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Abstract

Phosphorus runoff from agricultural fields amended with mineral fertilizers and manures has been linked to freshwater
eutrophication. A rainfall simulation study was conducted to evaluate the effects of different rainfall intensities and P sources
differing in water soluble P (WSP) concentration on P transport in runoff from soil trays packed with a Berks loam and grassed
with annual ryegrass (Lolium multiflorum Lam.). Triple superphosphate (TSP; 79% WSP), low-grade super single phosphate
(LGSSP; 50% WSP), North Carolina rock phosphate (NCRP; 0.5% WSP) and swine manure (SM; 70% WSP), were broadcast
(100 kg total P ha−1) and rainfall applied at 25, 50 and 75 mm h−1 1, 7, 21, and 56 days after P source application. The
concentration of dissolved reactive (DRP), particulate (PP), and total P (TP) was significantly (Pb0.01) greater in runoff with a
rainfall intensity of 75 than 25 mm h−1 for all P sources. Further, runoff DRP increased as P source WSP increased, with runoff
from a 50 mm h−1 rain 1 day after source application having a DRP concentration of 0.25 mg L−1 for NCRP and 28.21 mg L−1 for
TSP. In contrast, the proportion of runoff TP as PP was greater with low (39% PP for NCRP) than high WSP sources (4% PP for
TSP) averaged for all rainfall intensities. The increased PP transport is attributed to the detachment and transport of undissolved P
source particles during runoff. These results show that P source water solubility and rainfall intensity can influence P transport in
runoff, which is important in evaluating the long-term risks of P source application on P transport in surface runoff.
© 2006 Published by Elsevier B.V.
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1. Introduction

Accelerated eutrophication, the biological enrich-
ment of surface waters stemming from anthropogenic
inputs of nutrients, is the most common surface water
impairment in the United States (U.S. Environmental
Protection Agency, 1996; U.S. Geological Survey,
1999); limiting water use for drinking, recreation, and
industry (Howarth et al., 2000; Sharpley, 2000). As P
most often limits freshwater eutrophication, the decrease
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of P loss in runoff has become a major target to
minimize surface water degradation (Carpenter et al.,
1998; Boesch et al., 2001). According to U.S.
Environmental Protection Agency (2004), agriculture
is the primary source of non-point source pollution
degrading the quality of streams and lakes. The potential
for P loss can increase with the continual application of
P as mineral fertilizers and manures. Thus, controlling
accelerated eutrophication of fresh waters mainly
requires decreasing P inputs to surface waters (Shigaki
et al., 2006a).

Two major factors influencing P movement in runoff
are transport and source (Gburek et al., 2000; McDowell
et al., 2004; Sharpley et al., 2001). Transport factors are
those mechanisms causing P movement within the
landscape, such as erosion and runoff. Source factors
contribute P to runoff and include soil P concentration
and the rate, timing, method, and form of P applied (as
fertilizer and/or manure). Related to “source factors,”
there are many types of P fertilizers available such as
organic (bone meal, cottonseed meal, fish emulsions,
manures and processed sewage sludge) and inorganic
(reactive rock phosphates, acidulated phosphates and
thermophosphates) materials (Leikam and Achorn,
2005). The most common P fertilizer used is acidulated
triple superphosphate (TSP) due its high P solubility and
thus, immediate availability of P for crop uptake. Other
fertilizers with lower water P solubility, such as highly
reactive North Carolina rock phosphate (NCRP) and
low-grade single superphosphate (LGSSP) can be used
to maintain a longer-term source of P due to their
residual availability and lower cost (Chien and Menon,
1995; Leon et al., 1986; Prochnow et al., 2004). Recent
studies have shown a close relationship between the
water soluble P (WSP) of land-applied fertilizers and
manure on P runoff. Kleinman et al. (2002) found the
WSP concentration of dairy, poultry, and swine manure
(SM) applied to the surface of three soils to be highly
correlated with dissolved reactive P (DRP) in surface
runoff (R2 =0.86). Shigaki et al. (2006b) evaluated P
loss in surface runoff after applying TSP (79% WSP),
LGSSP (50% WSP), NCRP (0.5% WSP), or SM (30%
WSP) at a rate of 100 kg P ha−1. They found that
cumulative losses for DRP and TP followed the increase
in source WSP (TSPNLGSSPNSMNNCRP).

