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RUNOFF NUTRIENT LOADS AS AFFECTED BY RESIDUE COVER,
MANURE APPLICATION RATE, AND FLOW RATE

C. A. Thayer,  J. E. Gilley,  L. M. Durso,  D. B. Marx

ABSTRACT. Manure is applied to cropland areas with varying surface cover to meet single‐year or multiple‐year crop nutrient
requirements. The objectives of this field study were to: (1) examine runoff water quality characteristics following land
application of manure to sites with and without wheat residue, (2) compare the water quality impacts of land application of
manure to meet 0‐, 1‐, 2‐, 4‐, and 8‐year P‐based requirements for corn, and (3) evaluate the effects of varying runoff rates
on runoff nutrient loads. Three 30‐min simulated rainfall events, separated by 24 h intervals, were applied at an intensity of
70 mm h‐1 to 0.75 m wide by 2.0 m long plots on which manure has been previously applied and incorporated. Runoff loads
of dissolved phosphorus (DP), total phosphorus (TP), NO3‐N, NH4‐N, and total nitrogen (TN) were significantly greater on
the plots with residue cover. Manure application rate significantly influenced runoff loads of DP, TP, NO3‐N, NH4‐N, and TN.
No significant differences in runoff loads of DP and TP were found between sites where manure was applied to meet a 1‐year
or 2‐year P requirement for corn. However, runoff loads of DP and TP were significantly greater on the sites where manure
was applied to meet a 4‐year rather than a 2‐year P requirement. Each of the measured water quality parameters except
electrical conductivity (EC) was significantly influenced by runoff rate. The application of manure to meet multiple‐year crop
nutrient requirements may increase nutrient loads in runoff.

Keywords. Beef cattle, Feedlots, Land application, Manure management, Manure runoff, Nitrogen, Nutrients, Phosphorus,
Runoff, Water quality.

anure is applied to cropland areas managed us‐
ing a variety of cropping and tillage conditions
that result in varying amounts of crop residue.
The incorporation of manure following land ap‐

plication helps to conserve nutrients and reduce odors (Gilley
et al., 2007). However, tillage can also decrease the amount
of crop residue on the soil surface and increase soil loss po‐
tential.  Little information is currently available concerning
the effects of crop residue on nutrient loads in runoff from
sites where manure had been previously applied and then in‐
corporated by tillage.

The long‐term application of surplus P in excess of crop
nutrient requirements results in the accumulation of surplus
soil P. Large residual soil test P has been shown to cause ex‐
cessive P loads in runoff that may result in water quality deg‐
radation (Andraski and Bundy, 2003; Gilley et al., 2008a).
Manure is often applied each year to meet crop nutrient re‐
quirements. Labor, equipment, and land application costs can
be reduced if manure is applied to meet multiple‐year crop
nutrient requirements (Bremer et al., 2007). However, the
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water quality impacts of multiple‐year manure application
have not been well quantified.

Runoff rates on land application areas increase with slope
length. As runoff rates increase, there is a potential for in‐
creased nutrient losses in runoff. Limited information is cur‐
rently available concerning the effects of varying runoff rates
on nutrient loads following land application of manure.

The objectives of this field study were to: (1) examine run‐
off water quality characteristics following land application of
manure to sites with and without wheat residue, (2) compare
the water quality impacts of land application of manure to
meet 0‐, 1‐, 2‐, 4‐, and 8‐year P‐based requirements for corn
(Zea mays), and (3) evaluate the effects of varying runoff
rates on runoff nutrient loads.

MATERIALS AND METHODS
STUDY SITE CHARACTERISTICS

Field tests were conducted at the University of Nebraska
Roger's Memorial Farm located 18 km east of Lincoln, Ne‐
braska, in Lancaster County. The site has been cropped using
a grain sorghum (Sorghum  bicolor (L.) Moench), soybean
(Glycine max (L.) Merr.), and winter wheat (Triticum aesti‐
vum L. cv. Pastiche) rotation under a no‐till management sys‐
tem, and was planted to winter wheat during the 2008‐2009
cropping season. Herbicide was applied as needed to control
weed growth. The Aksarben (formerly Sharpsburg) silty clay
loam at the site (fine, smectitic, mesic Typic Argiudoll) con‐
tained 16% sand, 52% silt, 32% clay, 4.6% organic matter,
and 2.50% total carbon in the top 8 cm of the soil profile. The
soil at the site developed in loess under prairie vegetation and
had a mean slope of 6.0%.

M
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Figure 1. Schematic showing plot layout, wheat residue cover, and manure application rate based on 0‐, 1‐, 2‐, 4‐, or 8‐year corn phosphorus require‐
ments.

EXPERIMENTAL DESIGN
Thirty plots were established across the slope using a ran‐

domized block design (fig. 1). Each of the experimental treat‐
ments, which included cover (cover or no cover) and manure
application rate (0, 1‐, 2‐, 4‐, or 8‐year P‐based application
for corn), were replicated three times. Rainfall simulation
tests were performed separately by block over a five‐week
period from 29 June to 29 July 2010 with tests conducted on
six plots each week.

