff Plots. . .c.cmmsaisinssimsnmeniwesassssmes 61

Mean Runoff Water Sample Characteristics Collected from Long-
Tarm Fer it RUNOIT PIOLS < vicsvimsssaias ida sansenersersnsnmmbn s ipissintsahtins 62

Runoff Total Phosphorus (TP) Correlated to Four Types of Soil
Phosphorus Values in Long-Term Fertility Runoff Plots ..................... 63

Runoff Dissolved Reactive Phosphorus (DRP) Correlated to Four Types
of Soil Phosphorus Values in Long-Term Fertility Runoff Plots............ 64

vi



LIST OF FIGURES

Figure

y ¢

1.2.

£

1.4.

1.5.

1.6.

1.7.

1.8.

1:9.

Locations of Richfield, Kirkland, and Dennis Soils Collected for the

Solenoid-operated, Variable Intensity Rainfall Simulator Used with

Paired 1Tm x 0.42m RUunoff BOXeS....c oo,

Changes in Mehlich 3 Phosphorus Over 360 Days for Four Fertilizer

Phosphorus Treatments in the Richfield Soil Series.......................

Soil Mehlich 3 Phosphorus of Four Soil Phosphorus Fertilizer

Treatments One Year After Phosphorus Fertilizer Addition..............

Average Infiltration Rate vs. Time for Three Soil Series ....................

Change in Runoff Dissolved Reactive Phosphorus Over 30 min.

Runoff Duration for Three Soil Series. ....oovueeee e

Relationship Between Runoff Dissolved Reactive Phosphorus (5 min.

sampling intervals) and Runoff Volume (5 min. sampling intervals)

Tor Three SollS: SEHES: ... cuvwiiniimiiimm i s s srses

Soil Specific Relationships between Runoff Dissolved Reactive
Phosphorus and Soil Water Soluble Phosphorus for

Three Soil-Senes. v mriniian i s mversshi s

Soil Specific Relationships between Runoff Dissolved Reactive
Phosphorus and Soil Mehlich 3 Phosphorus for

THIEe SOOIl S EIIBS  cviv i st o e i e v s Soes i R T e s

1.10. Relationship between Runoff Dissolved Reactive Phosphorus and

1.11.

Soil Phosphorus Sorption Saturation for Three Soil

Relationship between Runoff Dissolved Reactive Phosphorus and
Soil Ammonium Oxalate Phosphorus Saturation Index for

Three SOl SElIaS. . ..o evonn mmmme s e esaivs s s s srssasasisanasrasssns

vii



1.12. Soil Specific Relationships between Normalized Runoff Dissolved
Reactive Phosphorus and Soil Water Soluble Phosphorus for
Three SOil SeMES......cuuniiiiiii e e 38

2.1. Long-Term Fertility Research Sites and Soil Series Evaluated in
Runoff Phosphomis SIdY. ..o vmsssnnusammmismsis i 65

2.2. Solenoid-operated, Variable Intensity Rainfall Simulator Used
With Paired 1m x 2m Runoff Plots Established on Long-
T Ferity Researcn PIolS o unsnandimms e assr 66

2.3. Average Infiltration Rate vs. Time for Three Soil Series.......................67

2.4. Relationship between Runoff Total Phosphorus and Runoff
Total Suspended Solids of Long-Term Fertility Research Plots.......... 68

2.5. Relationship between Runoff Dissolved Reactive Phosphorus and
Soil Mehlich 3 Phosphorus of Long-Term Fertility Research Plots...... 69

viii



Chapter 1

EFFECTS OF SOIL TYPE AND PHOSPHORUS LEVEL ON

PHOSPHORUS LOSS IN RUNOFF

ABSTRACT

The loss of phosphorus (P) in runoff from agricultural soils may accelerate
eutrophication in lakes and streams and degrade surface water quality. Several
management strategies are being developed to minimize agricultural runoff P by
considering P loss risk factors, such as, soil P level and transport mechanism.
Current standards of soil P levels for manure application are often based upon
professional judgment rather than scientific data, as limited soil specific data exist
on the relationship between runoff P and soil P. This study investigates the
relationship between runoff P and soil P for three Oklahoma benchmark soils:
Richfield, Dennis, and Kirkland series. Surface soil (0-15 cm) was collected from
three designated locations across Oklahoma, treated with diammonium
phosphate (18-46-0) to establish a wide range of Mehlich 3 P level (25-1016 mg
kg™"), and allowed to reach a steady state (210 days) in 1m x 0.42m boxes before
rainfall simulation. The rainfall simulation was conducted at an intensity of 75
mm hr' on 5% sloped soil boxes. Measurable runoff was collected for 30 min.
and analyzed for dissolved reactive P and total P. Soil samples collected
immediately prior to rainfall simulation were analyzed for the following soil P

values: Mehlich 3 P, water soluble P, ammonium oxalate P saturation index, and



P saturation based on sorption maximum. Runoff dissolved reactive P
concentration was significantly (p<0.05) correlated to M3P (r’=0.92-0.95), WSP
(r*=0.88-0.96), PSlox (r*=0.84-0.94), and PSlsmax (r°=0.89-0.96). However, the
relationship between runoff dissolved reactive P and soil P varied between soils,
indicating that P loss to surface water would also vary by soil. Low dissolved
reactive P concentrations coincided with low runoff volumes suggesting soil

hydrology has an impact on the relationship between runoff P and soil test P.



INTRODUCTION

Eutrophication of many streams and lakes has been accelerated due to
the influx of phosphorus (P) from agricultural surface runoff (Pote et al., 1999).
According to USEPA (1998), agriculture has been identified as the primary
source of non-point source (NPS) pollution degrading the quality of stream and
lake water. Especially the transport of P from agricultural soils has been
recognized as an important contributor to the degradation of surface water quality
(Sims et al.,, 1998; USEPA, 1998). As a result, a considerable amount of
research has been conducted to provide knowledge of P transport processes
from soil as a P source to surface water.

A better understanding of P transport process will provide more accurate
information to develop site specific P management strategies. The P risk index is
a tool to assess various landforms and management practices for potential risk of
P movement to water bodies that considers P source and transport factors
(Lemunyon and Gilbert, 1993). Many states (e.g. Oklahoma) are currently in the
process of developing state specific P risk indices. Generally, the factors
contributing to P loss potential are weighted and a relative risk index is derived
from the sum of the weighted factors. However, the weights and the relative P
loss index have been derived primarily from professional judgment, as there is
limited site-specific data (Lemunyon and Gilbert, 1993).

Many researchers have found that the P content of the surface soil directly
influences the loss of P in runoff (Romkens and Nelson, 1974; Daniel et al.,

1994). Other researchers have shown significant relationships between soil P



and runoff P concentration (Wendt and Alberts, 1983; Sharpley, 1995; Pote et al.,
1999; Cox and Hendricks, 2000). Because there exists a relationship between
runoff P and soil test P, there should be a critical level of soil P that could result
in runoff P concentrations high enough to impact water quality (Daniel et al.,
1994). An effective management strategy to minimize P loss in runoff is to
identify this critical level in soil and to prevent further P addition to that soil. It is
the goal of many states and federal water quality agencies to identify critical
levels for benchmark soils and establish cut-off limits for additional P application
(Daniel et al., 1994). However, the critical levels and the relationships between
runoff P and soil P are soil specific and dependent upon soil and site
characteristics (Daniel et al., 1994; Sharpley, 1995; Pote et al., 1999; Cox and
Hendricks, 2000).

In a review paper, Sharpley (1996) compared the findings from eight
studies and found that the relationship between runoff dissolved reactive P
(DRP) and Bray 1 P varied markedly among soils tested, indicating that soil type
influences the relationship between runoff P and soil P. Cox and Hendricks
(2000) found that two soils with clay contents of 5% and 32% would require soil
Mehlich 3 P (M3P) values of 253 mg dm and over 700 mg dm>, respectively to
produce runoff DRP concentrations of 1 mg L. Using ammonium oxalate
extractable Fe, Al, and P, Hooda et al. (2000) found that ammonium oxalate P
saturation index (PSlox) was the most significant soil property for predicting water

desorbable P from contrasting soils. Therefore, runoff P — soil P relationships



used to assess the potential for P loss in runoff will probably have to be soil and
site specific (Sharpley, 1995).

As many researchers have illustrated the relationship between runoff P
and soil P among a wide range of soil types, few have compared multiple soils
within one study. Using ten Oklahoma soils, Sharpley (1995) illustrated soil
specific relationships between runoff P and M3P. However, by correlating DRP
with soil P sorption maxima (Smax), it was found that a single relationship could be
used to describe all ten soils. This study suggests that soil P saturation based on
sorption maxima determines the potential for P loss in runoff (Sharpley, 1995).

Using three Ultisols, Pote et al. (1999) also found soil specific
relationships between runoff DRP and soil water soluble P (WSP). However, it
was found that the differences between the three soils evaluated could be
corrected by normalizing the DRP to runoff depth (cm). This finding suggests
that the relationship between runoff P and soil P is dependent upon soil
hydrology.

As both the physical and chemical properties of soil have been proven to
profoundly affect the relationship between runoff P and soil P it is important to
differentiate, if possible, which property may be the most important. Such data
are essential to the development of a P risk index to be used as a site specific
risk assessment and management tool. The objectives of this study are: (i) to
evaluate the impact of soil P on runoff P in three soil series within the Mollisol
order and (ii) to study how soil physical and chemical properties influence runoff

P,



METHODS AND MATERIALS
Soil

Three Oklahoma benchmark soils, Richfield, Dennis and Kirkland, were
selected for this study on the basis of geographic location, major land use area,
and physical properties (USDA — NRCS, 2000). The three soils were collected
from agricultural research stations located across Oklahoma (Fig. 1.1).

At each of the three locations, the top 15 cm of soil was collected using a
front-end loader. After collection, the soils were sieved (16 mm screen) to
remove rocks and plant materials, and then homogenized using an industrial
mortar mixer. Four diammonium phosphate (DAP) fertilizer treatments were
applied to each soil to reach predetermined M3P levels (Table 1.2). Dissolved
DAP fertilizer treatments were applied using a pressure sprayer during soil
homogenization. Fertilizer was added using an estimate of adding 2 mg fertilizer
P per kg of soil to raise soil M3P by 1 mg kg ~' (Philip Moore, personal
communication). The treated and mixed soils were placed in 42.25cm W x
100cm L x 13.75cm H wooden, mesh-bottomed boxes to a depth of 13 cm (Fig.
1.2). There were 48 boxes in total (3 soils, 4 treatments/soil test P levels, and 4
replications). The soils were frequently irrigated and allowed to reach a steady
state for M3P over a period of 210 days before rainfall simulation took place.
Representative soil samples were taken periodically to monitor M3P changes

over time. Plants were not grown in the soil boxes throughout the experiment.

