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Nonpoint-source pollution of fresh waters by P is a concern 
because it contributes to accelerated eutrophication. Given 
the state of the science concerning agricultural P transport, a 
simple tool to quantify annual, fi eld-scale P loss is a realistic 
goal. We developed new methods to predict annual dissolved 
P loss in runoff  from surface-applied manures and fertilizers 
and validated the methods with data from 21 published fi eld 
studies. We incorporated these manure and fertilizer P runoff  
loss methods into an annual, fi eld-scale P loss quantifi cation tool 
that estimates dissolved and particulate P loss in runoff  from soil, 
manure, fertilizer, and eroded sediment. We validated the P loss 
tool using independent data from 28 studies that monitored P 
loss in runoff  from a variety of agricultural land uses for at least 
1 yr. Results demonstrated (i) that our new methods to estimate 
P loss from surface manure and fertilizer are an improvement 
over methods used in existing Indexes, and (ii) that it was 
possible to reliably quantify annual dissolved, sediment, and 
total P loss in runoff  using relatively simple methods and readily 
available inputs. Th us, a P loss quantifi cation tool that does not 
require greater degrees of complexity or input data than existing 
P Indexes could accurately predict P loss across a variety of 
management and fertilization practices, soil types, climates, and 
geographic locations. However, estimates of runoff  and erosion 
are still needed that are accurate to a level appropriate for the 
intended use of the quantifi cation tool.
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Pollution of fresh waters by P is a water quality concern 

because it contributes to accelerated eutrophication, which 

limits the use of surface waters for drinking, recreation, and 

industry (Carpenter et al., 1998; Sharpley and Rekolainen, 

1997). Because agriculture is a nonpoint source of P to surface 

waters (Boesch et al., 2001; Haggard et al., 2005; Johnson et al., 

2005; Sigua et al., 2006), there is a need to quickly and accurately 

identify fi elds prone to excessive P loss and also management 

practices to reduce P loss. Process-based simulation models can 

assess agricultural P loss (Sharpley et al., 2002), but their data and 

expertise requirements prohibit their use as routine management 

tools. A simpler approach used throughout the United States 

and in Europe is a fi eld-scale P Index (Buczko and Kuckenbuch, 

2007; Sharpley et al., 2003). However, most P Indexes do not 

explicitly quantify a mass of P loss (e.g., kg ha–1 yr–1). Instead, 

they use readily obtainable information in an additive and/or 

multiplicative framework to calculate a qualitative risk of P loss, 

typically expressed as low, medium, high, or very high. A tool that 

reliably quantifi es fi eld-scale P loss but remains easy to use and 

requires only readily obtainable inputs is an alternative to process-

based models and qualitative P Indexes (Hess et al., 2007).

A fi eld-scale, P loss quantifi cation tool off ers attractive char-

acteristics for P loss reduction planning. It could be used in any 

region where the simulated P loss processes dominate. Because a 

quantifi cation tool can be formally validated with measured data, 

it can be designed to accurately account for the relative eff ect of 

diff erent management practices on P loss and describe the forms of 

P lost (i.e., dissolved or sediment-bound). Th us, tradeoff s among 

various management practices can be assessed, such as the variable 

eff ect of no-till management on decreasing sediment P loss but 

increasing dissolved P loss from surface applications of manure 

or fertilizer. A quantifi cation tool can provide information about 

seasonal trends, such as P loss from snow-melt runoff  or due to 

signifi cant precipitation variations. Such information should in-

turn drive better management decisions, such as if fall or winter 

manure application represents the greater risk of P loss given the 

nature of runoff  potential. Fourth, a P loss quantifi cation tool 
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will entail computer automation of inputs and calculations, 

which off ers several opportunities. Soil and climate databases, 

and erosion, runoff , soil, and crop models can be combined 

with the P loss tool while still maintaining simple user inputs. 

Th is would allow P loss estimation across climate years, crop 

rotations, or a range of management and fertilization practices. 

Quantifi ed assessments of the ability of diff erent management 

practices to decrease P loss could also be linked to optimization 

programs to design a suite of management practices that bal-

ance P loss with other farms goals, such as economic viability. 

Alternatively, output could be linked to measurable water qual-

ity goals (Wisconsin Buff er Initiative, 2005).