PLOT PREPARATION

Beef cattle manure was collected from feedlot pens lo‐
cated at the U.S. Meat Animal Research Center near Clay
Center, Nebraska. Calves born during the spring of 2009 were
placed in the pens in October 2009, and they were fed a corn‐
based diet. Replicated samples obtained from the feedlot
were used to determine the physical and chemical character‐
istics of the manure. The manure samples were placed in
plastic bags and mailed the day of collection by overnight de‐
livery to a commercial laboratory for analyses. The commer‐
cial laboratory typically completed the analyses within 24 h
after receipt of the samples.

Wheat residue cover was first removed from 15 of the
plots by hand raking, and the other 15 plots remained undis‐
turbed. Manure was then added to the experimental plots on
19 May 2010 at rates of 0.0, 5.4, 10.7, 21.4, or 42.8 Mg ha‐1

to meet 0‐, 1‐, 2‐, 4‐, or 8‐year P‐based application require‐
ments for corn (25.8 kg P ha‐1 for an expected yield of 9.4 Mg
ha‐1) (table 1). A total of 27.7 cm of rainfall occurred between
the time manure was applied on 19 May 2010 and the rainfall
simulation tests began on 29 June 2010.

When calculating manure application rates, it was as‐
sumed that N and P availability from the beef cattle manure
was 40% and 85%, respectively (Eghball et al., 2002). Sup-

Table 1. Manure and nutrient application rates.

P Application
Interval[a]

(years)

Manure
Application
(Mg ha‐1)

Total
Manure N
(kg ha‐1)

Total
Fertilizer N

(kg ha‐1)

Total
Manure P
(kg ha‐1)

0 0.0 0 0 0
1 5.4 32 119 26
2 10.7 64 87 52
4 21.4 128 23 103
8 42.8 256 0 206

[a] Manure was applied at a rate necessary to meet a 1‐, 2‐, 4‐, or 8‐year
corn P requirement.
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plemental urea ((NH2)2CO) fertilizer N (39‐0‐0, N‐P‐K) was
added at rates required to meet annual N crop requirements
(151 kg N ha‐1 for an expected yield of 9.4 Mg ha‐1). The
4‐year P application rate was less than the 1‐year N require‐
ment (table 1). Residual soil nutrient content and the con‐
centration of nutrients in the irrigation water were not
considered when calculating the manure and supplemental N
fertilizer requirements.

The manure was collected from the feedlot and placed in
19 L plastic buckets. After results from the laboratory analy‐
ses were available, the amount of manure required to meet P
application requirements was calculated and the desired
mass determined. The required mass of manure was then dis‐
tributed uniformly across the surface using the 19 L buckets.
Soil may be transported from its original location as part of
the disking operation. Therefore, manure was added to an
area slightly larger than the final plot dimensions to provide
more uniform application over the experimental area.

A 5 m tandem finishing disk was used to lightly incorpo‐
rate the applied manure to a depth of approximately 8 cm. It
appeared that the applied manure was distributed throughout
the tillage zone on both the cover and no‐cover treatments.
Disking (single pass) occurred up and down the slope in the
direction of overland flow. This condition provided a greater
runoff and soil loss potential than would have occurred if till‐
age had been conducted along the contour. If disking had oc‐
curred across the slope contour perpendicular to the direction
of overland flow, there would have been a greater opportunity
for the transport of soil between plots containing different
amounts of manure and/or supplemental N fertilizer.

Wheat residue cover at the time of the rainfall simulation
tests on the cover and no‐cover treatments was 90% and 5%,
respectively. There was a substantial amount of wheat resi‐
due on the soil surface prior to tillage, and a large amount of
residue remained on the soil surface following the disking op‐
eration on the plots where wheat reside was not removed. Soil
samples for study site characterization were obtained from
the 0 to 2 cm depth on each plot just prior to rainfall simula‐
tion testing. Wheat residue that was incorporated by tillage
was contained in some of the soil samples collected for labo‐
ratory analyses.

RAINFALL SIMULATION PROCEDURES

Rainfall simulation procedures adopted by the National
Phosphorus Research Project were employed in this study
(Sharpley and Kleinman, 2003). A portable rainfall simulator
based on the design by Humphry et al. (2002) was used to ap‐
ply rainfall to 0.75 m wide × 2 m long paired plots. The dis‐
tance between paired plots was approximately 5 m to
accommodate  the tandem disk used for tillage. The simulator
was used to apply rainfall for 30 min at an intensity of 70 mm
h‐1. Two additional rainfall simulation tests were conducted
for the same duration and intensity at approximately 24 h in‐
tervals. Some drying on the soil surface occurred between
rainfall simulation runs.

Two rain gauges were placed along the outer edge of each
plot, and one rain gauge was located between the plots. Water
was first added to the plots with a hose until runoff began to
provide more uniform antecedent soil water conditions. A
large rubber mat with numerous holes was placed across the
soil surface before the addition of water to allow more uni‐
form distribution and to protect the soil surface from scouring
during soil wetting. The amount of water added to each plot

was not the same since initial soil water conditions varied
among plots during the five‐week study period.