The influence of transport factors runoff and erosion
on P movement in runoff is well known (Hart et al.,
2004; Quinton et al., 2001). An increase in P transport
(mainly as particulate P, PP) has been observed with
increasing runoff and erosion induced by greater rainfall
intensities (Quinton et al., 2001). Further, Sporre-
Money et al. (2004) found that high intensity rainfall
causes a greater proportion of total P in runoff to be
particulate P (PP) than low-intensity rainfall. Fraser
et al. (1999) monitoring surface runoff from fields
planted with winter cover crops observed that with an
increase in rainfall intensity from 1 to 10 mm h−1, there
was an increase in erosion (14 to 114 kg ha−1 h−1), DRP
(15 to 218 g ha−1 h−1), and PP loss (16 to 319 g ha−1

h−1) in runoff. Also, Sharpley (1985a) reported that the
effective depth of interaction between surface soil and
runoff P for five Oklahoma and Texas soils, increased
from 2.7 to 14.2 mm with an increase in rainfall
intensity from 50 to 160 mm h−1 at a 2% soil slope and
from 6.9 to 27.3 mm at a 20% slope. However, there are
few studies controlling variables such as rainfall
intensity and P source WSP. This information is needed
to provide a better understanding of P transport process
in order to develop site-specific P management
strategies that minimize P loss and protect water quality.

This paper describes the effects of rainfall intensity
on P transport in surface runoff from packed soil trays
amended with P sources varying in WSP. Simulated
rainfall (25, 50, and 75 mm h−1) was used following the
protocol of the National Phosphorus Research Project
(2006). In the present study, mineral P sources and
swine manure (usually defined as an organic source)
were used. However, we will be referring both to
mineral and organic P additions as “sources of P” to
facilitate clarity of our discussion.

2. Material and methods

2.1. Soil and P sources

2.1.1. Soil collection
The surface 7.5 cm of a Berks loam (loamy-skeletal,

mixed, active, mesic Typic Hapludults) was collected
from the agricultural watershed FD-36, in April 2005.
FD-36 is a sub-watershed (39.5 ha) in the Mahantango
Creek watershed, which drains into the Susquehanna
River and ultimately the Chesapeake Bay. The sampled
soil depth equates to the depth of soil that is used in the
runoff trays (5 cm). Soil was air-dried and sifted through
a 19-mm sieve, and thoroughly mixed prior to use in
runoff trays. Pre-treatment of soil was minimal and a
coarse sieve used to remove stones and plant residues.
Ten subsamples of soil were collected, combined,
thoroughly mixed by end-over-end shaking, and sieved
(2 mm) prior to physical and chemical characterization.

2.1.2. Soil analyses
Soil was analyzed for pH with a glass electrode on a

mixture of 5 g air-dried soil with 5 mL distilled water.
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Soil cation exchange capacity (CEC) was determined
utilizing 1 M NH4OAc adjusted to pH 7.0 (Hendershot
et al., 1993). Extractable Fe and Al were determined by
shaking 0.5 g of soil in 20 mL of 1MNH4OAc (adjusted
to pH 4.8) for 2 h (Olson, 1965; McLean, 1965). Particle
size analysis was conducted by the hydrometer method
after dispersion with sodium hexametaphosphate (Day,
1965). Mehlich-3 extractable soil P was determined by
shaking 1 g of soil with 10 mL of 0.2 M CH3COOH,
0.25 M NH4NO3, 0.015 M NH4F, 0.013 M HNO3, and
0.001 M EDTA for 5 min (Mehlich, 1984). Total soil P
was analyzed by modified semi-micro Kjeldahl proce-
dure (Bremner, 1996). In all cases, P concentrations
were determined on filtered (Whatman No. 1 paper1)
and neutralized extracts and digests by colorimetric
method of Murphy and Riley (1962).

2.1.3. P sources
Three mineral P sources varying in water soluble P

and swine manure were selected for this study (Table 2).
Mineral P sources used were LGSSP (obtained by the
acidulation of the apatite concentrated Araxa rock
phosphate), TSP and NCRP. Water solubility of mineral
sources was determined by Association of Official
Analytical Chemists Official Method 977.01; and
ammonium citrate — EDTA solubility by Method
993.31 (Association of Official Analytical Chemists,
1995).

