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BIOACTIVE PHOSPHORUS LOSS IN SIMULATED RUNOFF FROM
A PHOSPHORUS-ENRICHED SOIL UNDER TWO FORAGE

MANAGEMENT SYSTEMS

V. S. Green', T. H. Dao2, G. Stone2, M. A. Cavigelli', R. L. Baumhardt3, and T. E. Devine'

Although runoff from phosphorus (P)-enriched soils contains more P
than the functionally defined molybdate-reactive P, information on the
biological significance of the remaining fraction is limited. A study was
conducted to characterize distributions ofinorganic and enzyme-labile P
forms in simulated runofffrom a silt loam soil (Typic Hapludults) under
orchard grass (Dactylis glomerata L.)-red clover (Trifolium pratense L.) and
no-till forage-type soybean (Glycine max [L.] Merr.)-wheat (Triticum
aestivum L.) systems after the fall harvest. Forage management effects on
runoff composition and on relationships between soil water-extractable
P (WEP) in runoff and bioactive P pools were determined after eight
annual manure applications. Concentration and mass distributions of P
forms in runoff over time were lognormally distributed, and four
parameters defined the distributions' amplitude and asymmetry. The
more inclusive total bioactive P (EDTA-PHP) fraction was found in
greater concentration and mass than WEP. Peak concentrations and
mass loads we:r:e greater from soil amended with manure P than
untreated soil and from soil under orchard grass-clover than soil under
soybean-wheat rotation. The strength of correlations between predicted
WEP mass loads and soil P pools was in the order EDTA-PHP > ligand­
exchangeable inorganic P > Mehlich-3P, suggesting that runoff P forms
were directly associated with soil available P fractions that were partly
derived from enzyme-mediated processes. The results also suggested
that knowledge of the P release pattern was as important a factor as mass
load because management intensity and yield potentials of these forage
systems can alter the characteristics of the loss process. (Soil Science
2007;172:721-732)
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supplying needed nutrients to row and forage
crops. For many years, application of manure
was based on the plant nitrogen (N) require­
ments. A narrow ratio of N to phosphorus (P)
exists in manure of majorlivestock species such
that P exceeds that required by agronomic crops
and forages for growth and development.
Phosphorus accumulates in soil when manure
is applied to meet plant N needs (Zhang et al.,
2002; Dao, 2004a; Hart et al., 2004). Such
P-enriched soils are potential pollution sources,
increasing risks to water quality of freshwater
systems, Losses of P in runoff from agricultural
fields have been a primary cause of water quality
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degradation and eutrophication of many lakes,
streams, and estuaries (Boesch et al., 2001). Algal
blooms have often been related to increased P
inputs, often exceeding a critical soluble P con­
centration of 0.03 mg L- 1 (Phlips et aI., 2002;
Lindstrom et al., 2004; Haukka et aI., 2006).

In environmental samples such as runoff, soil
extracts, aliquots of streams, and other natural
waters, previous studies often have focused on
the water's total P (TP) content, and one of its
components, the dissolved reactive P (DRP)
fraction. A functional definition for DRP has
been adopted by many researchers, whereby the
water samples are passed through a membrane
filter with OA5-flm openings. Analysis of the
resulting solution yields P forms that are labeled
DRP and a P fraction that is referred to as
dissolved unreactive P. The latter soluble forms
are labeled "unreactive" because they do not
react in common colorimetric techniques used
to measure P, such as the blue molybdate­
ascorbic acid method (Murphy and Riley,
1962). The dissolved unreactive P forms include
inositol phosphates, polyphosphates, and P
complexed to mineral or organic compounds.
These compounds have been overlooked
because many have been thought to be bio­
logically unavailable, and some of these organic
forms are difficult to measure, requiring speci­
alized instrumentation (Sundareshwar et aL,
2003; Cooper et al., 2005; Dao, 2006).