Plot borders channeled runoff into a sheet metal lip that
emptied into a collection trough located across the bottom of
each plot. The trough diverted runoff into plastic buckets. A
sump pump was then used to transfer runoff into larger plastic
storage containers. The storage containers were weighed at
the completion of each run to determine total runoff mass.
Because of the relatively large amount of runoff that was col‐
lected, measurement of mass was more accurate than mea‐
suring runoff volume. The relatively small variations in mass
of runoff caused by differences in water temperatures were
not considered in the analyses.

Accumulated runoff was agitated immediately before
sample collection to maintain suspension of solids. A runoff
sample was collected for water quality analysis, and an addi‐
tional sample was obtained for sediment analysis. The runoff
samples were collected within a few minutes following
completion of the rainfall simulation tests. It was assumed
that the movement of nutrients from solid to liquid phase was
minimal during this period.

Centrifuged and filtered runoff samples were placed in a
cooler at 2°C and were usually analyzed within 24 h after
collection for DP (Murphy and Riley, 1962) and NO3‐N and
NH4‐N using a Lachat system (Zellweger Analytics, Mil‐
waukee, Wisc.). Non‐centrifuged samples were stored in a
cooler at 2°C for a few weeks and then analyzed at a commer‐
cial laboratory for TP (Johnson and Ulrich, 1959), TN (Tate,
1994), pH, and EC. The period of time that elapsed between
sample collection and analyses was appropriate for the labo‐
ratory analyses that were performed. Particulate phosphorus
(PP) values were reported as the difference between measure‐
ments of TP and DP.

Runoff samples for sediment analyses were collected in
1�L plastic bottles on which tare weights had been previously
obtained. The plastic bottles were transported to the laborato‐
ry, and total mass was measured. The plastic bottles were
dried in an oven at 105°C and then weighed to determine the
mass of sediment (total solids) remaining in the plastic
bottles. Sediment content was calculated as the mass of mate‐
rial remaining in the bottles after drying divided by the mass
of water contained in the bottles before drying (the total mea‐
sured mass of liquid minus the mass of total solids). When
calculating sediment content, it was assumed that the mass of
dissolved chemical constituents contained in the runoff was
negligible.

ADDITION OF INFLOW

Simulated overland flow was applied at the upgradient
end of each plot after the first 30 min of the third rainfall sim‐
ulation run. The addition of inflow to the test plots to simulate
greater slope length is a well established experimental proce‐
dure (Monke et al., 1977; Laflen et al., 1991). Rainfall con‐
tinued during the simulated overland flow tests. Inflow was
added in four successive increments to produce average run‐
off rates of 2.15, 8.34, 12.32, and 19.12 L min‐1 on the plots
with residue cover and 2.19, 8.02, 12.11, and 19.96 L min‐1

on the plots without residue cover.
A mat consisting of a synthetic plastic material typically

used for an outdoor carpet was placed on the soil surface be‐
neath the inflow device to prevent scouring and distribute
flow more uniformly across the plot surface (fig. 2). Flow
addition for each inflow increment usually occurred for
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Figure 2. Schematic showing a pair of experimental plots, inflow devices,
collection troughs, and HS flumes.

approximately  8 min. This was the period of time typically
required for steady‐state flow conditions to become estab‐
lished and samples for nutrient and sediment analyses to be
collected.

A mean overland flow rate of 1.02 L min‐1 was measured
without the addition of simulated overland flow. The largest
mean overland flow rate was 19.54 L min‐1, or approximately
19 times the value without the addition of inflow. The use of
runoff quantities larger than 20 L min‐1 did not seem reason‐
able for the size of the plots used in this study. Three addition‐
al intermediate simulated overland flow quantities were
selected to provide overland flow rates useful for compari‐
son.

Runoff was diverted into a flume where a stage recorder
was mounted to measure flow rate. Flow addition for each
simulated overland flow increment occurred only after
steady‐state runoff conditions for the previous increment had
been reached and samples for nutrient and sediment analyses
had been collected. Steady‐state runoff conditions were de‐
termined using the stage recorder and flume. Each simulated
overland flow increment was maintained for approximately
8 min.

STATISTICAL ANALYSES
The effects of varying residue cover, manure application

rate, and flow rate on runoff nutrient loads were determined
using ANOVA (SAS, 2003). For a given plot, water quality
measurements obtained from each of the three rainfall simu‐
lation runs were included in the analyses and were treated as
repeated measures. By using ANOVA, it was possible to test
for significant differences among experimental variables. If
a significant difference was identified, the least significant
difference test (LSD) was used to identify differences among
experimental  treatments. A probability level of <0.05 was
considered significant.