Dry-matter (DM) concentration of SM was deter-
mined gravimetrically after drying at 70 °C. The WSP
concentration of swine manure was determined by
shaking 1 g (dry weight) of field moist manure with
200 mL distilled water for 1 h (Sharpley and Moyer,
2000). The total P concentration of swine manure was
determined by the modified semi-micro Kjeldahl
procedure (Bremner, 1996). Water extracts and digests
were filtered (Whatman No. 1 paper) and the P
determined on water extracts and neutralized digests
by the colorimetric method of Murphy and Riley (1962).

2.2. Runoff trays and rainfall simulation

Stainless steel runoff trays packed with air dried and
sieved (19 mm) soil, were used in accordance with the
National P Research Project Protocol (National P
Research Project, 2006). The trays were 1-m long, 20-
cm wide and 5-cm deep with side and back walls 2.5 cm
higher than the soil surface, and 5-mm drainage holes in
the base (Fig. 1). Cheese cloth was placed in the bottom
1 Mention of trade names does not imply endorsement by the U.S.
Department of Agriculture.
of the tray, followed by sufficient soil, which was
slightly tampled to achieve a uniform bulk density of
1.4 g cm−3. This bulk density approximates that of the
sampled Berks soil. After the trays were packed with
soil, annual ryegrass (Lolium multiflorum Lam.) was
planted in to the trays to guarantee a vegetative cover for
this study. Runoff trays were watered regularly to
promote grass growth but did not induce surface runoff.
The grass was cut 7 days after planting to allow root
establishment. After incubation and growth for 60 days,
the grass was cut to a 5-cm height, 2 days before P
source application to ensure a uniform cover among the
trays. To ensure that initial soil moisture was consistent
among treatments, soil trays were irrigated to approx-
imately field capacity (soil moisture 30%). Each P
source was surface applied 1 day before the first rainfall
event at a rate of 100 kg TP ha−1. Each treatment was
replicated four times.

The P application rate of 100 kg TP ha−1 is
equivalent to an N-based manure application to grass
in this region (Beegle, 2002). Although this rate is
higher then normal fertilizer rates (50 to 75 kg TP ha−1;
Beegle, 2002), it was used to compare the relative
effects of P source application on P transport in runoff.
Lower rates of P source were not used due to the high
variability on uniformity of application found for the
extremely small amount of NRCP and TSP needed
(b1 g/0.2 m2 tray).

The grass was cut to a 5-cm height after the last
rainfall (56 days after P source application), grass DM
determined gravimetrically after drying at 70 °C and
total P concentration measured on ground (b0.05 mm)
duplicate 0.2 g subsamples by the modified semi-micro
Kjeldahl digestion procedure (Bremner, 1996). Digests
were filtered (Whatman No. 1 paper) and the P
determined on water extracts and neutralized digests
by the colorimetric method of Murphy and Riley (1962).

Runoff was generated by applying artificial rainfall on
inclined (3%) soil runoff trays with a TeeJet™ 2HH-
SS24WSQ2, TeeJet™ 2HH-SS30WSQ2 and TeeJet™
2HH-SS50WSQ2 nozzles approximately 2.5 m above the
soil to achieve terminal velocity (Bowyer-Bower and
Burt, 1989; Humphry et al., 2002; Shelton et al., 1985).
Rainfall was delivered at 25, 50 and 75 mm h−1 with
coefficient uniformity N0.83 within the 4 m2 area directly
below the nozzle (coefficient of uniformity=standard
deviation×mean of rainfall intensity as determined on a
20-cm grid spacing). These rates represent return periods
of 2, 5, and 10 years, respectively, in south central
Pennsylvania (Flippo, 1977). For each intensity, rainfall
duration was controlled to give the same total amount of
rainwater applied to each tray. For instance, rainfall lasted



2 Mention of trade names does not imply endorsement by the
USDA.

Fig. 1. Schematic diagram of the runoff tray used in this study, including (a) overall dimensions, (b) drain holes in the base if the tray, (c) wooden soil
tamper to fill tray with soil, and (d) front plan with runoff collector.
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60, 30 and 20 min at 25, 50, and 75 mm h−1 intensities,
respectively, giving 5 L of rainwater. Rainfall was applied
1, 7, 21, and 56 days after P source application. The total
volume of runoff generated from each tray was collected
via a gutter, equipped with a canopy to exclude direct
input of rainfall and inserted at the lowest edge of the
runoff tray (Fig. 1).