Animal manures are major sources of
organic P (Gerritse and Eksteen, 1978; Dao
et aI., 2006). In soils amended with animal
manure, myo-inositol hexaphosphate (phytic
acid) and other organic P forms are added to
the soil P pool, in addition to inorganic
orthophosphate. myo-Inositol hexaphosphate
and lower phosphomonoesters of inositol are
the most abundant identifiable organic P com­
pounds in soil (Cosgrove, 1980). Dao (2004a)
previously reported that repeated applications of
dairy manure at annual rates of 15 and 30 kg P
ha-1 resulted in soil storage of complexed
phytase-hydrolyzable P (EDTA-PHP) and inor­
ganic ligand (EDTA)-exchangeable inorganic P
(EEP;); the buildup of P forms complexed to
polyvalent cations increased risks of potential
mobilization and release of bioactive P in the
near-surface zone of these soils. Release of
manure and soil P over time were previously
observed to be lognormally distributed during a
yearlong incubation study at temperatures
between 4 and 30°C (Dao and Cavigelli,
2003). Therefore, based on our preliminary

knowledge of manure constituents and soil P
desorption behavior, this study was conducted
to specifically (i) determine the composition of
runoff dissolved P and characterize the concen­
tration and mass distributions over time in
simulated runoff using the lognormal distribu­
tion function and (ii) determine the effects of
forage management systems on that composi­
tion and on relationships that may exist
between flux densities of soil water-extractable
P (WEP) in runoff and selected soil-extractable
P fractions.

MATERIALS AND METHODS

Forage Systems and Field Plot Management

The long-term field study area was estab­
lished on a Matapeake (fine-silty, mixed, semi­
active, mesic Typic Hapludults)-Christiana
(fine, kaolinitic, mesic Typic Paleudults) soil
association, located on the Beltsville Agricultural
Research Center, in Prince George's County,
Maryland, at 39.03°N and 76.85°W. Most of
the plot area was located on the Typic Haplu­
dults. The site has an elevation of 22 m, an
annual precipitation of lliO mm, and with
mean summer and winter temperature of 25 and
3°C, respectively.

The field plots (ca. 2.5 ha each) were
contour-cropped to (i) an orchard grass (Dactylis
glomerata L.) and red clover (Trifolium pratense L.)
or (ii) a no-till (NT) forage-type soybean
(Glycine max [L.] Merr.) and NT winter wheat
(Triticum aestivum L.) rotation betWeen 1996 and
2004. Three rates of dairy cattle manure were
applied each year in the spring (early May). The
liquid sprayer was calibrated to deliver 0, 15,
and 30 kg ha-1 of manure P. The 0- and 30-kg
ha-1 treatments were included in the current
runoff study. Soybean (cv. Donegal) was direct­
seeded in OA-m spaced rows to achieve a plant
density of 90,000 plants ha-1 in mid-May of
each year, approximately 2 weeks after manure
application (Devine and Hatley, 1998). Soybean
forage was cut, baled, and removed from the
plots in mid-September, and a NT cover crop of
wheat was direct-drilled at the rate of 60 kg
ha-1 after a broad-spectrum herbicide applica­
tion and without any additional fertilization.
Wheat forage was cut at about the milk stage,
baled, and removed in mid-ApriL Orchard grass
was direct-drilled in the spring of 1996, and red
clover was interseeded in 1997. The grass-clover
mixed stand was shallowly disked and replanted
every fourth year.
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Rainfall Simulations

Mter the September forage harvest in 2004,
rainfall simulations were conducted using a
custom-made simulator and runoff frames on
three replications of each forage system. The
simulations were conducted after the fall forage
harvest, when the cumulative effects of forage
management practices and manure applications
have culminated for the growing season.
Although the transformations and transport of
manure P could change drastically with the
timing of manure application and precipitation,
a goal of the study was to improve the under­
standing of long-term dynamics of P losses
rather than the immediate effect of manure
application or the manure application rates.
During this period of the year, the risks of
surface runoff and the potential for soil erosion
were highest for these production systems.

Rainfall was applied using a solenoid­
controlled, variable-intensity rainfall simulator
based on the design of Miller (1987). The
simulator (2.8 X 2.8 X 3 m, length, width, and
height, respectively) was equipped with a TeeJet
1/2 HH SS50WSQ nozzle (Spraying Systems
Co., Wheaton, Illinois) positioned 3 m above the
soil surface. Simulated rainfall had the uniformity
coefficient ofO.93±0.02 within the frame place­
ment area (Cuneca, 1989). Constant rainfall
intensity of 62±0.6 mm h-\ which has an
average recurrence interval of 10 years for a
60-min period in central Maryland, was main­
tained for 30 min after runoff initiation (U.S.
Department of Commerce, 2004). Runoff
frames (0.75 X 2 m) were cut from aluminum
sheets of 14-gauge thickness (ca. 1.6 mm). The
metal borders were driven into the surface of the
field plots to an average depth of 5 cm. A
narrow slot was cut into the ground, at the
downslope end of the runoff frame. One side of
a triangular runoff collector plate (length = 0.75
m; height = 0.1 m) was placed into the cut slot,
at ground level to collect the runoff suspension.
A clear plastic cover prevented raindrops from
entering the collector plate. A peristaltic pump
was used to continuously siphon the runoff from
each runoff frame to a separate collection tank.
The collection tanks were made from a Sched­
ule-40 PVC pipe (inner diameter = 0.30 m;
height = 1.5 m) that was capped at one end to
capture the total volume of runoff generated
during a simulation from a runoff frame. In
addition, the collection tank was equipped with
a float and stem that was calibrated to read