RESULTS AND DISCUSSION
SOIL CHARACTERISTICS

Prior to manure application, mean measured soil con‐
centrations of Bray and Kurtz No. 1 P (Bray and Kurtz, 1945),
water‐soluble P (Murphy and Riley, 1962), NO3‐N, and
NH4‐N (measured with a flow injection analyzer using spec‐
trophotometry) were 63, 3.8, 6, and 11 mg kg‐1, respectively.
The soil at the study site had a mean EC of 0.47 dS m‐1 and
a pH of 7.7.

Measured mean values of NO3‐N and NH4‐N (obtained
using a Lachat system from Zellweger Analytics, Milwau‐
kee, Wisc.), TN (Bremner and Mulvaney, 1982), TP (Olsen
and Sommers, 1982), water content (Gardner, 1986), EC, and
pH for the manure were 0.01 g kg‐1, 0.26 g kg‐1, 15 g kg‐1,
4.1 g kg‐1, 83 g kg‐1, 19 dS m‐1, and 8.2, respectively. Manure
and nutrient application rates are shown in table 1.

At the time of rainfall simulation testing, no significant
cover by manure application rate interactions were found for
soil measurements of Bray‐1 P, water‐soluble P, NO3‐N,
NH4‐N, EC, or pH (table 2). Surface cover did not signifi‐
cantly affect any of the measured soil characteristics. Howev‐
er, manure application rate significantly affected
measurements of Bray‐1 P, water‐soluble P, NO3‐N, and EC.

Soil measurements of Bray‐1 P, water‐soluble P, NO3‐N,
and EC were significantly greater for the plots where manure
was applied at a rate of 42.8 Mg ha‐1 than for the other manure
application rates. Measurements of EC varied from 0.71 dS
m‐1 on the plots where manure was applied at a rate of
42.8�Mg ha‐1 to 0.41 dS m‐1 on the control plots where ma‐
nure was not added. Manure application rate did not signifi‐
cantly affect measurements of NH4‐N and pH.

Table 2. Effects of surface cover and manure application rate on selected soil characteristics.
Bray‐1 P
(mg kg‐1)

Water‐Soluble P
(mg kg‐1)

NO3‐N
(mg kg‐1)

NH4‐N
(mg kg‐1)

EC
(dS m‐1) pH

Cover Cover 95 7.3 15.6 2.7 0.54 7.4
No cover 91 6.3 14.0 2.6 0.50 7.4

Manure rate[a] 0 72 b 5.1 b 6.1 b 1.5 0.41 c 7.5
(Mg ha‐1) 5.4 70 b 5.1 b 13.3 b 3.1 0.52 b 7.3

10.7 82 b 5.5 b 13.1 b 3.6 0.50 bc 7.5
21.4 75 b 6.3 b 11.0 b 1.8 0.48 bc 7.4
42.8 168 a 11.8 a 30.4 a 3.4 0.71 a 7.3

Pr > F Cover 0.72 0.21 0.60 0.88 0.25 0.91
Rate 0.01 0.01 0.01 0.24 0.01 0.07

Cover × Rate 0.99 0.97 0.21 0.56 0.65 0.40
[a] Beef cattle manure was applied to meet 0‐, 1‐, 2‐, 4‐, or 8‐year P crop growth requirements for corn. Values followed by different letters are

significantly different at the 0.05 probability level based on the LSD test.
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Table 3. Runoff water quality parameters as affected by residue cover and manure application rate.[a]

DP
(kg ha‐1)

PP
(kg ha‐1)

TP
(kg ha‐1)

NO3‐N
(kg ha‐1)

NH4‐N
(kg ha‐1)

TN
(kg ha‐1)

EC
(dS m‐1) pH

Runoff
(mm)

Soil Loss
(Mg ha‐1)

Cover Cover 0.17 0.09 0.26 1.20 0.014 1.64 0.74 7.88 21 0.15
No cover 0.08 0.09 0.17 0.78 0.008 1.11 0.78 7.96 20 0.61

LSD (0.05) 0.02 0.03 0.35 0.004 0.35 0.02 0.02 0.19

Manure rate[b] 0 0.06 0.09 0.15 0.42 0.004 0.78 0.73 7.93 22 0.34
(Mg ha‐1) 5.4 0.08 0.08 0.16 0.88 0.014 1.32 0.76 7.91 22 0.35

10.7 0.08 0.07 0.16 0.78 0.011 1.15 0.75 7.93 17 0.37
21.4 0.16 0.08 0.23 1.23 0.011 1.55 0.77 7.92 19 0.41
42.8 0.26 0.12 0.37 1.65 0.015 2.10 0.80 7.91 22 0.42

LSD (0.05) 0.03 0.04 0.56 0.006 0.55 0.04 3

ANOVA Cover 0.01 0.85 0.01 0.03 0.01 0.01 0.01 0.01 0.95 0.01
Rate 0.01 0.06 0.01 0.01 0.01 0.01 0.01 0.73 0.01 0.98

Cover × Rate 0.01 0.74 0.01 0.12 0.09 0.48 0.06 0.41 0.96 0.98
[a] Reported nutrient values represent the difference between runoff measurements and concentrations in the irrigation well water.
[b] Beef cattle manure was applied to meet 0‐, 1‐, 2‐, 4‐, or 8‐year P crop growth requirements for corn.