Rainfall Simulation




The rainfall simulation was conducted using a solenoid-operated, variable
intensity rainfall simulator based on the design of Miller (1987) (Fig. 1.2) over the
week of June 25, 2001. The simulator has one TeeJet™ % HH-SS50WSQ
nozzle placed in the center of the 3m H x 2.8m L x 2.3m W aluminum frame. The
intensity of the simulated rainfall was controlled by the on-off spraying times (1.3
s on, 0.4 s off) of the nozzle. The pressure of the water supply for the rainfall

' which is in accordance with the

simulator was calibrated to deliver 756 mm hr ~
protocol recommended by the National Phosphorus Research Project (2002) and
equivalent to a 10-year storm event in north-central Oklahoma (USDC, 1961).
Twenty-four hr. prior to the rainfall simulation, the boxes were irrigated
until saturation and the excess water drained naturally. The bare soil surfaces
were roughed to a depth of 3cm to simulate a freshly tilled field. All runoff water
from each box was guided over a metal collection plate to one collection outlet
connected to a 16 mm rubber garden hose that dumped into a 17 L collection
container sealed with a watertight lid. Paraffin wax was used as a sealant
between the soil surface and the metal runoff collection plate to prevent any
runoff leakage from occurring during the rainfall simulation. Rainfall was applied
to soil boxes on a 5% slope until 30 min. of measurable runoff was collected.
From each collection container, total runoff volume was recorded for each soil
box. Collected runoff was manually agitated to re-suspend sediment before one
representative runoff sample (500 ml) was obtained for analyses. In addition, an

aliquot (500 ml) of well-mixed runoff from the B treatment for all soils and

replications was collected every 5 min. throughout the 30 min. runoff duration to



evaluate changes in runoff volume and P concentration over time. Soil samples
were collected from each box prior to rainfall simulation, and analyzed for

different forms of P and then correlated with runoff P.

Soil and Runoff Analyses

Mehlich 3 extractable P (M3P, Mehlich, 1984), water soluble P (WSP,
Self-Davis et al., 2000), P sorption maxima, ammonium oxalate extractable P, Al
and Fe, texture, soil organic matter (SOM), and pH was determined for the three
soils series evaluated. Soil characterization results are summarized in Table 1.1.
Phosphorus sorption isotherms were constructed by shaking (end-over-end, 24
hr.) 1 g soil with 25 ml of the following concentrations of P in 0.01 M CaCl;
solution: 0, 0.5, 1, 5, 10, 15, 20, 25, 40, and 50 mg/L (Graetz and Nair, 2000).
The samples were centrifuged at 10,000 rpm (14,470 x g) for 5 min., filtered
(0.45 um), and analyzed colorimetrically (Murphy and Riley, 1962). Phosphorus
sorption maximum (Smax) was determined as 1/slope of the linear Langmuir
equation for each soil (Graetz and Nair, 2000).

Mehlich 3 P was extracted by shaking (end-over-end, 5 min.) 2 g of soil
with 20 ml of Mehlich 3 extractant (Mehlich, 1984). The extracts were filtered
(Whatman #4) and analyzed colorimetrically (Murphy and Riley, 1962). In
addition, P sorption saturation (PSlsmax) was computed using soil WSP (mg kg™)
and Smax (Mg kg™') by the following equation (Sharpley, 1995):

PSlsmax (%) = (WSP/ Smax)*100 [eq. 1]

Soil WSP was extracted by shaking 2 g of soil (end-over-end, 1 hr.) with

20 ml of distilled water and centrifuging at 10,000 rpm (14,470 x g) for 5 min.



(Self-Davis et al., 2000). The supernatant was filtered (0.45 ym) and analyzed
for P colorimetrically (Murphy and Riley, 1962).

Ammonium oxalate extractable P, Al, and Fe was also measured. Thirty
ml of ammonium oxalate solution (16.2 g ammonium oxalate monohydrate, 10.8
g oxalic acid dihydrate made to one L with deionized water) (Schoumans, 2000)
was shaken (end-over-end, 2 hr) with 1.5 g of soil, filtered (Whatman #4), and
analyzed for Fe, Al, and P using an ICP-AES. Phosphorus saturation index by
ammonium oxalate extraction (PSlox) was computed using the P, Al, and Fe
contents (mmol kg™") using the following equation (Schoumans, 2000):

PSlox (%) = ([P} [Fe + Al])*100 [eq. 2]

Soil texture was determined using the hydrometer method (Klute, 1986).
Soil pH was determined using a glass electrode at a 1:1 soil/water ratio (w/v).
Soil organic matter was determined using a modified loss-on-ignition method
described by Ben-Dor and Banin (1989) in which 2 g of soil was placed in a
150°C oven to remove moisture (2 hr.), weighed (W1) then placed in a 425°C
oven to remove organic matter (2 hr.) and weighed again (W2). Soil organic
matter was calculated using the following equation:

SOM (%) = [(W1 —W2)/ W2]*100 [eq. 3]

Immediately after rainfall simulation, an aliquot of runoff water sample was
filtered (0.45um) and analyzed colorimetrically (Murphy and Riley, 1962) to
determine dissolved reactive P (DRP, Pote and Daniel, 2000). Total P (TP) from
each runoff sample was determined by digesting 25 ml of runoff at 175°C with 1

ml concentrated H,SO,4 and 5 ml concentrated HNO3 until a total volume of 1 ml



remained (Pote and Daniel, 2000). All digested samples were neutralized and
analyzed for P colorimetrically (Murphy and Riley, 1962). Particulate P (PP) was
calculated by subtracting DRP from TP. Runoff TP and DRP loads (mg) were
computed by multiplying DRP and TP concentration (mg L) by total runoff
volume (L).

Total suspended solids (TSS) were determined for all runoff water
samples by vacuum filtering (0.45um) 50 ml of well-mixed runoff water sample
and drying the vacuum filter cup and filter paper at 95°C. The initial dry weight of
the vacuum cup and filter was subtracted from the final dry weight of the
sediment, vacuum cup and filter to give TSS. Runoff TSS load (mg) was
calculated by multiplying TSS (mg L") by runoff volume (L) for all runoff water

samples.

Statistical Analysis

Simple linear regression was used to correlate runoff DRP and TP
concentrations with different soil P for all plots. The strengths of these
correlations were expressed by the coefficient of determination (r value;} These
data were also analyzed for significant differences among the three soil series

evaluated using analysis of covariance.



RESULTS AND DISCUSSION
The Effect of Fertilizer P on Soil Test P

Soil samples were collected from all soil treatments and analyzed
periodically over a year to assess the effect of fertilizer P on soil test P (STP)
over time. After fertilizer application, soil M3P increased sharply as the amount
of fertilizer P increased (Table 1.2). However, soil M3P decreased with time
since the first sampling. All three soil series evaluated followed a pattern of
rapidly decreasing M3P through the first 60 days followed by a slower decrease
through 120 days. During the remainder of the experiment, M3P continued to
decrease slowly and reached a steady state by 210 days (Fig. 1.3). This
suggests that a considerable amount of free P exists either in solution or as
undissolved P fertilizer shortly after P fertilizer application. This free P is easily
extractable and susceptible to dissolution and transport during a runoff event
resulting in greater P runoff risk. With time this free P is gradually precipitated as
Fe and Al phosphates in low pH soils or as Ca phosphates in higher pH soils.
Ultimately, apatite compounds may form over great periods of time rendering soll
P relatively insoluble (Pierzynski et al., 1994; Havlin et al., 1999). As runoff P is
directly related to soil test P, the length of time between P application and the
first runoff event is very important (Sharpley et al., 1994; Daniel et al., 1994).
This suggests that as soil P was highest shortly after P fertilizer application,
runoff P would also be highest immediately after fertilizer application.

Based on the changes of M3P averaged over all three soils 1 yr. after P

fertilizer addition, it was determined that soil M3P would be raised 1 mg kg™ by



the addition of 1.48 mg kg™ fertilizer P or a fertilizer P to M3P ratio of 1.48:1 (Fig
1.4). More specifically, the Richfield and Dennis series had very similar results
requiring ratios of 1.56:1 and 1.58:1, respectively, and the Kirkland series
required 1.32:1. From a long term soil fertility field study, Johnson et al. (1998)
found that the addition of as much as 6 mg kg™ fertilizer P is required to raise soil
M3P 1 mg kg ~'. It is difficult to compare the results of this study with the field
data since the field study lasted for more than 25 yrs. and field P loss beyond
crop removal was not included. However, the present study collected data in a
controlled environment over a period of one year. Producers and researchers
would be able to predict STP if the relationship between STP and P addition can
be established, but short-term experiments may result in different relationships

from those derived from long term field data.

Impact of Runoff Duration on Runoff P

Simulated rainfall was applied to all soil boxes at an intensity of 75 mm
hr'. At this intensity, measurable runoff began 4 to 7 min. after rainfall was
applied to soil boxes. Rainwater penetrated through the soil surface or
accumulated in small depressions before runoff started. Infiltration rates were
determined by subtracting the volume of runoff collected in 5 min. intervals from
the total volume of rainfall that was applied to the soil surface during the same
time period. Overall infiltration rates were greatest for the Dennis series (Fig.
1.5). Consequently, the Dennis series resulted in lowest runoff volumes while
the Kirkland and Richfield series had higher but similar runoff volumes and

infiltration rates (Fig 1.5).
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Runoff water samples were also taken from the 235, 225, and 180 mg kg™
treatments (all replications) for the Richfield, Dennis, and Kirkland soil,
respectively, every 5 min. to evaluate runoff P changes over the observed 30
min. runoff duration. The DRP concentration of the 5 min. samples decreased
with time over the 30 min. runoff duration and was negatively correlated (r?=0.64-
0.97; p<0.05) with runoff volume measured also at 5 min. intervals (Fig 1.6, 1.7).
Total P (TP) in the runoff of 5 min. samples also decreased with time and was
negatively correlated to runoff volume as increasing runoff volume with time
diluted the runoff TP concentration. These data suggest that over longer rainfall
— runoff duration runoff P concentrations would likely continue to decrease. This
is in agreement with Quinton et al. (2001) who found that runoff P concentrations

generally decreased with increasing rainfall - runoff event duration.

Relationships between Runoff P and Soil P

Soil samples were collected immediately prior to rainfall simulation and
analyzed for M3P, WSP, PSlox and PSlsmax (Table 1.2). All these soil P values
were well correlated among themselves and were used to correlate with runoff
properties. In addition, the source water (potable well water) used for the rainfall
simulation had an average TP and DRP of 0.07 mg L™

Total P concentrations in runoff ranged from 1.0 to 13.8 mg L™ for all
treatments (Table 1.3). Total P was significantly (p<0.05) correlated to M3P
(?=0.81-0.92), WSP (r?=0.77-0.85), PSlox (r*=0.66-0.85), and PSlsmax (r*=0.81-

0.92). However, particulate P (PP) was not well correlated to soil M3P, WSP,

13



PSlox, or PSlsmax. Particulate P constituted most (>58%) of TP for all treatments
although the percentage of PP decreased with an increase in soil P (Table 1.3).

Runoff DRP ranged from 0.1 to 3.8 mg L for all treatments (Table 1.3)
and was significantly (p<0.05) correlated to M3P (r*=0.92-0.95), WSP (r?>=0.88-
0.96), PSlox (r*=0.84-0.94), and PSlsmax (*=0.92-0.95) (Table 1.4). Additionally,
each soil series expressed a significantly (p<0.05) different relationship between
DRP and soil WSP and M3P when compared among the three soil series. These
findings are consistent with that found by Pote et al. (1999) among three Ultisols
and other researchers who have studied the relationship between runoff P and
soil P (Sharpley, 1995; Cox and Hendricks, 2000).