runoff volume in height of a column of water
(millimeters) during each simulation. At 2-min
intervals, the stream from each runoff frame was
intercepted, and a series of 15-sec samples (100
mL) of the suspension was collected from each
of the runoff frames.

Similar field conditions were identified for
each treatment and field replication. Paired
runoff frames were placed side by side under
the simulator in three replicated plots of the
control (0) and the 30-kg P ha-1 treatments of
the two forage systems. The average slope
where runoff frames were placed was 0.06
m m -1. The rainwater was prepared by adding
reagent-grade chemicals to deionized water to
obtain a regional rainwater composition. Con­
centrations of Caz+, Mgz+, K+, Na+, NH4+,
N03-, CI-, and SO/- in the rainwater were
0.08,0.03, 0.02, 0.12, 0.34, 1.36, 0.26, and 1.9
mg L-\ respectively, and pH was adjusted to
4.5. Multiple soil cores (inner diameter = 2 cm)
were obtained from the 0- to 10-cm depth on
three sides of each runoff frame, composited by
manure P treatment, mixed, passed through a 4­
mm sieve, and stored at field moisture at 4 DC
until P analysis. The silt loam soil had a pH of5.2
in 0.01 M CaClz; soil concentrations of organic
C, N, and acid digest TP were 14.7 g kg-\ 0.9 g
kg-1, and 722 mg kg-1, respectively.

Runoff and Soil P Fractionation

Water Samples

Bioactive P fractions in manure and runoff
samples were determined according to the
procedure developed by Dao (2003, 2004b,
2006) and Dao et al. (2006). In brief, soil WEP
in runoff was measured in duplicate aliquots
(7 mL) that were centrifuged at 10,000 x g for
15 min. An identical aliquot of the runoff
samples was equilibrated with a 0.050-MEDTA
(1:10, wt.lvol.) for 1 h on a gyratory shaker
(250 Lp.m.) to measure EEP i . Total bioactive P
(EDTA-PHP) was determined after EEPi meas­
urements. An aliquot (0.1 mL) of a stock
solution of Aspergillus ficuum phytases that were
prepared in our laboratory (Hoang and Dao,
2006, unpublished data) containing 0.5 U mL-1

of enzyme and deionized water was added to
replace the volume removed for the EEPi

measurement. The runoff-enzyme mixture was
shaken at 250 Lp.m. for 24 h. The sample tubes
were immersed in boiling water for 10 min and
centrifuged at 10,000 x g, and aliquots of the
supernatant were used for P analysis. Thus, the
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[1]

all-inclusive total bioactive EDTA-PHP fraction
is the sum of WEP, EEPi , and complexed
EDTA-PHP forms. Phytase-hydrolyzable P
was calculated as the difference between
EDTA-PHP and EEPi . Acid digest TP was
determined in duplicate 15-mL aliquots of the
runoff using a modified potassium persulfate
digestion procedure. Reagent-grade K2S20 S

was added to the runoff subsamples along with
12 mL of 5.5 M H 2S04, The mixture was
brought to a boil at 180°C for 0.5 h in a heating
block, and the digestion temperature was raised
and maintained at 350°C for an additional 0.5 h.
The digest was diluted to a final known volume
for P analysis. Extracted and TP concentrations
were determined colorimetrically using the
phosphomolybdate-ascorbic acid method and
an auto-analyzer (Bran-Luebbe, Buffalo Grove,
Illinois) (American Public Health Association,
1998). Absorbance was recorded at 660 nm.