Manure had been incorporated into the soil profile for six
to ten weeks at the time the soil samples were collected.
Additional mineralization of nutrients in manure would have
occurred over time (Eghball et al., 2002). Therefore, the soil
characteristics  reported in this study are only representative
of conditions expected at one point in time following manure
application. The P content of soils that were disked following
the application of manure were found by Gilley and Eghball
(2002) to remain elevated after four years of corn production
following the last application of beef cattle compost.

RUNOFF CHARACTERISTICS

Water used in the rainfall simulation tests was obtained
from an irrigation well. Reported nutrient values represent
the difference between runoff measurements and concentra‐
tions in the irrigation water. Measured mean concentrations
of DP, TP, NO3‐N, NH4‐N, and TN, in the irrigation water,
obtained from a commercial laboratory, were: 0.17, 0.17,
13.6, 0.00, and 13.6 mg L‐1, respectively. The irrigation wa‐
ter had a mean EC of 0.79 dS m‐1 and a pH of 7.6. The rela‐
tively large NO3‐N concentrations in the irrigation water are
characteristic  of wells in the area near fields that have been
in long‐term agricultural production.

Significant surface cover by manure application rate inter‐
actions were found for DP and TP (table 3). Surface cover sig‐
nificantly affected measurements of DP, TP, NO3‐N, NH4‐N,

TN, EC, pH, and soil loss. Measurements of PP and runoff
were not significantly influenced by surface cover. Manure
application rate significantly affected measurements of DP,
TP, NO3‐N, NH4‐N, TN, EC, and runoff. However, measure‐
ments of PP, pH, and soil loss were not significantly affected
by manure application rate.

Phosphorus Measurements
The mean runoff load of DP was significantly larger for

the plots with surface cover than for the plots without surface
cover, with values measured as 0.17 and 0.08 kg ha‐1, respec‐
tively (table 3). In addition, the load of DP in runoff was larg‐
er for the plots with surface cover than without surface cover
for each of the manure application rates (fig. 3). The differ-
ences in DP load on the plots with and without surface cover
were most pronounced for the two largest manure application
rates of 21.4 and 42.8 Mg ha‐1. The mean load of DP in runoff
increased from 0.06 to 0.26 kg ha‐1 as the manure application
rate increased from 0 to 42.8 Mg ha‐1 (table 3). The applica‐
tion of manure to meet a 2‐year rather than a 1‐year corn P
requirement did not significantly increase DP load. However,
application of manure to meet a 4‐year P requirement re‐
sulted in a DP load that was significantly greater than that ob‐
tained for a 2‐year P requirement. Regression equations were
derived relating the DP loads in runoff (y) in kg ha‐1 to ma‐
nure application rate (x) in Mg ha‐1:

Figure 3. Dissolved phosphorus load (DP) as affected by manure application rate for sites with and without residue cover. Vertical bars are standard
errors.
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Figure 4. Total phosphorus load (TP) as affected by manure application rate for sites with and without residue cover. Vertical bars are standard errors.

For conditions with cover:

y = 0.0066x + 0.066 (R2 = 0.97) (1)

For no‐cover conditions:

y = 0.003x + 0.033 (R2 = 0.99) (2)

The mean runoff load of TP for the plots with surface cov‐
er was significantly larger than for the plots without surface
cover, with values measured as 0.26 and 0.17 kg ha‐1, respec‐
tively (table 3). Differences in TP load for the plots with and
without surface cover were most pronounced for the two larg‐
est manure application rates of 21.4 and 42.8 Mg ha‐1 (fig. 4).
The mean load of TP in runoff increased from 0.15 to 0.37 kg
ha‐1 as the manure application rate increased from 0 to
42.8�Mg ha‐1 (table 3). The application of manure to meet a
2‐year rather than a 1‐year corn P requirement did not signifi‐
cantly increase TP load. However, application of manure to
meet a 4‐year P requirement resulted in a TP load that was
significantly larger than that obtained for a 2‐year P require‐
ment. Regression equations were derived relating the TP
loads in runoff (y) in kg ha‐1 to manure application rate (x) in
Mg ha‐1:

For conditions with cover:

y = 0.0074x + 0.14 (R2 = 0.95) (3)

For no‐cover conditions:

y = 0.0036x + 0.11 (R2 = 0.91) (4)

Nicolaisen et al. (2007) identified the effects of crop resi‐
due on nutrient concentrations in runoff from areas where
beef cattle manure was applied to meet annual N require‐
ments for corn but not incorporated. Existing residue materi‐
als were removed, and corn, soybean, or winter wheat residue
was added at rates of 2, 4, or 8 Mg ha‐1. Three 30 min simu‐
lated rainfall events, separated by 24 h intervals, were con‐
ducted at an intensity of 70 mm h‐1. The concentration of DP
in runoff was significantly greater for the treatments contain‐
ing residue than for the no‐residue treatments. However, no
significant difference in TP concentration in runoff was
found between the residue and no‐residue treatments.