Although researchers have found that runoff P is often a function of P
sorption capacities and texture (Cox and Hendricks, 2000; Sharpley 1995), the
high levels of soil P in this study likely masked the influence of P sorption and
texture on runoff P. As a result, the differences observed among the three soils
in the runoff DRP-soil P relationship are probably a result of the varying
hydrologic properties of the three soils evaluated in this study (Table 1.1). For
example, the Dennis series, the soil with the lowest clay content and Smax, had
the lowest DRP concentration at any given level of soil P. The Dennis series
also displayed the greatest infiltration rate and consequently the smallest
average runoff volume. Because the Dennis soil has a high infiltration rate
relative to the remaining soils, the rain that strikes the soil surface is subject to
greater infiltration and less surface flow and thus has a diminished ability to

dissolve P and detach finer soil particles for transport in runoff. In addition, the
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Dennis series resulted in the lowest overall TSS concentration, TP concentration,
TP load, and DRP load.

The other two soils were similar in infiltration rate, though the Kirkland
series produced a larger average runoff volume. The Kirkland series produced a
lower concentration of DRP at high levels of soil P compared to the Richfield
series. The Kirkland series also produced the largest concentration of TSS, TP
and TP load. However, the Richfield series released the largest concentration of
DRP and DRP load. The difference between the two being that PP constituted a
larger portion of TP in the Kirkland series. This suggests that the Kirkland series
is more susceptible to erosion processes than the Richfield series and the
Richfield series has a higher potential to release DRP to runoff than the Kirkland
series.

Several approaches were examined here in an effort to develop one
regression equation to describe the relationship between runoff DRP and soil P
for all three soils series. Each of these approaches considered a soil chemical or
physical property to attempt to describe the relationship between runoff DRP and
soil P for all three soils in one regression equation. The first approach was to
normalize runoff DRP concentrations (mg L) by including hydrologic data (runoff
depth, mm) using the following equation:

NDRP = DRP / Runoff depth [eq. 4]
However, it was found that when normalized DRP (NDRP) was correlated to soll

WSP the relationships remained soil-specific. This suggests one regression
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equation could not be used to accurately describe the relationship between runoff
NDRP and soil P (Fig 1.12).

In a similar study, Pote et al. (1999) normalized runoff DRP concentrations
in a similar manner for three Ultisols to correct for observed DRP-soil P
relationship differences among soils. However, Pote et al. (1999) found that by
normalizing runoff DRP concentration one regression equation could be used to
describe the relationship between runoff DRP and soil P. As the Pote et al.
(1999) study was performed on three Ultisols in a field situation, the hydrological
properties of the soils evaluated were probably not impacted to the extent of the
soils in this study. The soils in this study were removed from the field and
sieved. Both of these actions may have impacted the physical properties (e.g.
bulk density, pore volume, etc.) of the soils. In addition, this study worked with a
much wider range of M3P and WSP and the differences between the regression
lines seem to be amplified at high levels of M3P and WSP. Lastly, all soil
surfaces in this study had no surface cover while the sites evaluated by Pote et
al. (1999) were under well established tall fescue (Festuca arundinacea).

Another approach evaluated to correct for observed differences in the
runoff DRP — soil P relationship considered the degree of soil P saturation.
Runoff DRP was correlated to soil P sorption saturation index (PSlsmax), which
was calculated using soil WSP and soil P sorption maxima, and ammonium
oxalate P sorption index (PSlox). For all three soils, runoff DRP was highly
correlated (r=0.92-0.95; p<0.05) with PSlsmax, although, the regression

equations varied by soil (Table 1.4; Fig. 1.10). This suggests that one regression
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equation can't be used to describe the relationship between runoff DRP and soil
PSlsmax. However, Sharpley (1995) found that by relating runoff DRP to soil
PSlsmax (soil M3P/ Smax), one regression equation could be used to describe the
dependence of runoff DRP on PSlgmax from 10 soils recently amended with
poultry litter.

Runoff DRP was also highly correlated (r*=0.84-0.94; p<0.05) with PSlox
(eq. 2) for all soils evaluated (Table 1.4; Fig. 1.11). By using the PSlox approach,
it was found that one regression equation could be used to describe the DRP-
PSlox relationship for both the Richfield and Kirkland soil series, but not for the
Dennis series. Using PSlox shows promise as a soil analysis that may be used
to describe the relationship between runoff DRP and soil P for groups of soils.
However, further research is required to define the criteria needed to group soils
to allow for general runoff DRP predictions based only upon PSlox. Furthermore,
as PSlox is not a common soil analysis, additional expenses are needed to

perform this test.
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CONCLUSIONS

The addition of fertilizer P to the three soils in this experiment caused a
dramatic increase in soil M3P initially. However, soil M3P decreased rapidly
within the first 60 days and continued to change slowly through 120 days. By
210 days after P fertilizer addition, the change in soil M3P seemingly leveled off
indicating that STP had reached a steady state. This information may be useful
for timing experiments involving the addition of fertilizer P to soil environments,
such as rainfall simulation experiments or to raise soil test P for other studies.

It was found the addition of about 1.5 mg fertilizer P for each kg soil raised
M3P one unit (mg kg') one year after P addition. As this was an indoor
experiment, many environmental variables were controlled and thus provided an
accurate assessment of the actual amount of fertilizer P required to raise soil
M3P by one unit. This information may also provide useful for future controlled
environment experiments involving the addition of fertiizer P to achieve a
predetermined soil M3P level, and to estimate time required to reach a critical
M3P level for farmers.

Dissolved reactive P and TP concentrations decreased over time during
the 30 min. runoff duration for all soils tested. This suggests that with increased
runoff duration, runoff P concentrations would likely continue to decrease.

Of the three soil series studied, runoff DRP and TP were highly correlated
with soil M3P, WSP, PSlsmax, and PSlox. However, the relationship between
runoff DRP and soil M3P and soil WSP was significantly different for each soil

series evaluated. Although relating runoff DRP to PSlsmax and PSlox did not
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result in one regression equation that could describe the relationship between
runoff DRP and soil P for all three soil series evaluated, using PSlox showed
promise as a soil analysis that may be used to describe the relationship between
runoff DRP and soil P for groups of soils. However, further research is required
to define the soil property criteria needed to group soils to allow for general runoff
DRP predictions based only upon PSlox.

In this study, soil hydrology seemed to be the most important soil property
controlling runoff P concentrations. Low DRP concentrations coincided with low
runoff volumes suggesting soil hydrology has an impact on the relationship

between runoff P and soil test P.
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Table 1.1. Soil classification and chemical and physical characteristics of three soils series evaluated

Soil Series Classification§ pH Smaxt Clay Sand Silt Organic Matter
—mg kg — %

Richfield Ardic Argiustoll 7.6 312 34 21 45 1.8

Dennis Acquic Argiudoll T3 189 11 30 59 2.0

Kirkland Udertic Paleustoll 54 244 24 28 48 2.4

§ USDA — NRCS, 2000
1 P sorption maximum (Smax) calculated as 1/slope of linear Langmuir P sorption isotherms



Table 1.2. Amount of fertilizer phosphorus added and mean soil phosphorus values for each treatment!

144

Soil Series P Added Mehlich 3 P* Water Soluble P* PSlox™™* PS|smax 3+
—mg kg — —mg kg"'— —mg kg'— % %
Richfield 0 28 (1.7) 4.3 (0.4) 13 (1.4) 1.4 (0.13)
235 172 (14) 32 (5.7) 26 (4.3) 10 (1.8)
635 428 (15) 58 (14) 51 (1.0) 27 (4.4)
1135 817 (42) 196 (21) 78 (3.2) 63 (14)
Dennis 0 35 (1.8) 3.2(0.2) 10 (1.1) 1.7 (0.12)
225 144 (6.7) 17 (1.6) 24 (2.6) 9.2 (0.82)
625 411 (28) 67 (8.0) 47 (6.0) 35 (4.2)
1125 925 (79) 230 (54) 92 (31) 122 (28)
Kirkland 0 57 (0.7) 4.0 (1.4) 11 (0.4) 1.6 (0.58)
180 169 (12) 18 (3.3) 19 (0.2) 7.5(1.3)
580 478 (19) 67 (4.1) 36 (1.9) 28 (1.7)
1080 919 (100) 146 (34) 52 (3.4) 60 (14)

TAll analysis conducted after 210-day soil equilibration time

FAmmonium Oxalate P Saturation Index (PSlox) based ammonium extractable P, Al and Fe
§P Sorption Saturation (PSlsmax) based on Water Soluble and P sorption maxima

*Values reported as mean of four replications with standard deviation in parentheses
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Table 1.4. Runoff dissolved reactive phosphorus (DRP) correlated to four soil phosphorus levels

Richfield Soil Series Dennis Soil Series Kirkland Soil Series
7 7 ?
DRP=0.0046M3P - 0.14 0.95 DRP=0.0019M3P + 0.037 0.95 DRP=0.0025M3P + 0.029 0.92
DRP=0.018WSP + 0.037 0.96 DRP=0.0073WSP + 0.21 0.93 DRP=0.014WSP + 0.19 0.88
DRP=0.054PSlox - 0.72 0.91 DRP=0.019PSlox - 0.037 0.84 DRP=0.053PSlpx - 0.54 0.94
DRP=0.058PSI|gmax - 0.37 0.96 DRP=0.025PSI|gmax + 0.22 0.89 DRP=0.053PSlgmay + 0.54 0.94

*All r* values were significant (a = 0.05)

tM3P - Soil Mehlich 3 P

IWSP - Soil Water Soluble P

§PSlox - Ammonium Oxalate P Saturation Index
**PSlsmax - P Sorption Saturation
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Figure 1.1. Locations of Richfield, Kirkland and Dennis soils collected for the
study.
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Figure 1.2. Solenoid-operated, variable intensity rainfall simulator with paired 1m
x 0.42m runoff boxes.
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Chapter 2

PHOSPHORUS LOSS IN RUNOFF FROM LONG-TERM

CONTINUOUS WHEAT FERTILITY TRIALS

ABSTRACT

Runoff from intensely managed winter wheat (Triticum aestivum)
production may contain elevated levels of phosphorus (P), which can degrade
surface water quality. However, limited information exists concerning the impact
soil P level has on the P content of runoff from areas of long-term continuous
winter wheat production. Paired 1m x 2m runoff plots were established on three
existing long-term continuous winter wheat fertility experiments. Two experiments
have received annual fertilizer P application at different rates since 1970, and the
third one received a one-time P application at much higher rates in 1977.
Simulated rain (75 mm hr') produced 30 min. of runoff from plots with different
soil test P levels; and runoff was collected and analyzed for dissolved reactive P
and total P. Soil samples (0-15cm) were collected from runoff plots and analyzed
for Mehlich 3 P, water soluble P, ammonium oxalate P saturation index, and P
sorption saturation. Soil Mehlich 3 P ranged from 12 to 130 mg kg™'. Runoff total
P and dissolved reactive P (DRP) concentrations ranged from 0.47 to 1.5 mg L™
and 0.07 to 0.70 mg L, respectively. Runoff DRP was well correlated (p<0.05)
with M3P (*=0.56-0.69), WSP (r*=0.48-0.69), PSlox (*=0.50-0.51), and PSlsmax

(’=0.56-0.69) for all soil series tested. However, the regression equations
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between DRP and soil M3P were different for different soils suggesting that soil P
management strategies should be made on a soil specific basis. For a given
level of soil M3P, high soil P sorption maximum coincided with low runoff DRP
concentrations. This suggests the importance of a soil's ability to retain P in

determining P loss in runoff.
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INTRODUCTION

Phosphorus (P) loss from intensely managed agro-ecosystems is often
associated with accelerated eutrophication and algal blooms in lakes and other
surface water bodies (Zemenchik et al., 2002). Over the past 25 yr., the amount
of plant-available P in some soils have increased substantially from excessive P
fertilizer and manure application (Bundy et al., 2001). When elevated soil P
levels coincide with zones of surface runoff, elevated soil P levels can account
for most of the total annual load of P in surface water (Edwards et al., 1993).
Consequently, controlling agricultural non-point source (NPS) P loss is of great
concern to minimize surface water degradation (USEPA, 1998).