Soil Samples

The fractionation of soil bioactive P pools
was similar to that used to analyze runoff water
samples and was described in previously cited
references. In brief, soil WEP concentrations
were determined in soil-water suspensions
(1:100, wt.lvol.) in polycarbonate jars contain­
ing 0.7 g of soil and deionized water. The
suspensions were agitated at 250 r.p.m. for 1 h;
an aliquot (5 mL) of the suspension was
centrifuged at 10,000 X g, and the supernatant
was analyzed for P concentrations. Aliquots of a
5-mM EDTA stock solution were added to
another 0.7-g sample of soil (1:100, wt.lvol.) to
determine the soil EEPi pool. The mixtures
were agitated at 250 r.p.m. for 1 h to minimize
the enzymatic hydrolysis of any coextracted
organic P forms. Aliquots of the solution phase
were centrifuged at 10,000 x g, and soon
thereafter, the supernatant inorganic P concen­
trations were determined. The soil EDTA-PHP
fraction was determined in the same suspension
used to measure soil EEPi . An aliquot of an A.
ficuum phytases stock (0.5 V) was added, and the
soil-enzyme mixtures were equilibrated for 24 h.
Aliquots (5 mL) of the supernatant were heated
(100°C) and centrifuged at 10,000 X g, and the
supernatant was analyzed for P concentrations.
The Mehlich-3P fraction was determined
according to the method developed by Mehlich
(1984) as part of a multielement soil extraction
procedure. Soil samples (1.5 g) and extracts were
placed in polycarbonate test tubes (16 x 125

mrn) to attain a soil to solution ratio of 1:10
(wt.lvol.). The suspensions were agitated at 250
r.p.m. for 10 min, centrifuged at 10,000 X g,
and the supernatant P concentrations were
determined. Acid digest TP was determined in
subsamples of air-dried soils (0.2 g) using the
same procedures described previously for runoff
samples.

Numerical Method and Statistical Analysis

Forage crop systems and dairy manure appli­
cation rates were established according to a split­
plot design (Steel et al., 1997). The main plots of
forage crop system were split in three strips, each
assigned one ofthe manure P rates at random.

The distributions of concentrations and mass
loads ofWEP, EEP i , and EDTA-PHP forms in
runoff were fitted to the lognormal distribution
function, which follows,

(_ O. 693 ln((X-b)(d
L l)+1)2)

Y = ae In(d)2 cd

where Y is the P concentration (mg L-1
) or

mass load (mg) and X is the time (min)
(TableCurve 2D; SPSS Inc., c:hicago, Illinois).
The four parameters ofEq. (1) are defined as
follows: a is the amplitude of lognormal distri­
bution; b, time of occurrence of maximal
concentration (concentrationmax) or maximal
mass (massmax); c, the distribution width at
half-concentrationmax or massmax, and d, asym­
metry at half-concentratiollmax or massmax.

The area under each concentration-time
curve (AVC) was calculated as follows

(
In(d)2

yfiCacdlnde 4lii2)
AUC= [2]

vr;:;2(d2 -1)

where the coefficients a, b, c, and d were the
fitted parameters of Eq. (1). The AVC values
represent the predicted cumulative mass of P
(mg min mL -1) lost in runoff during the
simulation period. These predicted mass loads
were compared with the empirical mass loads
that were calculated by multiplying P concen­
trations by runoff volume measurements. The
root mean square error (RMSE) for the fitted
distribution function was also computed in
addition to the coefficient of determination, y2,

to determine the goodness of fit of the lognor­
mal equation to the concentration or mass flux
density data.

Chemical analyses were conducted in trip­
licate, and results are expressed on an oven-dried
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Fig. 1. An example of the distribution of soil WEP concentrations and mass loads in runoff from a Typic Hapludults
under forage-type soybean-winter wheat plots during 30 min of simulated rain applied at an intensity of 62 mm
h-1. Dashed and solid lines are representations of the lognormal distribution density function fitted to individual
simulation for three field replicates and to the mean of the replicates, respectively.

soil basis. Differences in forage system main
effects and forage system X rate interactions for
P fractions and model parameters were detected
after analysis of variance by PROC MIXED,
computation of least squares means, and multi­
ple comparisons of the differences of means at
the 0.05 probability level using the Statistical
Analysis System (2004).