2.2.1. Water analysis
A 500 mL sample of runoff was taken from each

container after thorough mixing and agitation, and a sub-
sample of 50mLwas immediately filtered through a 0.45-
μm pore diameter membrane filter and stored at 4 C.
Filtered samples were analyzed within 24 h of collection
and unfiltered samples no more than 7 days after the
completion of the rainfall simulation. The concentration
of DRP in filtered runoff samples was determined on a
0.45 μm filtered sample. The concentrations of both total
dissolved P (TDP) and total P (TP) were determined on
filtered and unfiltered runoff samples, respectively,
following acid persulfate digestion and filtration (What-
man No. 40 filter paper2) (Patton and Kryskalla, 2003).
Each of these P measurements was conducted in
duplicate. Phosphorus in all stream water filtrates and
neutralized digests was determined by the colorimetric
molybdenum-blue method of Murphy and Riley (1962).
Solutions were neutralized using p-nitrophenol indicator
(color change at pH 7.0) and drop-wise addition of either
0.5 M H2SO4 or 1.0 M NaOH. As DRP was consistently
N95% of TDP, colloidal and dissolved organic P that
passed through the 0.45 μm filter was assumed to be



Table 1
Properties of the P sources used in this study

P source Total P Water soluble
P

Citrate-
EDTA+H2O
soluble P

Moisture
content

g
kg−1

g
kg−1

%
total P

g
kg−1

%
total P

%

North Carolina
rock P

133 0.6 0.5 16.4 12 0

Low-grade single
super P

79 39.9 50.5 54.9 70 0

Triple super P 201 159.0 79.1 185.3 92 0
Swine manure 1.0 0.7 70.0 ND † ND † 90

† ND Data not determined.
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negligible and not presented in this study. Further, PP was
calculated as the difference between TP and DRP.

It should be emphasized that use of trays packed with
soil and simulated rainfall are intended to evaluate
treatment effects in P transport under controlled
conditions and do not replace field plots. Thus, they
are to be used to evaluate the specific effects of certain
variables in P transport and not to quantify losses that
may occur under a field setting.

2.3. Statistical analysis

Statistical analyses were performed using the Statistical
Analysis System (SAS Institute, 2001). Datawere analyzed
for normality using Proc Univariate (SAS Institute, 2001),
and was normally distributed, so it was not necessary to
transform the data. Analysis of variance (ANOVA)
techniques were used to determine treatment effects.
Comparisons of means were preformed using Duncan's
studentized range test at Pb0.05 (SAS Institute, 2001).

3. Results and discussion

3.1. Soil and phosphorus source properties

Physical and chemical soil properties of Berks loam
soil selected for this study are presented in Table 2.
Mehlich-3 extractable soil P concentration (69 mg kg−1)
Table 2
Properties of Berks soil used in this study

Soil Mehlich-3 P Total P CEC ¶ pH

mg kg−1 meq 100 g−1

Berks 69 457 10.7 6.3

¶CEC, cation exchange capacity.
was slightly greater than the optimum value for
cultivated soils in Pennsylvania (60 mg kg−1; Beegle,
2002) and less than a third the environmental soil P
threshold for Pennsylvania (200 mg kg−1; Weld et al.,
2003). The site from which the Berks soils sample was
collected, had not received any fertilizer or manure P in
the previous 10 years.

For the P sources used, large differences were
observed in WSP concentration, which increased in
the order NCRP, SM, LGSSP, and TSP. However,
NCRP had a higher TP concentration (133 g kg−1) than
LGSSP (79 g kg−1) and SM (1 g kg−1). As a result, the
percent water solubility of TP increased in the order
NCRP (0.5%), LGSSP (50.5%), SM (70.0%), and TSP
(79.1%) (Table 1).