At present, a large amount of P runoff information deals with animal
manure applications. Mueller et al. (1984) compared runoff P from varying tillage
systems for corn and found that surfacing spreading manure increased runoff
dissolved reactive P (DRP). Cox and Hendricks (2000) found that two Ultisols
amended with poultry litter increased in soil Mehlich 3 P and runoff DRP. Sauer
et al. (2000) found that poultry litter treated plots had higher concentrations of
runoff P compared to untreated pasture and forested runoff plots.

Researchers have also compared runoff P from varying tillage and
cropping systems receiving commercial P fertilizers. Romkens et al. (1973)
working with corn, found that reduced tillage systems decreased sediment
nutrient losses but increased runoff dissolved P concentrations when compared
to conventional tillage. Gascho et al. (1998) also working with corn, found that

runoff P losses were greatest one day after commercial P fertilizer application.
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Sharpley et al (1991) stated that conservation tillage reduced sediment and P
transport in runoff relative to conventional tillage while working with sorghum in
the Southern Plains. Douglas et al. (1998) found that runoff P was higher for
continuous fallow than for both winter wheat and spring pea cropping systems.

Additionally, earlier runoff P - soil P experiments were conducted on soils
amended with P fertilizer or manure to establish a wide range of soil P levels.
Often times, these fertilizer or manure amendments are applied shortly before
the data were collected resulting in a relatively short time period for the fertilizer
or manure amendment to react with the soil. Reddy et al. (1978), using soil
micro-plots amended with manure and commercial fertilizers that were incubated
for 23 days, found that runoff P loss increased with increased chemical P and
manure applications. Edwards and Daniel (1993) applied simulated rainfall to
soil plots 24 hr. after manure application and found that runoff P increased with
increased manure application. Bundy et al. (2001) found that P in runoff
collected from no-till corn production plots that had received manure and
biosolids for 5 yr. increased as Bray 1 P increased. Cox and Hendricks (2000)
found that runoff DRP losses increased with recent fertilizer P application in
wheat (Triticum aestivum) and barley (Hordeum vulgare) production.

However, there are few studies that involve experimental soils or sites that
have been under long-term fertilizer P application and have been under long-
term continuous winter wheat (Triticum aestivum) cultivation. Consequently, the
relationship between soil P and runoff P in soils under long-term continuous

winter wheat cultivation receiving chemical fertilizer has not been thoroughly
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researched. The objective of this study is to evaluate the relationship between
runoff P and soil P on three Oklahoma soils that have been under continuous
wheat production and have received long-term P fertility treatments for over 30

years.
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MATERIALS AND METHODS

Rainfall Simulation Sites

Three sites (Lahoma, Stillwater, and Haskell research stations) were
chosen from existing long-term fertility research plots located across Oklahoma
to evaluate the relationship between runoff P and soil P (Figure 2.1). The
Lahoma site (long-term fertility experiment #502) was established on a Grant silt
loam in the fall of 1970 (Raun et al., 2000) with five fertilizer P (triple super
phosphate, 0-46-0) application rates (0-40 kg P ha™, 5 treatments) on an annual
basis and has been under continuous winter wheat (Triticum aestivum)
cultivation (Table 2.2). The last P fertilization was about one year before rainfall
simulation took place.

The Stillwater site (long-term fertility experiment #222) was established on
a Kirkland loam in 1969 (Raun et al., 2000) with four fertilizer P (triple super
phosphate, 0-46-0) application rates (0-44 kg P ha™, 4 treatments) on an annual
basis and has been under continuous winter wheat (Triticum aestivum)
cultivation for 31 years (Table 2.2). The last P fertilization was also about one
year before rainfall simulation.

The Haskell site (long-term fertility experiment #802) was established in
the fall of 1977 on a Taloka silt loam (Raun et al., 2000) with four, one time
fertilizer P, (triple super phosphate, 0-46-0) application rates (0-587 kg P ha™, 4
treatments) in the fall of 1977 (Table 2.2). In addition, winter wheat (Triticum

aestivum) has been planted for 23 continuous years. To alleviate soil acidity



problems, lime was applied for two consecutive years (July 1998 and July 1999)

at a rate of 1600kg ECCE ha™ (Raun et al., 2000).

Runoff Plots

At each of the three sites, two sets of paired runoff plots were established
on each P rate treatment (5-Stillwater, 4-Lahoma, 4-Haskell) to give four
replications per treatment and 52 total runoff plots. Each site was disked before
1m x 2m runoff plots were established using 0.2cm x 15cm metal strips installed
to a depth of 10 cm on 5% sloped fertility plots. Runoff gutter was installed on
the down-slope end of the plot to collect runoff. In addition, paraffin wax was
used to seal runoff gutter to soil to prevent runoff loss underneath and around the
gutter. Plexi-glass strips were placed over guttering to prevent rainfall from
falling directly into runoff gutter while still allowing runoff collection. Twenty-four

hr. prior to rainfall simulation, all runoff plots were irrigated until saturated.

Rainfall Simulation

Rainfall simulations were conducted at the Stillwater and Lahoma sites
during August 2000 and the Haskell rainfall simulation was conducted during
August 2001. Simulated rainfall was applied using a portable, solenoid-operated,
variable intensity rainfall simulator based on the design of Miller (1987) (Fig. 2.2)
with one TeeJet™ % HH-SS50WSQ nozzle placed in the center of the 3m H x
2.8m L x 2.3m W aluminum frame. The rainfall simulator was calibrated to
deliver 75 mm hr™', which is in accordance with the protocol recommended by the

National Phosphorus Research Project (NPRP) and equivalent to a 10-year

45



storm event in north-central Oklahoma (USDC, 1961). The intensity of the
rainfall was controlled by the on-off (1.3 s on; 0.4 s off) spraying times of the
nozzle. Water was supplied to the simulator from a 500 gal water tank that was
filled from the respective research station’s potable well water source.

At each experimental site, simulated rainfall was applied to runoff plots
until 30 min. of measurable runoff was collected. Peristaltic pumps were used to
transfer runoff collected in each gutter to 35 L collection containers. The
accumulative runoff volume was recorded every five min. for 30 min.. Collected
runoff was manually agitated to homogenously re-suspend sediment before one
representative runoff sample (500 ml) was obtained from each runoff plot for P

analysis. Runoff samples were stored at 4°C until lab analyses were performed.

Soil and Runoff Analyses

Shortly after rainfall simulations, soil samples (0-15cm) were collected for
characterization and for correlation with runoff P. Mehlich 3 extractable P (M3P,
Mehlich, 1984), water soluble P (WSP, Self-Davis et al., 2000), P sorption
maxima, ammonium oxalate extractable P, Al and Fe, texture, soil organic matter
(OM), and pH were determined for the three soils series evaluated. Soil
characterization results are summarized in Table 2.1. Phosphorus sorption
isotherms were constructed by shaking (end-over-end, 24 hr.) 1 g soil with 25 ml
of the following concentrations of P in 0.01 M CaCl; solution: 0, 0.5, 1, 5, 10, 15,
20, 25, 40, and 50 mg/L (Graetz and Nair, 2000). The samples were centrifuged
at 10,000 rpm (14,470 x g) for 5 min., filtered (0.45 pum), and analyzed for P

colorimetrically (Murphy and Riley, 1962). Phosphorus sorption maximum
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(Smax) was determined as 1/slope of the linear Langmuir equation of the
isotherm for each soil (Graetz and Nair, 2000).

Mehlich 3 P was extracted by shaking (end-over-end, 5 min.) 2 g of each
soil with 20 ml of extractant (Mehlich, 1984). Extracts were filtered (Whatman
#4) and analyzed colorimetrically (Murphy and Riley, 1962). In addition, P
sorption saturation (PSlsmax) Was computed using WSP and Smax (mg kg™') by
the following equation (Sharpley, 1995):

PSlsmax (%) = (WSP/ Smax)*100 [eq. 1]

Soil WSP was extracted by shaking 2 g of soil (end-over-end, 1 hr.) with
20 ml of distilled water and centrifuging at 10,000 rpm (14,470 x g) for 5 min.
(Self-Davis et al., 2000). The supernatant was filtered (0.45 pm), and analyzed
for P colorimetrically (Murphy and Riley, 1962).

Ammonium oxalate extractable P, Al, and Fe were also measured. Thirty
ml of ammonium oxalate solution (16.2 g ammonium oxalate monohydrate, 10.8
g oxalic acid dihydrate made to one L with deionized water; Schoumans, 2000)
was shaken (end-over-end, 2 hr.) with 1.5 g of solil, filtered (Whatman #4), and
analyzed for P, Al, and Fe using an ICP-AES. Phosphorus saturation index by
ammonium oxalate extraction (PSlox) was computed using the P, Al, and Fe
contents (mmol kg™') by the following equation (Schoumans, 2000):

PSlox (%) = ([P)/ [Fe + Al])*100 [eq. 2]

Soil texture was determined using the hydrometer method (Gee and
Bauder, 1986). Soil pH was determined using a glass electrode at a 1:1 soil/

water ratio (w/v). Soil organic matter was determined using a modified loss-on-
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ignition method described by Ben-Dor and Banin (1989) in which 2 g of soil was
placed in a 150°C oven to remove moisture (2 hr.), weighed (W1) then placed in
a 425°C oven to remove organic matter (2 hr.) and weighed again (W2). Soil
organic matter was calculated using the following equation:

OM (%) = [(W1 - W2)/ W2]*100 [eq. 3]

Immediately after rainfall simulation, an aliquot from every runoff water
sample was filtered (0.45um) and analyzed colorimetrically to determine
dissolved reactive P (DRP, Pote and Daniel, 2000). Total P (TP) from each
runoff sample was determined by digesting 25 ml of runoff at 175°C with 1 ml
concentrated HSO4 and 5 ml concentrated HNO3 until a total volume of 1 ml
remained (Pote and Daniel, 2000). All digested samples were neutralized and
analyzed for P colorimetrically (Murphy and Riley, 1962). Particulate P (PP) was
calculated by subtracting DRP from TP. Runoff TP and DRP loads (mg) were
computed by multiplying DRP and TP concentration (mg L") by total runoff
volume (L).

Total suspended solids (TSS) were determined for all runoff water
samples by vacuum filtering (0.45um) 50 ml of well-mixed runoff water sample
and drying the vacuum filter cup and filter paper at 95°C. The initial dry weight of
the vacuum cup and filter was subtracted from the final dry weight of the
sediment, vacuum cup and filter to give TSS. Runoff TSS load (mg) was

calculated by multiplying TSS (mg L") by runoff volume (L) of each treatment.