RESULTS AND DISCUSSION

Lognormally Distributed Release of P to Runoff

All forms of bioactive P (i.e., WEP, EEPi,
EDTA~PHP) and TP followed a similar pattern
of reaching a peak in a short time after initiation
of runoff and then of declining concentrations
over time. A typical example ofP concentration
distribution in the three field replications and
their mean is presented in Fig. "1 for runoff
WEP. An overall exponential increase in chem­
ical concentrations was observed from 4.9 to 9
min into the rain simulation, followed by a
slower rate of decline. Phosphorus concentra­
tion decreases were partly because of the
dilution of water running off the soil surface
by the rainwater and reductions in soil P
desorption fluxes. However, it is not surprising
that the release of P to runoff followed a
lognormal distribution, because we have
observed in previous studies that WEP desorp­
tion from manure and soils has a pronounced
skewed pattern of the lognormal density fimc­
tion (bao and Cavigelli, 2003). Therefore, the

adsorption-desorption hysteretic behavior of
WEP in soil resulted in the asymmetrical shape
of the runoff concentration-time distribution.

The distributions of all other measured P
forms over time were similar in pattern (Table 1
and Fig. 2). These relationships differed among
field replicates, possibly reflecting localized
differences in flow velocities (i.e., lag time to
the initiation of runofi). These variations may be
attributed to the spatial variability of the post­
harvest residual vegetative cover and surface
roughness affecting soil hydraulic properties
and surface hydrology. However, the four­
parameter lognormal function successfully
described each runoff P concentration profile
(Table 1). Associated RMSE, which have the
same unit as the measured variable, (i.e., mg L -1)
were low and also reflected the goodness of fit
of the model to the P flux densities, along with
the high coefficients of determination (r 2

) of the
concentration-time relationships (Table 1).

Effects of Manure Application

Water-Extractable P

For all forage system and manure treatment
combinations, parameter a, or peak amplitude, is
the best estimate of maximal concentration of P
released to runoff during each simulation
(Table 1). All a values reflected the increased
loss of WEP to runoff as the result of the P
buildup in manure-treated soil, regardless of
whether it was cropped to orchard grass-clover
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TABLE 1

Distribution ofWEP and total bioactive P (EDTA-PHP) concentrations and loads in runoff from a Typic Hapludults under orchard grass-red clover and forage-type soybean-winter wheat plots
amended with two rates of dairy manure P during 30 min of simulated rain applied at an intensity of 62 mm h -1

Manure P treatment
WEP concentration (mg L 1)

EDTA-PHP concentration (mg L 1)

Forage system kg P ha-1 a b c d r2 RMSE
a b c d r2 RMSE

mg L- 1 ----tTlln-----
mgL- 1 -----lmn-----

Orchard grass-red clover 0 0.77 4.9 14.5 15.2 0.970 0.035 1.00 5.8 13.5 7.8 0.997 0.017

30 0.82 8.3 24.6 10.9 0.986 0.027 0.92 7.8 26.5 16.3 0.999 0.008

Forage-type soybean-winter wheat 0 0.18 5.4 16.8 26.3 0.993 0.004 0.26 6.1 50.5 22.1 0.966 0.013

30 0.59 9.0 47.1 11.7 0.912 0.047 0.72 7.2 49.7 43.4 0.996 0.011

~
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WEP mass load (mg) EDTA-PHP mass load (mg)
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Manure P treatment

tTI
f-j

kg P ha-1 a b c d r2 RMSE
a b c d r2 RMSE >

mg - - - - - min- - - - - mg - - - - - min- - - - - \""

Orchard grass-red clover 0 2.83 6.6 20.2 7.4 0.991 0.077 2.03 5.1 26.4 13.8 0.749 0.271

30 2.30 13.6 37.6 4.2 0.996 0.011 2.21 12.1 30.6 4.2 0.941 0.156

Forage-type Soybean-winter wheat 0 0.53 6.9 34.5 12.8 0.965 0.027 0.89 8.6 111.8 26.7 0.989 0.03

30 1.61 14.0 95.0 11.2 0.988 0.053 1.76 11.6 139.3 24.9 0.993 0.046
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Fig. 2. Distributions of soil WEP concentrations and mass loads in runoff from a Typic Hapludults under orchard
grass-red clover (A and B) and forage-type soybean-winter wheat (C and D) plots amended with 0 (A and C) and
30 kg ha -1 (B and D) of dairy manure Pduring 30 min of simulated rain applied at an intensity of 62 mm h -1. Solid
and dashed lines are representations of the lognormal distribution density function fitted to means ± standard
deviation of three field plot replicates.