For many agricultural fi elds, the dominant P transport pathway 

is surface runoff ; and the dominant P sources are soil, manure, and 

fertilizer (Hanson et al., 2002). For these situations, a P loss quantifi -

cation tool must estimate soil erosion and particulate P loss, runoff , 

and dissolved P loss from soil, manure, and fertilizer (Lemunyon 

and Daniel, 2002). Most existing P Indexes already use soil P con-

tent as an input and estimate erosion, and existing methods for esti-

mating enrichment ratios can be used to quantify particulate P loss 

(Sharpley, 1980; Sharpley et al., 2002). Th e P Indexes that quan-

tify runoff  typically use the curve number and annual precipitation 

(Mallarino et al., 2005; Minnesota P Index Technical Guide, 2006). 

Loss of dissolved P from soil can be quantifi ed using estimates of 

runoff , soil P content, and an extraction coeffi  cient, for which data 

are available (Vadas et al., 2005b). One process that has been a chal-

lenge to quantify is dissolved P loss from manure and fertilizer, es-

pecially when they are surface-applied and left unincorporated. Our 

objectives were thus to: (i) develop methods to quantify dissolved P 

loss in runoff  from surface-applied manure and fertilizer, and (ii) to 

test these methods within one possible framework for an annual-

ized, P loss quantifi cation tool, and (iii) compare the methods with 

approaches used in existing P Indexes.

Materials and Methods

Quantifying Manure and Fertilizer Phosphorus Runoff 

Method Development

We developed methods to estimate annual dissolved P loss 

from surface manure and fertilizer based on the daily time-step 

models of Vadas et al. (2007a, 2008). In these models, manure 

or fertilizer solids are applied and left unincorporated. Dur-

ing a storm, rain releases some manure or fertilizer P from the 

solids. Released P either infi ltrates into soil or is lost in runoff . 

Runoff  dissolved P for a given rain event is calculated as:

Runoff  Dissolved P = (Manure or Fertilizer P Released) 

         (Runoff /Precipitation) (P Distribution Factor)   [1]

where:

Runoff  Dissolved P: Amount of dissolved P lost in runoff  

during an event (kg ha–1)

Manure or Fertilizer P Released: Amount of dissolved P leached 

out of manure or fertilizer particles by precipitation during an 

event (kg ha−1)

Runoff : Amount of runoff  during an event (mm)

Precipitation: Amount of precipitation during an event (mm)

P Distribution Factor: Empirical factor between 0.0 and 1.0 

that distributes released P between runoff  and infi ltration.

Th e P Distribution Factor is calculated as:

Manure: P Distribution Factor = (Runoff /Precipitation) 0.225 [2]

Fertilizer: P Distribution Factor =  

                   0.034 exp [(3.4) (Runoff /Precipitation)]  [3]

Th e model assumes that for fertilizer, all applied P is available for 

release. For manure however, the model assumes water-extractable 

phosphorus (WEP) is the only source of P released. In this 

context, Manure WEP is measured by shaking fresh manure with 

deionized water at a water to solids extraction ratio of 250:1 for 1 

h, fi ltering extracts through 0.45-μm fi lters, and measuring P in 

fi ltrates (Vadas et al., 2004). Manure WEP is commonly estimated 

at extraction ratios other than 250:1. For example, the Arkansas 

pasture P Index uses manure WEP to estimate fi eld-scale, annual 

P loss, but bases WEP values on a 10:1 extraction ratio. However, 

data generated from other extraction ratios can be converted to a 

250:1 equivalent using relationships from Vadas et al. (2005a).

In the models of Vadas et al. (2007a, 2008), only a portion 

of manure WEP or fertilizer P is released during a storm; and 

manure or fertilizer P loss in runoff  over several months or a 

year is the sum of P loss for all individual storms. Our model 

estimates that typical manure application rates of 4 to 9 Mg 

ha–1 would require about 25 to 50 cm of cumulative precipita-

tion for all manure WEP to be released. In most U.S. regions, 

annual precipitation should thus be suffi  cient to release all ap-

plied manure WEP or fertilizer P (Vadas et al., 2007b). Th us, 

we adapted Eq. [1] to estimate annual manure or fertilizer dis-

solved P loss in runoff  as:

Manure Runoff  P = (Manure WEP Applied)  

       (Annual Runoff /Precipitation) (P Distribution Factor) [4]

Fertilizer Runoff  P = (Fertilizer P Applied)  

      (Annual Runoff /Precipitation) (P Distribution Factor) [5]

where:

Manure WEP: Amount of water extractable P applied in manure 

(kg ha–1)

Fertilizer P: Amount of total fertilizer P applied (kg ha–1)

Th e P Distribution Factors are calculated as in Eq. [2] and [3], 

except using cumulative runoff  and precipitation (rain+snow) val-

ues for an entire year. Based on limited data of Vadas (2006), our 

model assumes that for liquid manures (i.e., solids content less than 

~15%), 60% of applied manure WEP infi ltrates into soil at applica-

tion and becomes unavailable for direct loss in runoff . Th is 60% is 

not included in Eq. [4]. Th e term Annual in Eq. [4] and [5] can 

refer to any 12-mo period, not just a calendar year. Only highly 

soluble fertilizers such as triple superphosphate or ammonium phos-

phates are considered here. We do not consider less soluble fertilizers 

such as rock phosphate or partially acidulated phosphates.
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Method Validation
We tested our manure and fertilizer P runoff  quantifi cation 

methods with data from 21 studies (Table 1) where manure or 

fertilizer was surface-applied and left unincorporated to areas 

ranging from 1 m2 to 4.5 ha. None of these data were used in 

the development of Eq. [1] to [5]. Runoff  was collected for pe-

riods ranging from 60 to 180 d after application. Twelve studies 

collected runoff  from natural storms, while nine used simulated 

rain experiments. All studies reported total cumulative rain, run-

off , and dissolved P loss for the entire monitoring period. Fertil-

izer studies reported total fertilizer P applied, and manure studies 

reported either total manure mass or total manure P applied. 

When needed, we estimated total manure P and manure WEP 

applied based on manure P concentrations reported in a survey 

of manure P characteristics (Kleinman et al., 2005). While ma-

nure P content can vary widely based on feeding, storage, and 

handling practices, reliable model predictions (discussed below) 

demonstrate that the manure P estimates we used were reason-

able. We used Eq. [2] to [5] to quantify dissolved P loss in runoff  

for the entire monitoring period. In Eq. [4] and [5], we used 

reported runoff  and precipitation for only the monitoring period 

and not the entire calendar year when monitoring occurred.

Validation results in Fig. 1a show we were able to accurately 

quantify dissolved P loss in runoff  from fertilizers. An analysis 

using the PROC REG function in SAS (SAS Institute, 1999) 

showed the slope and intercept of the regression line relating 

predicted and measured values were not diff erent (P = 0.05) 

from unity or zero. We also calculated a Nash Sutcliff e model 

effi  ciency of 0.87 (Nash and Sutcliff e, 1970). Nash-Sutcliff e ef-

fi ciencies can range from –∞ to 1. An effi  ciency of 1 corresponds 

to a perfect match of modeled and observed data. An effi  ciency 

of 0 indicates model predictions are as accurate as the mean of 

observed data, and an effi  ciency less than zero occurs when the 

observed mean is a better predictor than the model. Th e closer 

the model effi  ciency is to 1, the more accurate the model.

For manure data, we calculated a Nash Sutcliff e model effi  ciency 

of 0.91. While the intercept (–0.03) of the regression line relating 

predicted and measured values was not diff erent from zero, the re-

gression slope (0.87) was less than one (data not shown). Th is un-

der-prediction is likely because we used only applied manure WEP 

in Eq. [4]. Th is did not account for manure P that was in non-WEP 

forms at application but subsequently mineralized to WEP and was 

lost in runoff  during the monitoring period (McGrath et al., 2005; 

Vadas et al., 2007b; Warren et al., 2008). Using the manure P and 

runoff  model of Vadas et al. (2007a), we estimated about 10% of 

manure non-WEP mineralizes to WEP during the time periods of 

the 12 studies (up to 180 d, Table 1). Accounting for manure non-

WEP mineralization to WEP changes Eq. [4] to:

Manure Runoff  P =  

(Manure WEP Applied + Manure non-WEP mineralized)

(Annual Runoff /Precipitation) (P Distribution Factor)       [6]

where:

Manure non-WEP mineralized: Amount of manure P 

transformed from non-WEP forms to a WEP form during a 

specifi ed time period (kg ha–1).