Statistical Analysis
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Simple linear regression was used to correlate runoff DRP and TP
concentrations with four types of soil P levels for all plots. The strengths of these
correlations were expressed by the coefficient of determination (r2 value). These
data were also tested for significance among the three soil series evaluated

using analysis of covariance.
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RESULTS AND DISCUSSION

Soil Phosphorus

Using P adsorption isotherms, it was found that the Kirkland soil had the
greatest P sorption capacity (263 mg kg™”) followed by the Taloka soil (227 mg
kg') and the Grant soil (175 mg kg'). In addition, the annual application of
commercial P fertilizers on the Kirkland and Grant soils and the large one-time
application of P fertilizer on the Taloka soil resulted in a wide range (12-130 mg
kg™) of soil M3P (Table 2.2). Soil M3P and WSP was linearly related (p<0.05) to
P application rate (r’=0.95-0.99; r’=0.86-0.99, respectively). As soil WSP
generally constituted a small portion of soil M3P, a minimal amount of free P
existed in soil. In addition, PSlox and PSlsmax were determined to estimate the
amount of soil P as a percent of the amount of P that can be held by the soil.
Both indices were low for all treatments, but were well correlated (r*>0.95;

p<0.05) to P fertilizer application rate for all soils evaluated.

Rainfall Simulation and Runoff

Rainfall simulation source water used in this study had relatively low TP
and DRP concentrations in comparison to runoff TP and DRP. Water used on
the Grant, Kirkland, and Taloka soils averaged 0.10, 0.04, and 0.07 mg L' TP,
respectively. Simulated rainfall was applied to runoff plots 24 hr. after the plots
were saturated. Rainfall infiltrated the soil surface and collected in small
pondings before measurable runoff was observed. Time from the start of rain to

measurable runoff began ranged from 4 to 12 min. among all treatment and soils.
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All three runoff study sites had virtually no surface cover except for small
amounts of wheat stubble (<5%) and had similar surface slopes (5%). The Grant
series began runoff quicker on average than the other 2 soil series evaluated.
The Grant and Taloka soils exhibited similar infiltration rates and runoff volumes
and the Kirkland soil exhibited the lowest average infiltration rates and greatest
average runoff volumes (Table 2.3, Figure 2.3).

Total suspended solids (TSS) concentrations in the runoff were similar
among three soil series (Table 2.3). However, as runoff volumes were greatest
for the Kirkland series, TSS load (the total amount of suspended sediment lost,
mg) was greatest for the Kirkland soil (data not shown). Runoff total P (TP) was
well correlated (*=0.88; p<0.05) to runoff TSS for the Kirkland soil, but weakly
correlated to runoff TSS for the Taloka (=0.21) and Grant soils (*=0.18) (Fig.
2.4). Runoff TP concentrations were similar for the three soil series tested (Table
2.3). However, as the Kirkland soil produced the greatest overall runoff volume,
it also lost the greatest average amount (load, mg) of P in runoff (Table 2.3).
This suggests that the Kirkland soil would pose the greatest overall risk of P loss

in runoff among all three soil series evaluated.

Relationship between Runoff TP and Soil P

In this study, soil Mehlich 3 P (M3P), soil water soluble P (WSP)
ammonium oxalate P saturation index (PSlox), and P sorption saturation
(PSlsmax) served as poor predictors of runoff TP concentrations for the Grant and
Taloka soil series (Table 2.4). However, runoff TP from the Kirkland soil was well

correlated with soil M3P (?=0.66), WSP (=0.61), PSlox (?=0.72), and PSlsmax
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(*=0.66) (Table 2.4). It is important to note that particulate P (PP) constituted
the majority of TP lost in runoff from all three soil series. This is consistent with
that found by other researchers under similar runoff conditions (Romkens and
Nelson, 1974, Reddy et al., 1978; Sharpley, 1997). Particulate P on average
accounted for 93, 83, and 70% of TP lost in runoff from the Kirkland, Taloka, and
Grant soils, respectively (Table 2.3). No significant differences in % PP were

detected between treatments within each soil series.

Relationship between Runoff DRP and Soil P

Runoff dissolved reactive P (DRP), the portion of runoff TP that is
immediately bioavailable, was well correlated (p<0.05) with M3P (r*=0.56-0.69),
WSP (*=0.48-0.69), PSlox (r*=0.50-0.51), and PSlsmax (r*=0.48-0.69) for all soil
series tested (Table 2.5). Of the soil P values tested here (M3P, WSP, PSlox,
and PSlsmax), soil M3P was the most highly correlated (r*>0.56) to runoff DRP for
all three soils (Fig. 2.5; Table 2.5). Judging by the coefficient of determination (r?
value), the relationship between runoff DRP and soil P was stronger for the Grant
and Taloka soils than for the Kirkland soil. It should also be noted that DRP
constituted a greater proportion of TP for the Grant (30%) and Taloka (17%) soils
than for the Kirkland soil (7%). This suggests that when DRP constitutes a
significant portion of runoff TP (i.e. > 17%), soil P would serve as better
predictors of runoff DRP concentrations than when DRP constituted a small
portion of the runoff TP.

The relationship between runoff DRP and M3P was significantly different

(p<0.05) for the Grant and Kirkland soils. Although no other significant
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differences were observed, the slopes of the relationships between runoff DRP
and soil M3P for the three soils varied widely. This suggests that runoff DRP —
soil M3P relationships used in P management strategies will probably have to be
soil specific. For example, the Kirkland soil (27% clay, Smax 263 mg kg™)
produced a runoff DRP concentration of 0.09 mg L™ at a soil M3P level of 50 mg
kg™'while the Grant soil (25 % clay, Smax 175 mg kg™') produced a runoff DRP
concentration of 0.3 mg L™ at the same soil M3P level. As the Kirkland soil
series has a larger Smax than the other two soils, DRP concentrations in runoff
were consistently lower than for the remaining soils.

In this study, Smax seemed to be the soil property most related to the
runoff DRP. Phosphorus sorption maximum (Smax) is the maximum amount of
P that a particular soil may hold. For example, the Grant soil had the lowest
Smax (175 mg ha-1) and released the greatest amount of runoff DRP per unit
soil M3P in comparison to the remaining two soils. This is consistent with that
found by other researchers.

The slopes of the relationship between runoff DRP and soil M3P ranged
from 0.0016 to 0.0045. The slopes of the same relationship on pasture lands
(0.0016-0.0035) and forested lands (0.014) are considerably different (Pote et al.,
1999; Sauer et al., 2000). In a similar study, Cox and Hendricks (2000) found
that runoff DRP — soil M3P relationship slopes varied (0.0014 to 0.0040) in
conventional and no-till wheat and barley cropping systems. This suggests that

land use and management practices can also greatly affect the relationship
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between soil M3P and runoff DRP. As a result, P management

recommendations should consider land use and management.
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CONCLUSIONS

Due to commercial P fertilizer application, a wide range of soil P levels
was observed in the three long-term continuous wheat fertility trials evaluated.
Additionally, soil P level was well correlated with commercial P fertilizer
application rate at all three sites evaluated. Runoff TP concentrations were
similar for all soil series evaluated though not well correlated to soil test P. Of the
soil series tested, the Kirkland soil produced the greatest runoff volume and the
lowest overall infiltration rate. As a result, the Kirkland soil lost the highest total
amount of P in runoff. This suggests that the Kirkland soil would pose the
greatest overall risk of P loss in runoff when compared to the other two soils
evaluated in this study.

Runoff DRP was well correlated to soil M3P, WSP, PSlox, and PSlgmax. It
was also found that when runoff DRP constitutes a large percentage of runoff TP,
the relationship between runoff DRP and soil M3P improves. However, the
slopes of the relationship between runoff DRP and soil M3P varied considerably
across soils evaluated within this study. The Smax property of soil seemed to be
responsible for the observed variation in the relationship between runoff DRP
and soil M3P among different soils. For example, the soil with the lowest Smax
(the Grant soil) released the highest concentration of runoff DRP per unit soil P
while the soil with the highest Smax (the Kirkland soil) released the lowest
concentration of runoff DRP per unit soil P.

In comparison to the work of others on pasture, forest, and cultivated

sites, it was found that the slope of the regression line between runoff DRP and
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soil M3P varies not only with soil type but also with land use and management
practices and type and method of fertilizer P application. This suggests that P
management recommendations must be made on a site-specific basis and

include factors such as land use and management practices.
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Table 2.1. Soil Classification and chemical and physical characteristics of long-term fertility runoff plots

Soil Series Classification§ pH Smaxt Clay Sand Silt Organic Matter
—mg kg — %

Grant Udic Argiustoll 5:4 175 25 25 50 1.9

Kirkland Udertic Paleustoll 5.4 263 27 20 53 2.3

Taloka Mollic Albaqualf 7.0 227 19 28 53 1.6

§ USDA — NRCS, 2000

1 P sorption maximum (Smax) calculated as 1/slope of linear Langmuir P sorption isotherms
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Table 2.2. Fertilizer phosphorus rates and mean soil phosphorus values for long-term fertility runoff plots

Soil Series P Added Mehlich 3 P Water Soluble P PSloxt PSlsmax§
—kg ha'— —mg kg'— —mg kg'— % %
Grant T 0 (0) 19 (1.3) 0.95 (0.06) 7.2 (0.34) 0.54 (0.03)
290 (10) 42 (6.1) 2.8 (0.84) 9.7 (0.71) 1.6 (0.43)
638 (22) 66 (4.5) 5.3 (0.77) 13 (0.53) 3.0 (0.44)
841 (29) 77 (11) 6.7 (1.5) 13 (0.61) 3.8 (0.34)
1160 (40) 130 (18) 16 (2.1) 16 (2.8) 9.0 (1.2)
Kirkland 1 0 (0) 15.(2.5) 0.95 (0.13) 5.0 (1.1) 0.36 (0.07)
465 (15) 38 (2.1) 2.3 (0.22) 7.1 (0.42) 0.87 (0.03)
930 (30) 66 (6.4) 3.9 (0.44) 9.1 (0.74) 1.5 (0.17)
1364 (44) 85 (3.7) 5.1 (1.4) 12 (0.55) 1.9 (0.54)
Taloka t 0 12 (0.41) 0.70 (0.10) 5.9 (0.42) 0.31 (0.05)
117 13 (0.65) 0.93 (0.17) 6.4 (0.42) 0.41 (0.03)
293 27 (0.85) 2.0 (0.23) 8.0 (0.66) 0.86 (0.10)
587 45 (7.9) 3.0 (0.64) 11 (1.3) 1.3 (0.23)

T Total amount of P applied over the duration of the fertility experiment with yearly application in parentheses

1 P rates applied once in 1977

§Ammonium Oxalate P Saturation Index (PSlox)

*P Sorption Saturation (PSlsmax)

** Values reported as mean of four replications with standard deviation in parentheses
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Table 2.3. Mean runoff water sample characteristics collected from long-term fertility runoff plots