(Fig. 2A, B) or to soybean-wheat (Fig. 2e, D).
Along with parameter a, the time required for
the peak concentration to decline by half (also
denoted half-concentrationmax) was also an im­
portant indicator of the size of the P pools that
replenished the liquid-phase concentration over
time (i.e., parameters c and 11). Application of ma­
nure increased parameter c as the WEP concen­
trations took about twice as long to decrease by
half under orchard grass or soybean management,
compared with the soil receiving no manure P.

Peak runoff concentrations in the orchard
grass-clover control plots were only slightly lower
than those from the 30-kg ha -1 manure
P treatment (Table 1). However, runoff
WEP concentrations decreased, reached the
half-concentrationmax, and tailed off more rapidly
in the control plots than the manure-amended
soil, as shown by lower parameter c values in the

manured treatment than in the control treatment.
One explanation for the high peak P concen­
trations in the control treatment is that P was
mineralized, either from the soil or the thatch
layer, and accumulated in the soil near-surface
zone. The readily available P pool was susceptible
to overland losses and was quickly depleted (i.e.,
parameters c in Table 1), compared with the
manure-amended treatment. Peak runoff con­
centrations were compqratively lower from the
forage-type soybean-wheat treatment than the
orchard grass-clover treatment, with the manure­
amended soil also showing larger WEP peak
concentrations than the untreated soil (Table 1).
We observed that Mehlich-3P concentration of
the control plots under orchard grass-clover and
soybean-wheat were 118 ± 15 and 101 ± 16 mg
kg-1, respectively, and soil total bioactive
EDTA-PHP averaged 290 ± 61 and 172 ± 50
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TABLE 2

Normalized WEP concentrations in runoff from a Typic Hapludults under orchard grass-red clover and forage-type soybean­
wheat plots amended with two rates of dairy manure P during 30 min of simulated rain applied at an intensity of 62 mm h -1

WEP concentration (fraction of TP)
Manure P treatment

Forage system kgPha- 1 a b c d
r 2 RMSE-1

gg -------rnin------

Orchard grass-red clover 0 0.77 6.8 258 92 0.997 0.013
30 0.72 10.1 650 146 0.997 0.010

Forage-type soybean-winter wheat 0 0.41 6.3 59 23 0.987 0.012
30 0.86 6.1 102 52 0.961 0.052

Lognormal model parameters: a = concentrationmax or mass loaclmax (amplitude); b = time of occurrence of concentrationmax
or loaclmax; c = distribution width at half-concentrationmax or loadmax or peak width at 50% of the amplitude; d = asymmetry
at half-concentrationmax or loadmax.
The four-parameter lognormal distribution density function was fitted to means of three field plot replicates.

mg kg-\ respectively. The soybean-wheat rota-
-1 -1tion yielded 10.8 Mg ha year of dry matter,

cO~Fared_'iith a cumulative yield of 5.8 Mg
ha year for an average of three cuttings a
year for the orchard grass-clover system. As plant
TP concentrations averaged about 4 g kg-1 in
the aboveground biomass in the two forage
systems, a greater quantity of P was harvested
and exported with the forage-type soybean­
wheat system than the orchard grass-clover
system (Dao, 2006, unpublished data). These
results suggested that the practice of growing a
high biomass-producing forage crop and export­
ing the dry matter off the field had markedly
reduced available P storage in soil.

Total Bioactive P

Total bioactive P concentration distribution
1ll runoff followed similar patterns as those of

WEP, with higher concentrations that peaked at
about the same time (Table 1). Therefore, there
were enzyme-labile EDTA-PHP forms that
were released along with inorganic WEP to
runoff from both forage systems. These enzyme­
labile forms were present, whether manure was
applied or not, suggesting that P forms in runoff
were derived from available P pools in soil and
any manure solids that would be well integrated
into the soil near~surface zone over the years
and by the end of the 2004 growing season.
Coincidentally, WEP concentrations, as a pro­
portion of runoff TP, decreased as the simu­
lation progressed, with a particularly rapid
decline in the control soils compared with soils
receiving manure (Table 2). Additional evidence
of the release of bioactive P forms to runoff was
found in other simulated runoff studies of dairy
manure applied to live and dead vegetative strips

TABLE 3

Total runoff volume and measured and predicted WEP loads in runoff from a Typic Hapludults under orchard grass-red
clover and forage-type soybean-winter wheat plots amended with two rates of dairy manure P during 30 min of simulated

rain applied at an intensity of 62 rom h -1

Measured mass loadt (mg) Predicted mass load

Manure P (mg min L-1):1:

Forage system treatment Runoff
kg P ha-1

volume§ WEP
EDTA-

WEP
EDTA-

PHP PHP
rom

Orchard grass-red clover 0 36.3 a~ 25.6 ab 30.3 a 22.2 bc 39.9 a
30 30.5 b 27.8 a 33.6 a 28.9 ab 48.8 a

Forage-type soybean-winter 0 37.7 a 5.9 b 17.3 b 9.6 c 39.2 a
wheat 30 29.7 b 21.5 ab 26.5 ab 41.2 a 47.3 a

tMeasured cumulative mass load (mg) = sum (concentration [mg L-1] X runoff volume [L]) of each runoff sampling time
interval during the 30-min simulation.
:l:predicted mass load (mg min L-1) = area under the concentration (mg L-1) - time (min) curve.
§Cumulative volume of runoff collected during the 30-min simulation.
~Treatment means followed by same letter witllln a column are not significantly different according to the Tukey HSD test at
the 0.05 level of probability.
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(Dao et al., 2007). In a later study, Dao et al.
(2007) observed that the release ofmanure-borne
Escherichia coli and Enterococcus, indicators of fecal
contamination, were highly correlated to the
PHP or the more-inclusive total EDTA-PHP
and TP fractions in runoff. The relationship
indicated that coliforms were released to runoff
while associated with organic P particulates.

Differences existed in the timing of peak P
concentration and mass load in runoff (param­
eter b) between the control and manure treat­
ments (Tables 1 and 2). Peak concentration and

mass load in runoff were much broader in shape,
and the decline tailed off more slowly in the
manure-amended soils than in the untreated
soil. Runoff volumes and fluxes were integrated
in the mass load distribution patterns for WEP
and EDTA-PHP (Table 1). The longer delays in
mass loading to runoff were because of (i) higher
infiltration of rainwater that resulted in less
runoff (Table 3) and (ii) more impedance to
rainwater flow by a greater mass and coverage of
surface residues in the manure-amended soil
than the control soil. Long-term additions of
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Fig. 3. Relationship between predicted WEP cumulative mass in runoff and selected soil Pform concentrations in a
Typic Hapludults under orchard grass-red clover and forage-type soybean-winter wheat plots amended with two
rates of dairy manure P during 30 min of simulated rain applied at an intensity of 62 mm h-1. Solid and dashed
lines represent the linear regression line and 95% confidence limits, respectively.
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manure or other organic C-rich substrates have
been observed to lower soil bulk density and
increased aggregate stability to improve water
entry and infiltration in soil (Martens and
Frankenberger, 1992).

Effects of Soil Bioactive P Pools

Relationships between cumulative mass load­
ing to runoffofWEP, as predicted by the AUC of
the WEP concentration-time curves, and soil P
concentration of soil samples taken near the
runoff frames are shown in Fig. 3. Overall,
predicted mass loads ofWEP or EDTA-PHP in
runoff derived from the P concentration-time
plots were in agreement or slightly larger than
empirically derived values (Table 3). The fitting
of the concentration data to the lognormal
distribution diminished random errors affecting
P concentration distributions. Therefore, inte­
grating during the 30-min simulation period, the
concentration-time curve yielded equivalent final
mass load estimates to those based on measured
runoff volume and P concentration distributions.

Soil WEP showed the lowest correlation to
the predicted cumulative WEP mass load in
runoff and was not a good predictor of WEP
mass load in runoff. A higher correlation was
observed between soil Mehlich-3P concentra­
tions and cumulative WEP mass load (r 2

=
0.68). The general correlation observed
between the soil test P and P mass in runoff
was in agreement with a number of studies
reporting a linear relationship between some
measure of soil test P and dissolved inorganic
P in runoff from soils that had received
inorganic phosphate fertilizer or animal manure
(Pote et aI., 1999; Sharpley and Moyer, 2000;
Sims et al., 2002; Schwartz and Dao, 2005;
Zhang et aI., 2006). These approaches typically
predicted dissolved P concentration or mass in
runoff from an extraction coefficient relating soil
test P to runoff dissolved inorganic P. For
example, a P extraction coefficient (PEC) of
0.394 was found for the silt loam soil in this
study (Fig. 3). This value was lower than values
reported for a number of studies reviewed by
Vadas et al. (2005). Literature PEC values varied
between 1.3 and 3.9. One major factor that may
explain the lower PEC value for the silt loam
soil was the fact that WEP was measured in
runoff samples that had been centrifuged at
10,000 X g. Centrifugation removed more
colloids and particulate P than the more com­
mon procedure of measuring P after filtration