Table 1. Studies used to validate our method of predicting dissolved P loss in runoff  from surface manure and fertilizer.

Source Location Plot size Crop
Monitoring 

duration
Total P 
applied

Available 
manure WEP† Total rain

Total 
runoff Soil test P

m2 d kg ha−1 kg ha−1 –––––––mm––––––– mg kg−1

Manure

   Edwards and Daniel (1994) AR 9 Grass 70 87.4 28.4 482 30.4 NR‡

   Gaudreau et al. (2002) TX 6 Grass 60 to 90 50–100 7.5–15 177–308 87–99 45

   Klausner et al. (1976) NY 3200 Fallow 90 28–168 14–84 154–175 1–16 NR

   Mueller et al. (1984) WI 1.35 Corn 90 to 120 40 22 290–435 19–34 NR

   Reese et al. (1982) SC 120 Grass 60 94–142 52–78 150 33 NR

   Schroeder et al. (2004) GA 2 Grass 150 21–142 7–45 485–540 90–195 22

   Shah et al. (2004) WV 5.9 Grass 150 50 12.5 585 51 9

   Smith et al. (2001) UK 30 Wheat 120 to 180 16–81 9–20 100–250 3–19 NR

   Vadas et al. (2007b) PA 0.9 Fallow 150 190–640 43–157 1100 42 40

   Withers and Bailey (2003) UK 30 Fallow 40 to 110 13–31 4–10 157–334 1–64 50

   Withers et al. (2001) UK 32 Wheat 80 to 110 37–60 12–20 90–159 1–13 20

   Young and Mutchler (1976) MN 100 Alfalfa, corn 150 15–114 7–29 135–190 3–112 NR

Fertilizer

   Edwards and Daniel (1994) AR 9 Grass 70 87.4 – 482 30.4 NR

   Gaudreau et al. (2002) TX 6 Grass 60 to 90 25–50 – 177–309 87–99 45

   McDowell and Catto (2005) New Zealand 0.2 Grass 190 30 – 116 95 13

   McDowell et al. (2003) New Zealand 0.2 Grass 180 18–32 – 225 184 35

   Nicholaichuk and Read (1978) Canada 45,000 Wheat 180 54 – 136 7–49 25

   Seo et al. (2005) TN 158 Residue 90 51 – 379–488 5–17 17

   Shigaki et al. (2006) PA 2 Grass, corn 45 100 – 66–85 34–38 60

   Shigaki et al. (2007) PA 0.2 Grass 60 100 – 150 50–87 70

   Withers et al. (2001) UK 32 Bare 80 to 110 60–90 – 92–159 1–5 20

† WEP, water extractable phosphorus.

‡ NR, not reported.
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Accounting for manure non-WEP mineralization resulted 

in accurate estimates of dissolved P loss, with the regression 

line intercept and slope not signifi cantly diff erent from zero or 

one and a Nash Sutcliff e model effi  ciency of 0.82 (Fig. 1b).

Figure 1 results show our simple equations can accurately 

quantify cumulative dissolved P loss in runoff  over several 

months for a variety of fi eld sizes, crop and manure manage-

ment conditions, manure types, and geographic locations. Be-

cause data represent periods less than 12 mo, Eq. [4] and [5] 

could be applied on a seasonal basis (i.e., 3–4 mo) instead of an 

annual basis, given that enough precipitation falls within that 

season to remove all WEP from manure. Seasonal predictions 

may indeed be more appropriate for locations where runoff /

precipitation ratios vary signifi cantly throughout the year.

Annual Phosphorus Loss Quantifi cation Tool

Quantifi cation Tool Development

Our second objective was to test our manure and fertilizer P 

loss quantifi cation methods within one possible framework of an 

annualized, P loss quantifi cation tool. Th e tool presented here 

is not intended to represent a fi nal P loss prediction tool that is 

universally applicable across all geographic locations. Instead, we 

developed a framework for a tool that could be used for fi elds 

where surface runoff  is the dominant P loss pathway and total 

P loss is dominated by sediment P loss from eroded soil and 

dissolved P loss from soil, manure, and fertilizer. We collected 

rain, runoff , erosion, soil P, manure or fertilizer application, and 

fi eld management data from 28 published studies (independent 

of those in Table 1) that monitored P loss in runoff  for at least 1 

yr (Table 2). Studies represented a variety of tillage and cropping 

practices, manure and fertilizer types and application methods, 

and geographic locations, including Ireland and Australia.