Soil Series P Added Volume Total Suspended Solids Dissolved Reactive P Particulate P Total P
—kgha'— —L— —mg L— —mg L— —mg L'— —mg L'—
Grant t 0 (0) 31 (1.1) 2.5(0.5) 0.14 (0.02) 1.1 (0.11) 1.2 (0.12)
290 (10) 35(12) 2.6 (0.3) 0.27 (0.03) 0.87 (0.27) 1.1 (0.26)
638 (22) 31 (1.0) 2.4 (0.6) 0.33 (0.03) 0.85 (0.15) 1.2 (0.17)
841 (29) 24 (10) 2.4 (1.0) 0.44 (0.03) 1.1 (0.38) 1.5 (0.32)
1160 (40) 27 (5.2) 1.9 (0.7) 0.70 (0.10) 0.61 (0.24) 1.3 (0.23)
Kirkland 0 (0) 55 (10) 1.4 (0.1) 0.03 (0.00) 0.56 (0.06)  0.56 (0.06)
465 (15) 57 (8.4) 2.4 (0.3) 0.06 (0.01) 1.1 (0.08) 1.2 (0.03)
930 (30) 44 (5.2) 2.2 (0.7) 0.12 (0.03) 0.98 (0.18) 1.1 (0.13)
1364 (44) 43 (12) 3.5(0.7) 0.13 (0.03) 1.90 (0.42) 2.0 (0.43)
Taloka 1 0 35 (3.4) 2.5(0.7) 0.07 (0.02) 0.80(0.31)  0.87 (0.29)
117 26 (16) 1.8 (0.7) 0.10 (0.02) 0.36 (0.15)  0.47 (0.14)
293 28 (6.3) 1.7 (0.4) 0.16 (0.02) 0.81(0.21)  0.97 (0.22)
587 28 (7.7) 3.7 (0.6) 0.18 (0.02) 0.81 (0.56)  0.99 (0.53)

T Total amount of P applied over the duration of the fertility experiment with yearly application in parentheses
I P rates applied once in 1977

*Values reported as mean of four replications with standard deviation in parentheses
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Table 2.4. Runoff total phosphorus (TP) correlated to four types of soil phosphorus values in long-term fertility runoff

plots
Grant Soil Series Kirkland Soil Series Taloka Soil Series
? ? 7
TP=0.0015M3P + 1.2 0.05 TP=0.017M3P +0.36* 0.66 TP=0.012M3P + 0.55 0.19
TP=0.0092WSP + 1.2 0.04 TP=0.26WSP + 0.44* 0.61 TP=0.19WSP + 0.52 0.21
TP=0.019PSlox + 1.0 0.07 TP=0.18PSlox-0.28 * 0.72 TP=0.056PSlox + 0.39 0.09
TP=0.081PSlsmax + 1.1 0.19 TP=0.68PSlgmax + 0.44 * 0.61  TP=0.44PSlsmax + 0.53 0.18

*Denotes significance (a=0.05)

TM3P - Soil Mehlich 3 P

TWSP - Soil Water Soluble P

§PSlox - Ammonium Oxalate P Saturation Index
**PSlsmax - P Sorption Saturation
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Table 2.5. Runoff dissolved reactive phosphorus (DRP) correlated to four types of soil phosphorus values in long-term

fertility runoff plots

Grant Soil Series

Kirkland Soil Series

Taloka Soil Series

? ? ?
DRP=0.0045M3P + 0.073 * 0.69 DRP=0.0016M3P + 0.0057 * 0.56 DRP=0.0026M3P + 0.065 * 0.59
DRP=0.033WSP + 0.27 * 0.69 DRP=0.023WSP + 0.016* 0.48 DRP=0.039WSP + 0.065 * 0.58
DRP=0.046PSlox - 0.16 * 0.50 DRP=0.015PSIpx - 0.041 * 0.51 DRP=0.017PSlox - 0.0030 * 0.51
DRP=0.058PSIsmax + 0.17 * 0.69 DRP=0.061PSlgmax + 0.065 * 0.48 DRP=0.089PSIsmax + 0.065 * 0.58

*Denotes significance (a=0.05)
tM3P - Soil Mehlich 3 P
FWSP - Soil Water Soluble P

§PSlox - Ammonium Oxalate P Saturation Index

**PSlsmax - P Sorption Saturation
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Figure 2.1. Long-term fertility research sites and soil series evaluated in runoff
phosphorus study.
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Figure 2.2. Solenoid-operated, variable intensity rainfall simulator used with
paired 1m x 2m runoff plots established on long-term fertility research
plots.
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Figure 2.3. Average infiltration rate vs. time for three soils.
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SUMMARY CONCLUSIONS AND FUTURE

RESEARCH RECOMMENDATIONS

Summary Conclusions

As there is a need for more information on the relationship between runoff
phosphorus (P) and soil test P, many researchers have performed runoff P
studies using simulated rainfall on indcor soil micro-plots and on larger field
runoff plots. It has been shown that there is a direct relationship between runoff
P and soil P level using each of these methods. However, there is little
information on how the results of these two experimental methods compare.

Results from the indoor (Chapter 1) and outdoor (Chapter 2) rainfall
simulation studies can be compared here as environmental factors such as
rainfall intensity and runoff duration were held constant throughout both of the
rainfall simulation studies. In addition, each study shared a common soil to allow
for soil series specific comparisons. However, the central differences between
the studies were the collection and fertilizer treatment of the soils used in the
rainfall simulations. For the indoor study, soils were collected and placed in
runoff boxes and treated with high levels of commercial P fertilizer. In contrast,
outdoor field plots were established on long-term fertility plots that annually
receive relatively low rates of P application. As a result of the collection and soil
processing methods used for the indoor simulation study, the infiltration rates of
the repacked soils for the indoor study were much higher than those of

comparable soils in the outdoor rainfall simulation study. This suggests that an

70



indoor runoff study may not accurately simulate actual field hydrologic conditions
and may be misleading.

The soil test P levels were much higher for the indoor rainfall simulation
study than for the outdoor study. Consequently, the concentration of total P (TP)
and dissolved reactive P (DRP) lost in runoff was consistently higher for the soils
used in the indoor study when compared to the soils used in the outdoor study.
However this difference was roughly proportional to the amount of soil P for that
respective treatment.

In both studies, runoff DRP was highly correlated to soil P, although the
relationships were stronger (higher r* value) in the indoor runoff study than in the
outdoor study. Runoff DRP — soil P regression slopes ranged from 0.0019 to
0.0046 between the two studies. This observed difference may be a result of the
P fertilizer method/rates used between the two studies. This suggests that
similar approaches to amendment application method and rates should be taken
to accurately compare indoor (greenhouse) and outdoor (field) studies.

The differences observed between the indoor and outdoor studies include
considerable differences in the infiltration rates of the same soil series and
considerable differences in the relationship between runoff DRP and soil P in the
same soil series. These observed differences suggest that results of indoor and
outdoor runoff simulations may not necessarily be used interchangeably.

However, each experimental method has its advantages and may be well suited

for different situations.
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Research Recommendations

A considerable amount of interest has been focused on finding ways to
reduce runoff P concentrations. Often times industrial and municipal waste
products may be used to trap P out of runoff. However, there are many waste
substances available, though there is little data quantifying the usefulness and
possible drawbacks of using industrial and municipal wastes to reduce runoff P
concentrations. Performing additional rainfall simulations on the soils used in the
greenhouse study after amendment with industrial or municipal wastes may
provide some useful information for future amendment use. The high levels of
soil Mehlich 3 P in the soil used in the greenhouse study may provide an
assessment of the capacity of waste materials to trap and absorb P from runoff.
In addition, various rates, waste material types, and application methods may be
tested to assess the most effective management strategy of using industrial or
municipal waste amendments for the reduction of runoff P.

The field runoff study assessed the amount of runoff P lost from field soil
plots in between winter wheat growing seasons. Performing rainfall simulations
during different stages of winter wheat growth during the growing season may
provide year-round information of runoff P losses from winter wheat agriculture.
More information may also be gathered concerning P fertilizer impacts on runoff

water quality by timing field rainfall simulations after annual P fertilizer

applications.
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Appendix A—Chapter 1 Data Compilation
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Richfield Soil Series Results

Time To DRP  TotalP Runoff
Rur_\nﬁ' DRP TotalP PP Load Load Volume Depth WSP M3P  PSlgna  PSlox TSS
Box# min mgl mglL mglL mg mg L5 mm  mg/kg mglkg % % mg/L

Richfield Treatment One

34 5 0.10 1.86 1.76 1.29 23.85 1280 33.75 414 25.97 1.33 12.81 4.80
28 6 0.08 212 204 1.19 31.15 1470 38.76 3.78 28.18 1.21 13.15 11.38
44 5 0.17 1.90 1.73 2.21 25.37 13.35 35.20 450 29.93 1.44 13.68 3.52
45 6 008 19 182 117 2755 1450 3824 468 26.95 150 10.54 294
StDev 058 0.04 012 014 050 3.17 0.91 241 0.40 1.70 0.13 1.39 3.89
Ave 550 011 195 184 146 2698 1384 3649 427 2776 137 1254 566
Richfield Treatment Two
14-1 3 0.87 504 417 1512 87.96 1745 46,02 3232 16240 10.36 28.45 5.38
12-1 6 069 357 288 9.60 49.81 1395 36.79 3557 16044 1140 28.93 3.38
17-1 6 0.74 2.20 146 947 28.15 1280 3375 2419 176.18 7.75 29.13 1.79
3-1 1 062 204 143 9.31 30.84 15.10 39.82 37.01 190.86 11.86 16.25 266
StDev 245 0.11 1.40 1.31 283 27.59 1.99 5.24 573 14.12 1.84 6.30 153
Ave 4.00 073 321 249 10.88 4919 1483 39.09 3227 17247 1034 2569 3.30
Richfield Treatment Three
31 3 149 570 422 1933 74.14 13.00 3428 73.90 41380 2369 5203 9.58
30 4 112 5983 481 15.01 79.19 13.35 3520 77.83 43829 2495 50.21 7.90
41 4 182 475 294 2786 72.94 1535 4048 10460 44410 33.53 5252 2.78
39 8 133 753 6.20 1999 11336 1505 3969 8379 41592 26.86 48.51 2.20
StDev 2.22 0.29 1.15 1.36 5.35 19.16 1.18 312 13.67 15.42 4.38 1.83 3.68
Ave 475 1.44 598 454 2055 84 .91 1419 3741 8503 428.03 27.25 50.B2 562
Richfield Treatment Four
36 6 4.25 7.74 349 6542 119.20 1540 4061 18580 80217 5955 74.09 3.24
20 4 376 914 538 5679 13803 1510 3982 21840 86764 70.00 8140 1.70
18 4 360 - 885 525 4031 99.10 11.20 2953 20760 82941 66.54 78.84 1.76
19 3 360 1298 938 4895 17653 1360 3586 17320 76798 5551 76.03 4.00
StDev 1.03 0.31 228 249 10.74 32.96 1.92 5.06 20.49 42.20 6.57 3.20 1.13
Ave 413 3.80 968 588 5287 133.21 13.83 23646 19625 81680 6290 77.59 267
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Dennis Soil Series Results

Time To

Runoff DRP
Box# min mglL
Dennis Treatment One

5 7 0.15
27 2 0.13
42 2 0.08
6 7 0.10

StDev 289 0.03
Ave 450 012
Dennis Treatment Two
46-1 3 0.44
23-1 2 0.43
131 2 0.43
221 10 0.29
StDev  3.86 0.07
Ave 4.25 0.40
Dennis Treatment Three