There was no significant difference (PN0.05) in dry-
matter production of ryegrass among the P source
amendments and control. Ryegrass yield averaged
25.8 g (±3.7) DM tray−1 during 60 days between P
source application and final rainfall and grass harvest.
This grass production is equivalent to 7850 kg DM ha−1

year−1 (or 5.5 tons acre−1) and is consistent with area
yields (Beegle, 2002). Additionally P uptake by
ryegrass was not affected (PN0.05) by applied P;
averaging 0.07 g (±0.02) TP tray−1 or 13.6 kg P ha−1

year−1. The lack of P source response by ryegrass
results from the fact that Mehlich-3 extractable P of
source soil used (69 mg kg−1; Table 2), was greater than
optimum crop response values (60 mg kg−1). As
ryegrass production and cover were similar across all
treatments and control, vegetative cover did not
influence the transport of P in runoff from the soil trays.

3.2. Runoff phosphorus and phosphorus source

Single relationships were used to describe the
dependence of WSP on DRP and PP concentrations in
runoff 1 day after P source application (Figs. 2 and 3).
At each rainfall intensity, there was a significant
(Pb0.01) exponential increase in runoff DRP and PP
with P source WSP 1 day after application (R2 ranged
from 0.95 to 0.98). Similar relationships between P
source WSP and runoff DRP and PP were observed 7,
C Al Fe Sand Silt Clay

g kg−1 mg kg−1 %

17.1 23.7 22.5 48 34 18



Fig. 2. Variation in the concentration of dissolved reactive P in runoff with source water soluble P, 1 day after source application.

Fig. 3. Variation in the concentration of particulate P in runoff with
source water soluble P, 1 day after source application.
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21, and 56 days after P source application, although the
magnitude and significance of concentration change
was less. Most of the TP was as DRP (89%) averaged
for all sources, rainfall intensity, and events (Table 3).

The concentration of DRP in surface runoff de-
creased rapidly with time after the application of
LGSSP, TSP, and SM, at each rainfall intensity (Table
3). For instance, the concentration of DRP 1 day after
applying TSP was 28.21 mg L−1 and after 56 days was
0.74 mg L−1, with a 50 mm h−1 rainfall intensity. The
decline in DRP in runoff from 1 and 56 days after P
source application averaged for the three rainfall
intensities, increased as a function of P source WSP
(5.03 mg L−1 for LGSSP, 15.54 mg L−1 for SM, and
26.22 mg L−1 for TSP). In fact, DRP decline was
closely correlated with P source WSP (R2N0.95).

For NRCP, having a low WSP (0.5% of TP as WSP),
the decline in DRP concentration between 1 and 56 days
rain was 0.09 mg L−1 averaged for the three rainfall
intensities (Table 3). There was a lower decrease in PP
with time after P source application compared with
DRP, although at the highest rainfall intensity
(75 mm h−1), TSP decreased 1.94 mg L−1 between 1
and 56 days rains, LGSSP 1.53 mg L−1, and SM
1.00 mg L−1. For NCRP there was no consistent effect
of rainfall–runoff timing on PP in runoff, such that the
slow dissolution of NCRP maintained a large amount of
undissolved fertilizer particles at the soil surface that
could be transported during runoff (Table 3). Sharpley
(1997) also observed declining concentrations in runoff
DRP over successive runoff events from 10 different
soils mixed with poultry manure. The decline is due to
dilution of source P on the surface and sorption of P
translocated into the soil by infiltration (Vadas et al.,
2004).
3.3. Runoff phosphorus and rainfall intensity

There was a significant (Pb0.01) increase in DRP
and PP concentration in runoff as rainfall intensity
increased from 25 to 75 mm h−1 1 day after P source
application (R2 ranging from 0.95 to 0.98; Figs. 2 and
3). For all P sources 1 day after application, the
concentration of DRP, PP, and TP was significantly
greater (Pb0.05) in runoff with a 75 than 25 mm h−1

rainfall intensity, except for runoff DRP for NCRP.
Although there was a trend of increasing P concentra-
tion as rainfall increased, values for the 50 mm h−1

intensity were not consistently greater than for
25 mm h−1 or lower than 75 mm h−1 intensities.
Rainfall intensity has no effect (PN0.05) on DRP
concentration in runoff from the controls (Table 3), for
PP, however, runoff concentrations 7, 21, and 56 days
after P source application were greater for 75 than