We estimated sediment P loss in runoff  as:

Sediment P Loss = (eroded sediment) (soil total P) 

                              (P Enrichment Ratio)/(1 × 106)  [7]

where:

Sediment P Loss: Annual P loss in runoff  associated with 

eroded sediment (kg ha–1)

Eroded Sediment: Annual soil lost in runoff  due to erosion 

(kg ha–1)

Soil Total P: Total P content of surface soil (mg kg–1)

P Enrichment Ratio: Unitless ratio of total P in eroded sediment 

to that in the source soil

We used reported data for eroded sediment. We calculat-

ed the P Enrichment Ratio based on equations from Menzel 

(1980) and Sharpley (1980):

ln (P Enrichment Ratio) = 2.2 – 0.25 ln (eroded sediment) [8]

For soil total P in Eq. [7], we either used reported data or 

estimated soil total P from reported soil characterization data 

with an equation currently used in the Wisconsin P Index:

Soil Total P = [13 + (27 × Soil OM) + (0.06 × Soil Labile P)]2     [9]

where:

Soil OM: Organic matter content of the surface soil (g kg–1)

Labile P: Soil Labile P content of the surface soil (mg kg–1)

We estimated Labile P from reported soil test P, assuming La-

bile P is the same as Olsen P and Mehlich-1 P, and half of Me-

hlich-3 P and Bray-1 P (Sharpley et al., 1989; Vadas et al., 2006).

To estimate dissolved inorganic P loss in runoff  from soil, 

we used the equation of Vadas et al. (2005b):

Dissolved Soil Runoff  P = (Soil Labile P) (0.004) 

                                         (Annual Runoff ) (0.1)  [10]

where:

Dissolved Soil Runoff  P: Annual amount of dissolved P lost in 

runoff  (kg ha–1)

We used values for Labile P (mg kg–1) estimated as above and re-

ported values for runoff  (cm). Th e 0.004 value is an extraction coef-

fi cient that estimates dissolved P in runoff  (mg L–1) from soil Labile 

P, and 0.1 ensures kg ha–1 units for Dissolved Soil Runoff  P. We used 

Eq. [5] and [6] to estimate dissolved P loss from surface manure or 

fertilizer. We also made the following calculations in the model:

Fig. 1. Measured and predicted dissolved runoff  P loss for 21 
published studies using (a) surface-applied fertilizers, and (b) 
surface-applied manures, where manure non-water extractable 
phosphorus (WEP) mineralization is considered in predictions.
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1. When manure or fertilizer was tilled into soil, we 

estimated the portion of applied P mixed into the soil 

(and thus unavailable for direct loss in runoff ) based 

on tillage equipment as reported used and associated 

incorporation effi  ciency values (Stott et al., 1995).

2. For manure on the soil surface, 20% of non-WEP mineralized 

into WEP based on the daily manure P model of Vadas et 

al. (2007a) to satisfy Eq. [6]. For spring-applied manure, 

15% of manure non-WEP mineralized the same calendar 

year of application and 5% the following year. For fall-

applied manure, 5% of non-WEP mineralized the same 

calendar year of application and 15% the following year.

3. For fall-applied manure, 75% of Manure WEP Applied 

in Eq. [6] was lost in runoff  the same calendar year of 

application and 25% the following year.

4. Th e non-WEP mineralization rate for alum-treated 

poultry litter was 1/10 of that for untreated litter 

(Warren et al., 2008).

5. For studies with grazing cattle (Bos taurus), we used 

reported number of cows and grazing times to calculate 

cow grazing days per year. We assumed a beef cow 

produces 2.9 kg and a dairy cow produces 5.4 kg dry 

weight of feces daily; beef cow feces is 1.1% and dairy 

cow feces is 0.78% total P; feces WEP at deposition is 

55% of total P (Vadas et al., 2007a).