9 7 0.68
21 8 0.67
10 5 0.89
26 7 0.66

StDev 1.26 0.1
Ave 6.75 0.72
Dennis Treatment Four

7 11 1.45
43 5 207
24 1 210
1 6 2.07

StDev 4.11 032
Ave 575 192

Total P PP

mag/L

1.00
1.10
1.50
047
042
1.02

217
2.88
236
153
0.56
223

4.35
3.62
4.83
344
0.65
4.08

9.80
9.73
9.74
7.80
083
9.29

mg/L

0.85
0897
1.41
0.37
043
0.90

1.73
245
1.92
1.23
0.50
1.83

3.67
2.95
3.94
2.78
0.56
3.33

8.35
7.66
7.64
583
1.08
7.37

DRP
Load
mg

1.41
0.45
1.29
0.48
0.51
0.91

6.31
6.78
537
321
1.58
542

8.57
7.41
9.94
6.58
1.46
8.12

17.53
25.88
21.23
20.39
457
22.76

Total P

Load Volume

mg

9.28
3.89
22.08
227
8.98
9.38

31.40
45.89
2913
16.64
11.99
30.76

55.03
40.00
53.82
34.36
10.23
45.80

118.57
121.58
126.16
77.79
22.38
111.02

L

9.25
3.55
14.75
4.80
507
8.09

14.50
15.95
12.35
10.80
224

13.43

12.65
11.05
11.15
10.00
1.09
11.21

12.10
12.50
12.85
9.85
1.38
11.85
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Runoff
Depth
mm

24.39
9.36
38.90
12.66
13.37
21.33

38.24
42.06
32.57
28.74
591
35.40

33.36
29.14
29.40
26.37
2.88
29.57

31.91
32.96
34.15
25.97

3863
31.256

WsP
mg/kg

2.87
3.06
3.24
342
0.23
3.15

19.13
18.05
16.42
15.70
1.55
17.33

70.29
74.22
55.62
67.00
8.01

66.78

192.60
175.40
265.40
285.20

53.79
229.65

M3P
mag/kg

35.16
34.53
3253
37.00
1.84
34.80

137.85
138.97
148.40
151.28
6.69
14415

399.93
441.80
377.39
42545
28.34
411.14

846.47
885.17
940.98
1027.75
78.67
925.09

PSlsmax  PSlox
% %
152 775
162  10.60
171 1119
181 12.01
012 185
166 10.39
10.12  21.05
955 23.20
869 24.10
831 27.25
082 257
917 23.90
37.19 4538
39.27 56,03
2943 42.14
3545 4593
424 601
35.33  47.37
101.90 69.04
92,80 76.74
14042 83.58
150.90 137.30
2846 31.00
121.51 91.67

1SS
mg/L

1.50
3.10
6.40
2.20
217
330

262
341
2.87
1.15
097
251

3.50
2.06
4.72
224
1.24
3.13

2.88
242
4.02
162
1.00
273



Kirkland Soil Series Results

Time To

Runoff DRP TotalP PP

Box # min  mg/L
Kirkland Treatment One

15 9 0.16

40 2 0.13

1 8 0.13

38 25 0.13
StDev 364 002
Ave 538 0.13

Kirkland Treatment Two

2941 2 0.43
16-1 9 0.40
3341 5 0.25

371 6 0.29

StDev 289 0.09
Ave 5.50 0.34
Kirkland Treatment Three

47 6 1.68

4 3 1.16

32 4 1.03

8 7 1.82

StDev 183 039
Ave 500 142
Kirkland Treatment Four

48 7 241

2 8 231
25 6 2.02
35 5 233

StDev 1.29 017
Ave 6.50 227

mg/L

1.57
3.18
1.92
234
0.69
225

5.18
264
1.61
1.92
1.62
2.84

10.71
8.70
845
11.85
1.63
9.93

14.59
10.35
16.67
13.49
2.64

13.78

mg/L

1.41
3.05
1.80
221
0.70
212

4.75
2.24
1.36
1.63
1.55
249

9.03
7.55
742
10.03
1.25
8.51

1218
8.04
14.65
11.16
2.74
11.51

DRP
Load
mg

1.99
1.73
1.92
1.81
0.12
1.86

7.80
557
3.69
597
1.68
5.76

25.99
16.02
15.87
26.63
598
2113

34.52
35.70
28.27
34.67
3.39
33.29

Total P
Load Volume
mg L
19.72 1255
43.57 13.70
2923 15.20
3345 1430
9.89 1.1
3149 1394
93.00 17.95
3660 13.85
2358 1466
39.62 20.60
30.67 3.11
4820 16.76
16547 1545
12052 13.85
13049 1545
17360 1465
25,96 0.77
14752 14.85
208.64 14.30
15991 1545
23338 14.00
201.00 14.90
30.52 0.64
200.73 14.66
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Runoff
Depth

mm

33.09
36.13
40.08
37.71

293
36.75

47.33
36.52
38.65
54.32
8.21
44.21

40.74
36.52
40.74
38.63
202
39.16

37N
40.74
36.92
39.29

1.70
38.67

WsP
ma/kg

3.24
522
233
5.04
1.41
3.96

21.52
17.69
14.07
20.21
328
18.37

68.73
68.44
61.21
70.29
4.05
67.17

128.70
129.90
128.10
196.70
33.91

145.85

M3P
ma/kg

55.12
56.82
56.16
56.24
0.71

56.08

174.63
182.56
158.46
158.65
12.02
168.57

481.59
488.49
478.24
453.69
18.48
478.00

794.75
979.44
883.82
1016.33
99.67
918.58

PSlsmax  PSlox

°I”I‘I

1.33
214
0.96
2.07
0.58
1.62

8.82
7.25
577
8.28
1.34
7.53

28.17
28.05
25.09
28.81

1.66
27.53

52.75
53.24
52.50
80.61
13.90
59.77

%

11.07
1.7
10.70
11.03
042

11.13

18.69
18.85
19.18
18.70
0.23

18.85

34.04
36.81
36.05
38.54
1.87
36.36

48.99
54.63
48.72
55.59
3.36
52.23

TSS
mg/L

1.80
842
4.82
7.88
3.06
573

7.18
217
344
286
2.24
391

12.58
348
3.86
6.08
4.21
6.50

7.52
3.50
538
6.86
1.78
582



Richfield 5 Minute Interval Sampling Results

Time Box#
5 14-1
10 14-2
15 14-3
20 144
25 14-5
30 14-6
5 12-1
10 12-2
15 12-3
20 124
25 12-5
30 12-6
5 1741
10 17-2
15 17-3
20 174
25 17-5
30 17-6
5 3-1
10 3-2
15 3-3
20 34
25 3-5
30 3-6

DRP
mg/L
1.54
1.06
0.85
0.73
0.59
0.67

1.18
0.87
0.61
0.55
0.57
0.51

140
0.91
0.74
0.66
0.56
062

0.90
0.82
0.64
0.50
0.47
0.50

Total P Volume

ma/L
6.04
5.89
545
4.53
4.68
4.07

4.39
3.69
3.18
3.52
3.84
299

3.00
2.74
278
1.86
1.57
1.94

223
245
1.57
223
208
1.83

!
2.20
260
3.30
3.10
3.10
3.15

1.78
235
2.25
240
2.70
2.50

0.90
225
205
235
260
265

215
2.00
250
2.50
3.05
2.90

PP

mg/L
4.50
4.83
4.60
3.80
409
340

321
282
257
297
3.26
249

1.60
1.83
204
1.20
1.01
1.32

1.33
1.63
093
1.73
1.61
1.32

DRP *
Load
mg
3.39
276
279
2.26
1.82
211

2.06
2.05
1.36
1.31
1.55
1.27

1.26
205
1.51
1.56
146
1.64

1.93
1.64
1.60
1.26
143
1.46
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Total P*
Load
mg
13.29
15.31
17.98
14.05
14.50
12.83

7.68
8.68
7.16
8.45
10.36
749

2.70
6.17
569
4.38
4.08
513

4.79
4.90
3.93
5.57
6.35
5.30

TSS
mag/L
1.96
3.04
6.74
4.48
5.58
894

3.20
238
1.92
284
4.78
4.74

222
1.78
1.40
2.06
1.60
1.88

2.24
2.08
242
3.12
2.78
3.04

TSS*
Load
mg
431
7.90
22.24
13.89
17.30
28.16

5.60

559

4.32

6.82

12.91
11.85

2.00
4.01
2.87
4.84
4.16
4.98

4.82
4.16
6.05
7.80
8.48
8.82



Dennis 5 Minute Interval Sampling Results

Time

10
15
20
25
30

10
15
20
25
30

10
15
20
25
30

10
15
20
25
30

DRP*
DRP Total P  Volume PP Load
Box#  mg/lL mg/L L ma/L mg
46-1 0.77 4.75 1.95 3.98 1.51
46-2 0.58 285 2.10 226 1.23
46-3 042 1.32 2.90 0.90 1.21
46-4 0.35 2.63 2.50 2.28 0.88
46-5 0.28 1.32 2.35 1.03 0.66
46-6 0.30 0.99 2.70 0.68 0.81
231 0.57 219 3.10 1.62 1.78
23-2 0.52 3.51 1.80 2.99 0.93
23-3 047 3.29 2.60 282 1.22
234 042 4.02 255 3.60 1.08
23-5 0.33 3.25 3.35 292 1.12
236 0.26 1.21 2.55 0.95 0.65
131 0.59 3.14 0.40 2.56 0.23
13-2 0.65 3.80 2.05 3.15 1.34
13-3 0.50 2.38 2.50 1.88 1.24
134 0.41 245 245 2.04 1.01
135 0.35 1.50 245 1.15 0.85
13-6 0.28 1.79 2.50 1.51 0.70
2241 0.56 238 1.10 1.81 0.62
22-2 0.35 1.53 1.80 1.18 0.64
223 0.22 1.79 1.90 1.57 042
224 0.32 212 2.05 1.80 0.66
22-5 0.21 1.06 215 0.85 0.45
226 0.22 0.66 1.90 0.43 042
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Total P*
Load
mg
9.27
599
3.81
6.58
3.09
2.66

6.80
6.32
8.55
10.25
10.90
3.07

1.26
7.79
5.94
6.00
367
4.48

261
276
340
4.34
228
1.25

7SS
mg/L
3.90
4.88
3.48
2.34
1.76

3.12
3.32
3.02
4.34
392
264

4 66
4.50
3.16
2.96
222
1.52

1.44
1.12
092
142
0.94
1.18

TSS*
Load
mg
7.60
10.25
10.09
5.85
4.14

9.67
598
7.85
11.07
13.13
6.73

1.86
9.23
7.90
7.25
544
3.80

1.58
202
1.75
291
202
2.24



Kirkland 5 Minute Interval Sampling Results

Time

10
15
20
25
30

10
15
20
25
30

10
15
20
25
30

10
15
20
25
30

DRP *
DRP Total P Volume PP Load
Box # mg/L mg/L k mag/L mg
29-1 0.72 4.06 1.15 333 0.83
29-2 048 7.35 3.10 6.87 1.48
29-3 0.37 6.22 2.55 5.84 0.95
29-4 0.40 5.08 3.90 468 1.55
29-5 0.41 4.50 3.55 4.09 1.44
29-6 042 3.77 3.70 335 1.55
16-1 048 3.21 1.35 273 0.64
16-2 042 2.74 295 232 1.25
16-3 0.41 3.73 2.25 3.32 093
16-4 0.39 212 555 1.73 218
16-5 0.33 2.30 1.75 197 0.57
16-6 - - - - -
331 0.31 212 2.20 1.81 0.68
33-2 0.26 267 3.00 241 0.79
333 0.26 2.56 1.65 2.30 042
334 0.21 142 246 1.21 0.52
335 0.22 1.28 250 1.05 0.56
33-6 0.26 267 285 241 0.73
371 043 4.86 3.55 443 1.53
37-2 0.33 1.64 3.70 131 1.23
37-3 0.25 208 2.85 1.83 0.71
374 0.24 1.02 3.25 0.79 0.77
37-5 0.25 2.189 3.20 1.94 0.80
37-6 0.23 1.61 4.05 1.38 0.93
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Total P*
Load
mg
4.67
22.78
15.85
19.82
15.96
13.93