In the present study, DP and TP loads in runoff were both
significantly greater for the cover treatments than for the no‐
cover treatments. The manure was incorporated in the pres‐
ent study immediately following application, and at least five

weeks elapsed between manure application and the rainfall
simulation tests. These factors may have contributed to the
difference in TP transport between the study reported by Ni‐
colaisen et al. (2007) and the present investigation.

Nitrogen Measurements
The mean runoff loads of NO3‐N, NH4‐N, and TN for the

plots with surface cover were significantly larger than for the
plots without surface cover, with values measured as 1.20,
0.014, and 1.64 kg ha‐1, compared to 0.78, 0.008, and 1.11 kg
ha‐1, respectively (table 3). Manure application rate signifi‐
cantly affected nitrogen runoff loads. Runoff loads of NO3‐N
varied from 0.42 to 1.65 kg ha‐1, NH4‐N loads ranged from
0.004 to 0.015 kg ha‐1, and runoff loads for TN varied from
0.78 to 2.10 kg ha‐1. Regression equations were derived relat‐
ing the N loads in runoff (y) in kg ha‐1 to manure application
rate (x) in Mg ha‐1:

For NO3‐N:

y = 0.028x + 0.94 (R2 = 0.91) (5)

For TN:

y = 0.027x + 0.57 (R2 = 0.92) (6)

Nicolaisen et al. (2007) also identified the effects of crop
residue on NO3‐N concentrations in runoff from areas where
beef cattle manure was applied to meet annual N require‐
ments for corn but not incorporated. The concentration of
NO3‐N in runoff was significantly greater for the treatments
containing residue than for the no‐residue treatments. In the
present study, the NO3‐N load in runoff was also significantly
greater for the cover treatments than for the no‐cover treat‐
ments.

EC, pH, Runoff, and Erosion Measurements
Measurements of EC were significantly larger on the plots

without residue cover than on the plots with residue cover,
with values measured as 0.78 and 0.74 dS m‐1, respectively
(table 3). Measurements of EC increased significantly with
manure application rate, with values varying from 0.73 to
0.80 dS m‐1 as the manure application rate increased from 0
to 42.8 Mg ha‐1. The application of increased amounts of ma‐
nure provided greater quantities of chemical constituents
available for transport by overland flow. High levels of solu‐
ble salts in manure may be detrimental to crop growth if large
amounts of manure are applied (Reynolds, 2006).
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Table 4. Runoff water quality parameters as affected by residue cover, manure application rate, and runoff rate.[a]

DP
(g ha‐1

min‐1)

PP
(g ha‐1

min‐1)

TP
(g ha‐1

min‐1)

NO3‐N
(g ha‐1

min‐1)

NH4‐N
(g ha‐1

min‐1)

TN
(g ha‐1

min‐1)
EC

(dS m‐1) PH

Soil Loss
(kg ha‐1

min‐1)

Cover Cover 10.2 13.3 23.5 43 0.85 161 0.77 7.72 33.5
No cover 7.5 15.5 23.0 54 0.29 133 0.76 7.71 118.9

LSD (0.05) 2.1 0.40 0.01 26.0

Manure rate[b] 0 6.5 15.5 22.0 55 0.11 95 0.76 7.71 95.2
(Mg ha‐1) 5.4 5.8 11.6 17.4 50 0.70 164 0.76 7.70 56.0

10.7 6.1 14.7 20.8 36 0.78 160 0.76 7.72 80.4
21.4 9.9 12.2 22.1 26 0.87 114 0.77 7.72 70.3
42.8 15.9 18.0 33.9 75 0.40 203 0.77 7.73 76.6

LSD (0.05) 3.3 7.5 26

Runoff rate 1.0 3.8 3.2 7.0 24 0.14 33 0.77 8.00 14.3
(L min‐1) 2.2 4.3 4.6 8.9 20 0.32 39 0.76 7.78 17.1

8.2 10.1 15.2 25.3 50 0.99 181 0.76 7.65 69.3
12.2 11.5 18.2 29.7 61 0.73 204 0.76 7.58 102.3
19.5 14.6 30.8 45.4 86 0.67 279 0.76 7.57 175.4

LSD (0.05) 1.7 3.3 4.1 20 0.37 68 0.02 26.1

ANOVA Cover 0.02 0.19 0.86 0.20 0.01 0.58 0.04 0.51 0.01
Manure rate 0.01 0.14 0.01 0.02 0.15 0.66 0.26 0.83 0.47
Runoff rate 0.01 0.01 0.01 0.01 0.01 0.01 0.45 0.01 0.01

Cover × Manure rate 0.14 0.12 0.26 0.17 0.22 0.35 0.12 0.88 0.57
Cover × Runoff rate 0.01 0.26 0.01 0.01 0.06 0.80 0.01 0.01 0.01

Manure rate × Runoff rate 0.01 0.27 0.13 0.24 0.21 0.85 0.08 0.96 0.58
Cover × Manure rate

× Runoff rate 0.75 0.51 0.44 0.82 0.63 0.43 0.65 0.62 0.71
[a] Reported nutrient values represent the difference between runoff measurements and concentrations in the irrigation well water.
[b] Beef cattle manure was applied to meet 0‐, 1‐, 2‐, 4‐, or 8‐year P crop growth requirements for corn.