6. Total manure WEP (both applied and mineralized, kg 

ha–1) not lost in runoff  was either tilled or infi ltrated 

into soil and increased soil Labile P as:

Labile P Increase = (Total Manure WEP  

                    – Manure WEP in Runoff ) (PSC) (10)/

                              (BD)/(Depth)  [11]

where:

Labile P Increase: Amount that soil labile P increases due to P 

addition from manure (mg kg–1)

Total Manure WEP: Sum of manure WEP applied and manure 

P mineralized to WEP (kg ha–1)

Manure WEP in Runoff : Annual amount of manure WEP lost 

in runoff  (kg ha–1)

BD: soil bulk density (Mg m–3)

Depth: Th e depth of soil aff ected by manure P (cm)

PSC: P Sorption Coeffi  cient, unitless value between zero and 

one representing how much P added to a soil remains labile.

We assumed bulk density at 1.2 Mg m–3. For grassed or no-

till soils, we assumed Depth was 2.5 cm (Vadas et al., 2007a, 

2007b). For tilled soils, we assumed a Depth of 15 cm. We as-

sumed applied fertilizer P not lost in runoff  similarly increased 

Labile P. We estimated PSC values from reported soil proper-

Table 2. Studies used to validate our annual runoff  P loss quantifi cation tool.

Source Location Plot size Crop Duration P Source Runoff  measurements

ha mo

Angle et al. (1984) MD 0.26–0.37 Corn 36 Dairy manure Erosion, dissolved P, total P

Berg et al. (1988) OK 2.7–5.6
Grassed, 
wheat

120 None Erosion, dissolved P, total P

Burwell et al. (1975) MN 0.009 Corn, oats, hay 72 Fertilizer Erosion, dissolved P, total P

Cabot et al. (2006) WI 0.01–0.03 Alfalfa 12 Dairy manure Erosion, dissolved P, total P

Chinkuyu et al. (2002) IA 0.4 Corn, soybean 36 Hen manure Dissolved P

Edwards et al. (1996) AR 0.57–1.46 Grassed 30 Poultry litter, grazing manure Dissolved P

Gessel et al. (2004) MN 0.007 Corn, soybean 36 Swine manure Erosion, dissolved P, total P

Ginting et al. (1998) MN 0.007 Corn 24 Beef manure Erosion, dissolved P, total P

Harmel et al. (2004) TX 1.2–8.4 Corn, pasture 36 Poultry litter, grazing manure Erosion, sediment P, dissolved P

Jones et al. (1985) TX 2.1–3.3 Grassed 72 None Erosion, total P

Kurz et al. (2005) Ireland 0.46–1.54 Grassed 15 Fertilizer, grazing manure Dissolved P

Langdale et al. (1985) GA 1.3–2.7 Corn, rye 12 Fertilizer Erosion, sediment P, dissolved P

McDowell and McGregor (1980) MS 0.01 Corn, soybean 18 Fertilizer Erosion, dissolved P, total P

Moore and Edwards (2007) AR 0.41 Pasture 120 Poultry Litter Dissolved P

Owens and Shipitalo (2006) OH 2.2–4.2 Pasture 132 Fertilizer, grazing cow manure Dissolved P

Panuska et al. (2008) WI 0.0146 Corn 12 Liquid dairy manure Erosion, total P, dissolved P

Pierson et al. (2001) GA 0.75 Pasture 36 Poultry litter, grazing manure Dissolved P

Sistani et al. (2008) MS 0.1 to 0.7 Pasture 24 Poultry litter, grazing manure Erosion, total P

Smith and Monaghan (2003) Australia 0.05–0.09 Pasture 36 Grazing cow manure Erosion, dissolved P, total P

Soileau et al. (1994) AL 3.8 Cotton, rye 72 Fertilizer Erosion, dissolved P, sediment P

Thoma et al. (2005) MN 0.016 Corn 38 Swine manure, fertilizer Erosion, dissolved P, total P

Vervoort et al. (1998) GA 0.45 Grassed 30 Poultry litter Dissolved P

Vories et al. (2001) AR 0.6 Cotton 36 Poultry litter Erosion, total P, dissolved P

Westerman et al. (1985) NC 0.008 Grassed 72 Swine manure Total P

Westerman et al. (1987) NC 0.008 Grassed 48 Swine manure Total P

Wood et al. (1999) AL 0.001 Corn, rye 24 Fertilizer, poultry litter Erosion, sediment P, dissolved P

Wortmann and Walters (2006) NE 0.004 Corn, soybean 36 Composted beef manure Erosion, dissolved P, total P

Young and Holt (1977) MN 0.001 Alfalfa, corn 36 Fertilizer, dairy manure Erosion, dissolved P, total P
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ties using equations developed from data of 78 U.S. soils by 

Sharpley et al. (1984).