4.33
8.09
8.39
11.76
4.03

4.66
8.00
4.22
3.50
3.20
7.60

17.26
6.08
594
332
7.01
6.51

TSS
mg/L
4.84
7.40
9.74
8.10
746
4.70

3.06
1.96
232
1.74
3.02

4.24
3.82
4.18
230
1.74
4.46

6.44
3.02
3.18
1.56
1.30
1.64

7SS
Load
mg
5.57
22.94
24.84
3159
26.48
17.39

413
5.78
522
9.66
5.29

9.33
11.46
6.90
565
4.35
127

22.86
11.17
9.06
5.07
4.16
6.64



Data of Mehlich 3 P Change Over 360 Days

Nov. Dec. Jan Feb Mar Apr May Jun Aug Oct

1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 10.0 12.0

P Added M3P M3P M3P M3P M3P M3P M3P M3P M3P M3P
Richfield  mg/kg ma/kg mg/kg mg/kg  mg/kg mgkg mgkg mgkg mgkg  mglkg

0 315 350 35.0 26.0 255 34.0 325 278 23.0 242
235 285.0 255.0 235.0 228.0 156.0 1859 183.9 1725 1874 184.2
635 670.0 650.0 635.0 681.5 443.0 4529 4408 428.0 41786 409.7
1135 1295.0 1105.0 1195.0 13245 830.5 9253 920.3 816.8 817.4 758.7
Avg 5704 511.3 525.0 565.0 363.8 3995 3943 361.3 361.3 3442

% Change 104 2.7 -7.6 356 98 1.3 8.4 0.0 4.7
Dennis

0 35.0 36.0 35.0 30.0 320 36.0 363 34.8 31.6 315
225 185.0 170.0 155.0 1335 127.5 141.6 138.8 144 .2 148.3 140.2
625 545.0 535.0 535.0 606.0 450.5 4325 4333 4111 3855 383.2
1125 970.0 935.0 1030.0 11915 764.5 827.0 8420 9251 774.0 739.0
Avg 4338 419.0 438.8 490.3 3436 359.3 362.6 3788 3348 3235

% Change 34 -4.7 -11.7 299 4.6 089 45 11.6 34
Kirkland

0 57.5 64.0 63.5 57.0 535 52.8 52.0 56.1 594 58.2
180 210.0 205.0 190.0 1915 163.5 1701 166.3 168.6 184.7 175.8
580 580.0 540.0 540.0 530.0 450.5 4735 467.3 478.0 4490 447 2
1080 1045.0 920.0 980.0 872.0 764.5 909.9 906.0 918.6 846.8 8749
Avg 4731 4323 4434 4126 358.0 4016 3979 4053 3850 389.0

% Change 86 -26 6.9 13.2 -12.2 09 -1.9 50 -1.1
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Appendix B—Chapter 2 Data Compilation
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Grant Soil Series Results from Field Study Performed at Lahoma, OK

P Rate
kg/ha
638 (22)
639 (22)
640 (22)
641 (22)
ave.
Stan Dev

o o o o

ave.
Stan Dev

290 (10)
291 (10)
292 (10)
293 (10)
ave.
Stan Dev

841 (29)
842 (29)
843 (29)
844 (29)
ave.
Stan Dev

1160 (40)
1161 (40)
1162 (40)
1163 (40)
ave.
Stan Dev

DRP
mg/L
0.31
0.37
0.33
0.32
0.33
0.03

0.12
0.14
0.13
0.15
0.14
0.02

0.23
0.25
0.39
0.20
0.27
0.09

042
0.55
0.35
0.45
0.44
0.08

0.72
0.95
0.54
0.62
0.70
0.18

Total P
mg/L
0.97
1.34
1.29
112
1.18
017

1.10
1.36
112
1.20
1.19
0.12

0.79
1.12
1.22
1.40
1.13
0.26

188
1.11
1.68
143
1.52
0.32

142
1.34
0.99
1.62
1.32
0.23

Total P
Load
mg
31.37
44 .56
43.93
25.76
36.40
9.34

35.67
4393
32.44
36.63
3717
4.85

34.83
31.56
56.32
31.00
38.43
12.04

66.62
24.60
19.75
38.80
37.44
21.06

42.40
27.31
31.88
41.33
35.73
7.34

Particulate P M3P

mg/L
0.686
0.97
0.96
0.80
0.85
0.15

0.98
1.21
0.99
1.04
1.06
0.1

0.56
0.88
0.83
1.21
0.87
0.27

1.44
0.56
1.32
0.98
1.08
0.39

0.71
0.39
045
0.90
0.61
0.24

mg/kg
66.50
69.50
67.50
59.00
65.63
4.59

20.50
19.00
17.50
19.50
19.13

1.25

43.00
50.00
38.50
36.00
41.88
6.14

72.00
64.50
90.50
81.00
77.00
11.25

127.50
117.50
156.00
120.50
130.38
17.59

83

WSP
mag/kg
590
5.50
5.70
4.20
533
0.77

1.00
1.00
0.90
0.90
0.95
0.06

3.50
3.50
2.00
2.10
2.78
0.84

6.50
540
8.80
6.10
6.70
1.47

15.20
14.20
18.90
14.70
15.75
2.14

PSlox
%
12.85
12.61
13.38
1211
12.74
0.53

7.02
6.98
7.09
7.7
7.20
0.34

9.04
10.57
9.86
9.14
9.65
0.71

12.61
12.98
13.88
13.73
13.30
0.61

14.61
12.56
18.19
18.09
15.86
276

PSlsmax
a}"ﬂ
3.37
3.14
3.26
240
3.26
044

0.57
0.57
0.51
0.51
0.55
0.03

2.00
200
1.14
1.20
1.7
048

3N
3.09
5.03
349
394
0.84

8.69
81
10.80
8.40
9.20
1.22

1SS

gL
28.74
29.26
29.24
25.44
28.17

1.93

10.24
9.79
9.38
10.30
993
0.57

18.85
21.72
17.33
16.32
18.55
2.50

30.38
27.92
37.41
3341
32.28
418

50.99
46.43
62.84
50.80
52.76
747



Kirkland Soil Series Results from Field Study Performed at Stillwater, OK

P Rate
kg/ha
930 (30)
931 (30)
932 (30)
933 (30)
ave.
Stan Dev

465 (15)
466 (15)
467 (15)
468 (15)
ave.
Stan Dev

1364 (44)
1365 (44)
1366 (44)
1367 (44)
ave.
Stan Dev

(= = = i = ]

ave.
Stan Dev

DRP
mag/L
0.80
0.80
1.60
140
1.15
0.41

0.06
0.07
0.04
0.05
0.06
0.01

0.17
0.23
0.04
0.16
0.15
0.08

0.05
0.03
0.03
0.04
0.04
0.01

Total P
mgl/L
1.21
1.21
1.17
0.83
1.10
0.19

1.15
1.30
1.25
113
1.21
0.08

1.54
258
1.88
208
202
043

0.57
0.65
0.56
049
0.56
0.06

Total P
Load
mg
44 32
55.77
50.96
40.19
47.81
6.91

69.64
66.55
60.87
75.00
68.01
5.90

101.47
127.75
114.95
91.12
108.82
15.95

25.65
27.56
31.29
13.32
24.45
7.78

Particulate P M3P

mg/L
1.14
1.1

0.93
0.74
0.98
0.18

1.08
1.22
1.20
1.086
1.14
0.08

143
245
1.79
1.92
1.90
042

0.54
062
0.53
046
0.54
0.07

ma/kg
63.50
58.00
70.00
72.00
65.88
6.38

41.00
38.00
37.50
36.00
38.38
214

90.50
91.50
72.50
85.00
84.88
8.73

18.50
15.00
15.00
12.50
15.25
247

84

WsP
ma/kg
3.70
3.30
4.10
4.30
3.85
0.44

240
2.50
2.20
2.00
2.28
022

6.20
6.30
3.40
4.40
5.08
142

1.20
1.00
0.80
0.80
0.95
0.19

PSlox

8.88
8.11
9.67
9.63
9.07
0.74

7.38
7.31
7.25
6.49
7.11
0.42

12.25
12.31
11.12
11.96
11.91
0.55

6.70
4.75
453
4.15
5.03
114

PSlsmax
%
1.41
1.25
1.56
1.63
1.46
0.17

091
0.95
0.84
0.76
0.87
0.08

2.36
240
1.29
1.67
1.93
0.54

046
038
0.30
0.30
0.36
0.07

TSS
g/l
1.94
3.06
247
1.34
2.20
0.73

2.16
2.30
2.76
2.50
243
0.26

2.59
4.24
3.68
3.60
353
0.69

1.18
1.36
145
1.63
1.41
0.18



Taloka Soil Series Resuits from Field Study Performed at Haskell, OK

P Rate
ka/ha
117
117
117
17
ave.
Stan Dev

oo oo

ave.
Stan Dev

293
293
293
293
ave.
Stan Dev

587
587
587
587
ave.
Stan Dev

DRP
mg/L
0.09
0.11
0.13
0.13
0.12
0.02

0.07
0.06
012
0.08
0.08
0.03

0.18
0.17
0.19
0.13
0.17
0.03

017
0.16
0.19
0.15
017
0.02

Total P
mg/L
0.49
0.66
0.35
0.38
047
0.14

0.97
1.14
0.46
0.89
0.87
0.29

0.77
1.28
0.86
0.97
097
0.22

0.57

1.40

0.99
0.58

Total P
Load
mg
20.46
2476
3.50
5.40
13.53
10.66

20.63
49.69
18.87
30.98
30.04
14.15

21.71
40.46
28.52
17.29
27.00
10.09

18.10

33.27

25.69
10.72

Particulate P

mg/L
0.38
0.56
0.22
0.30
0.36
0.15

0.89
1.10
0.37
0.82
0.80
0.31

0.60
1.10
0.72
0.82
0.81
0.21

0.40

1.22

0.81
0.58

85

M3P
mg'kg
12.00
12.50
13.50
13.00
12.75

0.65

11.00
11.50
12.00
11.50
11.50
0.41

27.00
26.50
27.50
25.50
26.63
0.85

41.50
36.50
47.00
55.00
45.00

7.93

WSP
mg/kg
0.78
1.15
0.79
097
0.93
017

0.79
0.61
0.61
0.79
0.70
0.10

1.86
1.69
2.04
222
1.95
0.23

240
2.58
294
3.83
294
0.64

PSlox
%
7.04
6.13
6.15
6.40
643
042

556
6.40
5.96
5.51
5.86
042

8.33
8.02
8.66
713
8.04
0.66

11.15
10.58
8.03
12.32
10.52
1.81

PSlsmax
Y
0.35
0.51
0.35
043
0.41
0.08

0.35
0.27
027
035
0.31
0.05

035
0.27
0.27
0.35
0.31
0.05

0.82
0.74
0.90
0.98
0.86
0.10

1SS
gL

1.96
284
1.22
1.16
1.79
0.79

248
3.08
148
2.84
247
0.70

1.54
1.86
1.28
208
1.69
0.35

342
4.04
3.10
4.40
3.74
0.59
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