through a porous membrane with 0.45-f.lm
openings (Dao et al., 2006, 2007). According
to the Stoke law governing particle sedimenta­
tion, it was estimated that centrifugation at
10,000 X g performed to measure WEP and
EDTA-PHP removed particles approximately
0.1 f.lm or larger from the solution phase.
Therefore, filtration would leave more colloidal
particulates behind in the solution to include
more P in the measurement of DRP in filtered
liquid samples.

Figure 3A, B showed similarities in the
relationships between EEP i and Mehlich-3P
with the WEP cumulative mass in runoff. Both
soil extraction protocols were designed to
quantify primarily cation-complexed inorganic
P forms in soil (Mehlich, 1984; Dao, 2004a,b;
Dao et aI., 2005, 2006). However, the highest
correlation was found between soil total bio­
active EDTA-PHP and runoffWEP mass loads
(Fig. 3B). These experimental results suggested
that surface runoff P originated from soil
available P pools that included inorganic WEP,
enzyme-labile organic P, or the more inclusive
total bioactive EDTA-PHP fractions in soil as
opposed to soil inorganic DRP alone.

We noted that the ~epenaence upon a static
single number such as the WEP cumulative mass
would appear to be acceptable for the purpose of
screening or classifying diverse soils, that is, to
index the vulnerability of soils to P loss. The
method is routinely used in developing a P index
by state agencies to regulate diffuse environ­
mental pollution (Sharpley et aI., 2001; Birr and
Mulla, 2001; Sims et al., 2002). However, the
cumulative mass AUC would hardly describe the
characteristics of the release and transport of P in
runoff and only reflect cumulative influences of
many physical and biochemical processes driving
the loss process. Whether the peak discharge is a
transient phenomenon or a sustained one in a
particular soil can only be predicted with the
knowledge of a flux density function. Thus, the
cumulative mass AUC appeared to be of limited
value when it comes to modeling the concen­
tration or mass load distribution. In this study, a
statistically significant (P < 0.03) but weak
(r2

::; 0.44) relationship was observed between
parameter a and soil EDTA-PHP and an even
weaker relationship between parameter c and soil
Mehlich-3P or EDTA-PHP (data not shown).
Therefore, although there were indications that
runoff P fluxes may be predictable from hydro­
logic and soilP characteristics, further studies willbe
conducted to refine and better characterize the
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relationship between the parameters of the con­
centration-time curves and soil bioactive P pools.

SUMMARY AND CONCLUSIONS

Inputs of runoff P from agricultural fields
often resulted in water quality degradation and
eutrophication of many freshwater systems.
Although runoff contained soluble reactive and
unreactive P forms, previous studies have not
focused on the chemical nature and bioavailability
ofthe many P-containing organic compounds that
are included in the molybdate-unreactive P
fraction. They have been thought to be bio­
logically inactive, and some forms (i.e., inositol
phosphates, phosphate diesters, etc.) are difficult to
measure. Therefore, information on the biological
significance of the unreactive fraction is needed.

A lognormal distribution function was
applied to describe fluxes of various bioactive P
forms in runoff from two forage-based systems
grown on a Typic Hapludults under simulated
rainfall. This study showed that EDTA-PHP
forms were present in greater concentration and
mass than WEP in runoff, and potentially, more
P of the TP in runoff that were considered
molybdate-reactive and unreactive P forms were
biologically available to increase the risk of
agricultural runoff to freshwater systems. Their
concentration and mass distributions in runoff
over time were described by four lognormal
model parameters that defined the amplitude
and asymmetry of the distributions. Soil
amended with manure P and soil under the
orchard grass-red clover cover had the greatest P
mass loss. The results suggested that the orchard
grass-clover system removed less P than the
high-biomass-producing forage-type soybean­
winter wheat system. Runoff P forms were
directly associated with soil-available P fractions
that involved enzyme-mediated processes, as
indicated by the strength of correlations
between cumulative mass losses of WEP and
soil bioactive P pools. The results also suggested
that knowledge of the pattern of the lognor­
mally distributed release was an important factor
because the characteristics of the loss process
could be altered by management practices and
production potentials of the forage systems.
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