Phosphorus Loss Quantifi cation Tool Validation
Results in Fig. 2 show our P loss tool reliably quantifi ed an-

nual dissolved P loss in runoff . Th e slope and intercept of the 

regression line for predicted and measured values were not sig-

nifi cantly diff erent (P = 0.05) from unity or zero. We also calcu-

lated a Nash Sutcliff e model effi  ciency of 0.77. Data represent 

24 studies from 13 diff erent states, Australia, and Ireland where 

fertilizer, manure, and soil all contributed to dissolved P loss in 

runoff , where applied manure was both incorporated and unin-

corporated, and manure sources included both machine-applied 

manure and manure from grazing cattle. Th ese validation data 

also include data used by DeLaune et al. (2004) in validating the 

Arkansas pasture P Index, which demonstrates the applicability 

of our tool to pastures as well as cropped land.

Figure 3 shows results for measured and predicted annual sedi-

ment P loss in runoff  from four studies in Texas, Alabama, Min-

nesota, and Wisconsin. While the slope of the regression line relat-

ing predicted and measured values was not signifi cantly diff erent 

(P = 0.05) from unity, the intercept was somewhat greater than 

zero. However, a Nash Sutcliff e model effi  ciency of 0.87 indicates 

our tool still reliably quantifi ed annual sediment P loss in runoff . 

Th us, our methods of estimating soil total P content (Eq. [9]) and 

a P enrichment ratio (Eq. [8]) can reliably quantify sediment P loss 

for the variety of management practices, soil types, and geographic 

locations represented in these studies. Figure 4 shows model re-

sults for annual total P loss in runoff  from 19 studies from 11 

states and Australia. Data represent a combination of particulate P 

loss and dissolved P loss from soil, fertilizer, and manure. A regres-

sion slope and intercept not signifi cantly diff erent (P = 0.05) from 

unity or zero and a Nash Sutcliff e effi  ciency of 0.89 all indicate our 

tool reliably quantifi ed annual total P loss in runoff .

Our results demonstrate that if reliable estimates of soil ero-

sion and runoff  are available, fairly simple equations can be 

used to accurately quantify annual, fi eld-scale P loss in runoff  

for the wide variety of soil types, climates, management prac-

tices, and geographic locations represented in the investigated 

studies. Table 3 shows results for a sensitivity analysis for the 

major model input variables, which were fertilizer P applied, 

manure WEP available for loss in runoff , soil labile P, soil total 

P, annual eroded sediment, annual precipitation, and annual 

runoff . Annual P loss estimates were least sensitive to variables 

concerning the sources of dissolved P loss (fertilizer P, manure 

WEP, and soil Labile P). Model estimates were more sensitive 

to variables concerning sediment-bound P loss (annual eroded 

sediment and soil total P), but were most sensitive to the vari-

ables concerning P transport (precipitation and runoff ). Th e 

input variables for fertilizer P, manure WEP, soil Labile P, soil 

total P, and annual precipitation can all be measured, which 

suggests they should not introduce high degrees of uncertainty 

into P loss estimates. Only the variables for runoff  and eroded 

sediment will have to be estimated.

Estimating fi eld-scale runoff  and erosion is not trivial, even 

for a P loss tool that does not necessarily need to predict high 

degrees of spatial and temporal rain and runoff  variability. Ex-

isting P Indexes typically use RUSLE (Renard et al., 1997) or 

RUSLE2 (Foster et al., 2000) to estimate annual erosion, and 

adaptations of the curve number method (National Resource 

Conservation Service, 2004) with annual precipitation to es-

timate runoff . We assume these methods would also be used 

to implement a P loss quantifi cation tool such as ours. Th ese 

erosion and runoff  prediction tools rely on long-term, aver-

age annual weather in their calculations and are not designed 

to predict year-to-year weather, erosion, and runoff  variability. 