Table 3
Concentration of dissolved reactive, particulate and total P in surface runoff from soil trays as a function of P source WSP, days after application and rainfall intensity †

Rain
mm
h−1

Control NCRP LGSSP TSP SM

1 d 7 d 21 d 56 d 1 d 7 d 21 d 56 d 1 d 7 d 21 d 56 d 1 d 7 d 21 d 56 d 1 d 7 d 21 d 56 d

Dissolved reactive, P mg L−1

25 0.20a 0.16a 0.13a 0.10a 0.23a 0.23a 0.14a 0.12a 5.08a 1.27a 0.58a 0.43a 20.75a 2.48a 0.91a 0.68a 14.41a 3.62a 2.75a 1.92a
50 0.22a 0.23a 0.17a 0.14a 0.25a 0.24a 0.19a 0.16a 5.43ab 1.31ab 0.58a 0.46a 28.21b 2.69a 1.18a 0.74a 18.52b 4.29b 2.93a 2.04a
75 0.27a 0.26a 0.20a 0.18a 0.27a 0.26a 0.21a 0.20a 6.11b 1.54b 0.73b 0.62b 32.07b 3.46a 1.83b 0.94a 20.18b 4.46b 2.98a 2.23a

Particulate P, mg L−1

25 0.08a 0.11a 0.05a 0.06a 0.10a 0.13a 0.06a 0.06a 0.62a 0.83a 0.08a 0.16a 0.62a 0.43a 0.32a 0.13a 0.21a 0.54a 0.36a 0.42a
50 0.09ab 0.14a 0.11ab 0.10ab 0.11a 0.19ab 0.13ab 0.11ab 0.87a 1.15ab 0.25b 0.19a 1.17b 0.37a 0.35a 0.15a 1.06b 0.65a 0.33a 0.46a
75 0.19b 0.15a 0.13b 0.14b 0.27b 0.25b 0.22b 0.20b 1.69b 1.43b 0.27b 0.16a 2.32c 0.84a 0.77b 0.38b 1.68c 1.15b 0.69b 0.68a

Total P, mg L−1

25 0.28a 0.27a 0.18a 0.16a 0.33a 0.36a 0.20a 0.18a 5.70a 2.10a 0.66a 0.59a 21.37a 2.91a 1.23a 0.81a 14.62a 4.16a 3.11a 2.34a
50 0.31a 0.37ab 0.28ab 0.24ab 0.36ab 0.43ab 0.32ab 0.27ab 6.30a 2.46ab 0.83a 0.65a 29.38b 3.06a 1.53a 0.89a 19.31b 4.94a 3.26a 2.50a
75 0.47b 0.41a 0.33b 0.32b 0.54b 0.51b 0.43b 0.40b 7.80b 2.97b 1.00a 0.78a 34.39c 4.30b 2.60b 1.32b 21.86b 5.61b 3.67a 2.91a

† Concentrations of each P form as a function of rainfall intensity for each source overtime followed by different letters are significantly different (Pb0.05) as determined by analysis of variance.
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Fig. 4. Variation in the percent of total P as dissolved reactive and
particulate P in runoff with source water soluble P, 1 day after source
application, as a function of rainfall intensity.
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25 mm h−1 intensity. Total P concentrations in runoff for
the 75mmh−1 intensity were consistently greater than the
25 mm h−1 intensity for all P sources and rainfall timing,
except for LGSSP and SM after 21 days (Table 3).

The increase in the proportion of runoff TP as DRP
with increasing P sourceWSPwas significant (Pb0.01)
for each rainfall intensity 1 day after P application
(Fig. 4). Although similar trends were observed for
runoff 7, 21, and 56 days after P source application, the
magnitude of change and significance was much less
than 1 day after P source application. With an increase
in rainfall intensity, there is a greater degree and depth
of interaction between runoff and surface soil (Ahuja et
al., 1981; Sharpley, 1985a). Kleinman et al. (2006) also
observed that when rainfall intensity increased from 29
to 70 mm h−1, the resulting runoff had a greater DRP
(0.35 and 0.70 mg L−1, respectively) and TP concen-
tration (0.55 and 0.99 mg L−1, respectively). There
is thus, a greater mass of soil and thereby, larger pool
of P that can be released to runoff water at high
compared to low rainfall intensities; hence high runoff
DRP concentrations.