Measurements of pH were significantly larger on the plots
without residue cover than on the plots with residue cover
(table 3). Manure application rate did not significantly affect
pH measurements, which varied from 7.91 to 7.93.

Water was added to the plot surfaces before initiation of
the rainfall simulation tests to maintain uniform antecedent
soil water conditions. As a result, surface cover did not signif‐
icantly affect runoff measurements. The rainfall application
rate during the 30 min rainfall event was approximately
35�mm, while the mean runoff rate was 21 mm (table 3).
Therefore, 14 mm infiltrated during the 30 min rainfall simu‐
lation period on the silty clay soil used in this study. A final
infiltration rate of 10 to 20 mm h‐1 was reported by Hillel
(1971) for sandy and silty soils.

The presence of surface cover significantly reduced soil
loss from 0.61 to 0.15 Mg ha‐1. Surface cover serves to reduce
both the detachment and transport of soil particles. The effec‐
tiveness of surface cover in reducing soil loss is well docu‐
mented (Gilley et al., 1986a, 1986b).

RUNOFF CHARACTERISTICS AS AFFECTED BY RUNOFF RATE

For a given plot, water quality measurements obtained
from each of the three rainfall simulation runs were included
in the analyses and were treated as repeated measures. Signif‐
icant surface cover by runoff rate interactions were found for
DP, TP, NO3‐N, EC, pH, and soil loss (table 4). A significant
manure application rate by runoff rate interaction was found
for DP. Surface cover significantly affected measurements of
DP, NH4‐N, EC, and soil loss. Manure application rate signif‐
icantly affected measurements of DP, TP, and NO3‐N. Each
of the measured water quality parameters except EC was sig‐
nificantly affected by runoff rate.

Phosphorus Measurements
The mean runoff load of DP for the plots with surface cov‐

er was significantly larger than for the plots without surface
cover, with values measured as 10.2 and 7.5 g ha‐1 min‐1, re‐
spectively (table 4). No significant differences in DP load
were found among runoff rates of 8.34, 12.32, and 19.12 L
min‐1 for the plots containing surface cover (fig. 5). In con‐
trast, DP load for the plots without surface cover increased
significantly as the runoff rate increased from 8.02 to 19.96�L
min‐1 (fig. 5). The mean load of DP in runoff increased from
5.8 to 15.9 g ha‐1 min‐1 as the manure application rate in‐
creased from 5.4 to 42.8 Mg ha‐1 (table 4). The mean runoff
load of DP consistently increased from 3.8 to 14.6 g ha‐1

min‐1 as the runoff rate increased from 1.0 to 19.5 L min‐1.
Regression equations were derived relating the rate of trans‐
port of DP in runoff (y) in g ha‐1 min‐1 to runoff rate (x) in L
min‐1:

For conditions with cover:

y = 0.49x + 6.01 (R2 = 0.80) (7)

For no‐cover conditions:

y = 0.71x + 1.36 (R2 = 0.99) (8)

Manure application rate significantly affected the trans‐
port of TP in runoff, with measured values varying from 17.4
to 33.9 g ha‐1 min‐1 as the manure application rate increased
from 5.4 to 42.8 Mg ha‐1 (table 4). No significant difference
in TP load was found between the first two flow rates for the
plots with and without surface cover (fig. 6). However, the TP
load of runoff at the largest runoff rate was significantly
greater for the plots without surface cover than for the plots
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Figure 5. Rate of transport of dissolved phosphorus (DP) in runoff as affected by runoff rate for sites with and without residue cover. Vertical bars are
standard errors.

with surface cover. Regression equations were derived relat‐
ing the rate of transport of TP in runoff (y) in g ha‐1 min‐1 to
runoff rate (x) in L min‐1:

For conditions with cover:

y = 1.81x + 7.92 (R2 = 0.96) (9)

For no‐cover conditions:

y = 2.32x + 2.91 (R2 = 0.99) (10)

Gilley et al. (2008b) measured the effects of overland flow
rate on runoff nutrient transport following the application of
beef cattle manure to plots containing 0, 2, 4, or 8 Mg ha‐1 of
corn residue. Inflow was added to the top of each plot to pro‐
duce runoff rates varying from 3.11 to 15.9 kg min‐1. The rate
of transport of DP, PP, and TP were each found to be signifi‐
cantly affected by runoff rate. Runoff rate was also found in
the present study to significantly affect the rate of transport
of DP, PP, and TP.

Nitrogen Measurements
No significant differences in NO3‐N loads in runoff were

found for manure application rates varying from 5.4 to
21.4�Mg ha‐1 (table 4). For the plots with residue cover, no
significant differences in runoff loads of NO3‐N were found
for runoff rates varying from 8.34 to 19.12 L min‐1 (fig. 7).