Th erefore, it is diffi  cult at times to validate RUSLE or the curve 

number with just a few years of monitoring data (Harmel et al., 

2005). However, because they are widely accepted, well-sup-

ported, state-of-the-art planning tools that represent decades 

of data and development, planners fi nd them appropriate and 

valuable for decision-support tools used to help reduce fi eld-

scale P loss.

Fig. 2. Measured and predicted annual dissolved P loss in runoff  from 
22 published studies.

Fig. 3. Measured and predicted annual sediment P loss in runoff  from 
four published studies.
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Comparison with Existing Phosphorus Loss 

Quantifi cation Methods
Phosphorus Indexes using methods similar to the ones present-

ed here to quantify annual, fi eld runoff  P have been developed in 

Arkansas, Iowa, Minnesota, Missouri, North Carolina, and Wis-

consin. Validation studies of these Indexes generally show good 

relationships between measured P loss and P Index values (Bundy 

et al., 2008; DeLaune et al., 2004; Minnesota P Index Technical 

Guide, 2006), but these validation studies are limited. Our new 

methods for estimating dissolved P loss in runoff  from surface 

manures and fertilizers have recently been incorporated into the 

Wisconsin P Index (Good and Panuska, 2008). Th e old version of 

the Wisconsin P Index as well as the existing Iowa and Minnesota 

P Indexes (Mallarino et al., 2005; Minnesota P Index Technical 

Guide; 2005) all quantify dissolved P loss from surface manure 

and fertilizer with equations to which we could readily apply the 

data from 22 published studies in Table 2. Th e Minnesota Index 

and old Wisconsin Index both assume a percentage of surface 

applied manure and fertilizer P is lost in runoff . Th e Minnesota 

Index sets this at a constant 3%, while the old Wisconsin Index 

varies the percentage from 0.5 to 4% depending on the season 

of application. Th e Iowa Index accounts for surface manure and 

fertilizer P loss by assessing the infl uence of these P sources on soil 

P and estimating P loss in a manner similar to that for soil P. For 

all three Indexes, we used measured runoff  data and Index equa-

tions to estimate dissolved P loss from soil, manure, and fertilizer. 

By comparing results with our results in Fig. 2, we could thus as-

sess if our approach for estimating dissolved P loss from surface 

manure and fertilizer represents an improvement over some exist-

ing approaches. Because the Iowa and Minnesota Indexes were 

developed for specifi c soil and climate conditions in those states, 

this comparison was intended to assess only the relative results of 

our methods and these other approaches and not their ability to 

estimate P loss for conditions outside of Iowa and Minnesota.

Table 4 presents regression equations for measured and esti-

mated dissolved P loss for our methods and the other existing 

approaches. Th e approach used in the Iowa Index poorly quan-

tifi ed dissolved P loss. Th e approach used in the Minnesota and 

old Wisconsin Indexes produced good correlations between 

measured and predicted dissolved P, but with the Minnesota 

Index generating greater estimates. However, our new methods 

for estimating dissolved P loss from surface manure and fertil-

izer provided the most accurate estimates.

Summary
Our results show that our new methods to estimate P loss in 

runoff  from surface manure and fertilizer are an improvement over 

methods used in existing Indexes, and that it is possible to reli-

ably quantify annual, fi eld-scale dissolved, sediment, and total P 

loss in runoff  using simple methods and readily obtainable inputs, 

especially if suffi  ciently accurate estimates of runoff  and erosion 

are available. Th us, a runoff  P loss quantifi cation tool does not 

necessarily require more complex input than existing P Indexes. 

Th e same tool can reliably quantify P loss across a variety of man-

agement and fertilization practices, soil types, climates, and geo-

graphic locations. However, developing a single, P loss quantifi ca-

tion tool that can be used across an eco-region will be a challenge, 

especially given the need to adequately simulate runoff , erosion, or 

other pathways of P loss (i.e., subsurface transport in groundwater 

or through drainage networks). To allow the use of this tool in 

planning watershed-level water quality programs, other issues re-

lated to spatial representation or estimating P delivery from fi elds 

to water bodies must also be addressed.
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