There was a concomitant increase in the proportion
of runoff TP as PP 1 day after application of P sources
(Fig. 4). Clearly, as rainfall intensity increased from 25
to 75 mm h−1, the proportion of TP in runoff as PP
increased for all sources. The increase in proportion of
TP as PP with increasing rainfall intensity was greater
with less soluble P sources (Fig. 4). For example, 1 day
after P application, percent PP increased from 30 to
50% for NRCP (0.5% WSP), 11 to 22% for LGSSP
(50% WSP), 1 to 8 for SM (70% WSP), and 3 to 7 for
TSP (79%WSP) as rainfall intensity increased from 25
to 75 mm h−1. These results suggest a difference in the
fate in soil and runoff water of the different P sources
used in this study.

It is likely that the slower rate of dissolution of the
NCRP resulted in an increased movement or erosion of
undissolved fertilizer particles in runoff, with highest
percentage of PP for the highest intensity. For example,
an increase in rainfall intensity (60 to 120 mm h−1) was
found to increase the erosive energy of resulting runoff
(Sharpley, 1985b). In addition, several studies have
shown that as erosion increases, the proportion of P ex-
ported in runoff as PP also increases (Sharpley and Smith,
1990). For instance, Sharpley et al. (1978) observed
appreciably greater PP loss in surface runoff (4.92 kg P
ha−1), following the application of dicalcium P (DCP), a
slow release fertilizer compared with the application of
single superphosphate (SSP; 2.63 kg ha−1) to permanent
pasture in New Zealand. However, the loss of DRP was
lower with DCP (2.17 kg ha−1) than SSP (2.80 kg P
ha−1). Also, Sharpley and Syers (1982) evaluated the
effects of SSP (50 kg P ha−1) applied in a solid or liquid
form, on the transport of DRP and PP in surface runoff
from established pasture using field plots and natural
rainfall. They observed that the application of solid SSP
resulted in a much greater PP concentration of surface
runoff (4.02 mg L−1) than with liquid SSP (1.62 mg L−1).
It is likely that undissolved fertilizer particles may be
transported directly in surface runoff following the solid
fertilizer application in addition to sediment-bound PP,
and that this effect is greater at higher rainfall intensities
(Figs. 3 and 4).

4. Conclusions

Results from this research clearly show the influence
of water P solubility of P sources and rainfall intensities
on P concentration in surface runoff. For each rainfall
intensity used in this study, there was a significant and
exponential increase in runoff DRP and PP with P
sourceWSP (TSPNSMNLGSSPNNCRP). Phosphorus
concentrations in surface runoff were higher in the first
rainfall event 1 day after P source application and de-
creased with time.
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With the increase in rainfall intensity from 25 to
75 mm h−1 the proportion of TP as PP was greater for
NCRP (the less soluble P source), which is attributed to
the slow rate of dissolution of this P source resulting in
an increased movement of undissolved fertilizer parti-
cles in runoff. Although TSP provides a ready and large
amount of P readily available for plant uptake, it is also
an immediate source of P to runoff. With time after
application, P enrichment of runoff rapidly declines due
to depletion of this P source. Following application of a
lower WSP P source, such as LGSSP or NCRP, runoff P
enrichment is not as great as with TSP.

Whilst the proportion of runoff TP as PP after NCRP
application was greater than with other sources, the loss
as DRP was lower. In the short term, therefore, NCRP
will have less effect on runoff P enrichment and biological
response of receiving waters, as DRP is immediately
available for algal uptake (Sharpley, 1993). However, PP
can be a long-term source of P to algal growth in surface
waters.

Using the information gained from this research, it
may be possible to make fertilizer management decisions
on which P source could be applied if environmental
impacts were a major concern and driving variable. Given
that the pH of the Berks soil used in this studywas 6.3, it is
likely that NRCP dissolution may be greater in more
acidic soils (pHb6.0). Additional research is needed on a
wider range of soil types to extend this important
information.
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