However, NO3‐N runoff loads for the plots without residue
cover increased significantly as the runoff rate increased
from 8.02 to 19.96 L min‐1. Regression equations were de‐
rived relating the rate of transport of NO3‐N in runoff (y) in
g ha‐1 min‐1 to runoff rate (x) in L min‐1:

For conditions with cover:

y = 1.71x + 28.1 (R2 = 0.90) (11)

For no‐cover conditions:

y = 5.35x + 7.51 (R2 = 0.99) (12)

Runoff loads of NH4‐N were much smaller than NO3‐N
loads (table 4). The runoff load of NH4‐N was significantly
larger for the plots with surface cover than for the plots with‐
out surface cover, with values measured as 0.85 and 0.29 g
ha‐1 min‐1, respectively. Runoff loads of NH4‐N were signifi‐
cantly affected by runoff rate, with measured values varying
from 0.14 to 0.99 g ha‐1 min‐1.

The load of TN in runoff was not significantly affected by
residue cover or manure application rate (table 4). However,
runoff rate significantly affected TN loads in runoff. The load
of TN in runoff consistently increased with each runoff incre‐
ment and varied from 33 to 279 g ha‐1 min‐1 as the runoff rate
increased from 1.0 to 19.5 L min‐1. A regression equation was

Figure 6. Rate of transport of total phosphorus (TP) in runoff as affected by runoff rate for sites with and without residue cover. Vertical bars are stan‐
dard errors.
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Figure 7. Rate of transport of NO3‐N in runoff as affected by runoff rate for sites with and without residue cover. Vertical bars are standard errors.

derived relating the rate of transport of TN in runoff (y) in g
ha‐1 min‐1 to runoff rate (x) in L min‐1:

y = 13.8x + 28.1 (R2 = 0.95) (13)

Nicolaisen et al. (2007) also identified the effects of crop
residue on NO3‐N concentrations in runoff from areas where
beef cattle manure was applied to meet annual N require‐
ments for corn but not incorporated. The concentration of
NO3‐N in runoff was significantly greater for the treatments
containing residue than for the no‐residue treatments. In the
present study, the NO3‐N load in runoff was significantly
greater for the cover treatment than for the no‐cover treat‐
ment.

Gilley et al. (2008b) also measured the effects of overland
flow rate on runoff nutrient transport following the applica‐
tion of beef cattle manure to plots containing selected
amounts of corn residue. The rate of transport of NO3‐N,
NH4‐N, and TN were each found to be significantly affected
by runoff rate. Runoff rate was also found in the present study
to significantly affect the rate of transport of NO3‐N, NH4‐N,
and TN.

EC, pH, and Soil Loss Measurements
The EC of runoff for the cover and no‐cover conditions

was 0.77 and 0.76 dS m‐1, respectively (table 4). Manure ap‐
plication rate did not significantly affect EC measurements.
A runoff EC value of 0.76 dS m‐1 was measured for each of
the four inflow increments where overland flow was
introduced.

Measurements of pH were not significantly affected by
surface cover or manure application rate (table 4). However,
runoff rate significantly influenced pH measurements, with
values decreasing from 8.00 to 7.57 as the runoff rate in‐
creased from 1.0 to 19.5 L min‐1.

The presence of surface cover significantly reduced soil
loss from 118.9 to 33.5 g ha‐1 min‐1 (table 4). Soil loss in‐
creased significantly with runoff rate, with measurements
varying from 14.3 to 175.4 kg ha‐1 min‐1 as the runoff rate in‐
creased from 1.0 to 19.5 L min‐1.

CONCLUSIONS
Manure is applied to cropland areas managed using a vari‐

ety of cropping and tillage conditions that result in varying
amounts of crop residue. In this study, the mean runoff loads

of DP and TP for the plots with residue cover were 0.17 and
0.26 kg ha‐1, which were significantly greater than the values
of 0.08 and 0.17 kg ha‐1 measured for the plots without resi‐
due cover. The mean runoff loads of NO3‐N, NH4‐N, and TN
for the plots with residue cover were 1.20, 0.014, and 1.64 kg
ha‐1, which were significantly greater than the values of 0.78,
0.008, and 1.11 kg ha‐1 measured for the plots without residue
cover.

Manure can be applied to meet multiple‐year crop nutrient
requirements.  However, increasing the amount of manure
that is applied to cropland areas may also result in increased
runoff nutrient loads. Because of residual soil nutrients, no
significant differences in runoff loads of DP, TP, or NO3‐N
were found among the plots where manure was applied to
meet 0‐, 1‐, or 2‐year P corn requirements. However, runoff
loads of DP, TP, and NO3‐N increased significantly when ma‐
nure was applied to meet a 4‐year P corn requirement.

Each of the measured runoff water quality parameters ex‐
cept EC was significantly influenced by runoff rate. Runoff
loads for DP, TP, NO3‐N, and NH4‐N increased in a linear
fashion with runoff rate. Residue cover, manure application
rate, and runoff rate should each be considered when estimat‐
ing runoff nutrient loads from land application areas.
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